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and 10 �m, and vary in width from 3 to 100 �m. Regular
silica microspheres �2–10 �m� were used for controlling
space between glass and patterned silicon. To control the
surface anchoring, the glass and patterned surfaces were
chemically cleaned by immersion in a mixture of dimethyl-
formamide and methanol to remove organic-inorganic impu-
rity, followed by rinsing several times with de-ionized water.
Then, two surfaces, patterned silicon and glass, were spin
coated with a fluorinated polymer �Teflon-AF®, Dupont� in
organic fluorinated solvent �FluorinertTM FC-77, 3 M� to
obtain planar anchoring of this semifluorinated LC �SmA
layers normal to the surface�. During the sample loading, the
glass-patterned silicon hybrid cell equipped with a hot stage
�Mettler FP82 HT� was heated to a temperature above the
smectic-isotropic transition temperature �194.7 °C� to facili-
tate the flow of material 1 into the cell, and cooled down at
−2 °C /min.

mXRD: The mXRD measurements were carried out at the
BL13XU of the SPring-8 �Fig. S5 in the supplementary ma-
terial �17��. A focused x-ray beam of 1 �m size with energy
of 11 keV was used. Samples were mounted on a homemade
helium chamber equipped with 100 nm resolved xyz high-
precision linear motor stages. The sample-to-detector dis-
tance was 165 mm, and data were collected for 60 s with a
two-dimensional �2D� charge-coupled device detector
�Roper Scientific, Trenton, NJ�.

Polarized optical and electron microscopy: The optical

anisotropic textures were observed under polarized optical
microscopy Leica DMLB. For scanning electron microscopy
�SEMs�, confined LC films were fractured in the liquid ni-
trogen, coated with a 5 nm layer of Pt, and imaged using FEI
Serion FE-SEM at National Nanofab Center �NNFC� in Ko-
rea Advanced Institute of Science and Technology �KAIST�.

III. RESULTS

The rod-shaped liquid crystal 1,
4�-�5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluoro-
dodecyloxy�-biphenyl-4-carboxylic acid ethyl ester, was syn-
thesized according to the method previously reported �Fig.
1�a� and Figs. S1 and S2 in the supplementary material�
�4,16,17�. The thermal phase transition of liquid crystal 1
exhibits a transition upon cooling from the isotropic to a
smectic-A phase T=185 °C, and then from the smectic A to
a soft crystal �SmX� phase at T=111 °C. The smectic LC
structure of liquid crystal 1 was studied by XRD on 1-mm-
diameter and 1-mm-thick bulk sample that was sealed by
polyimide film in copper cell, which exhibited large domains
of single layer orientation. mXRD was also carried out on
oriented regions in the channel cell described below.

The single domain mXRD patterns in Fig. 3�b� show sev-
eral sharp peaks in the small angle between q=1.0 nm−1 and
q=6.0 nm−1. The q-space structure is very similar to the
case of bilayered fluid smectic phase in polar compounds
which have a strong tendency for local polar bilayer ordering
�18,19�. The polar semifluorinated tails of liquid crystal 1
cause splayed molecular stacking in Fig. 3�c�, which depends
on dipole delocalization �19�. Based on this configuration,
some peaks are located on the meridional line, n, but mostly
are split from the meridional line, indicative of a modulated
layer structure. The peak positions accurately match with the
body-centered rectangular structure in unit cell of
a=6.02 nm and c=7.20 nm. Additionally, three diffuse
peaks observed in the wide angle, R1=12.6 nm−1,
R2=15.3 nm−1, and R3=17.0 nm−1, indicate distributions
of orientation in the tail and aromatic groups. The molecular
level structure of the SmA phase of liquid crystal 1 was
established from these data and the molecular simulation
software package CERIUS2 �Accelrys, San Diego, CA, USA�.
As in Fig. 3�c�, liquid crystal 1 is stabilized with attractive �
stacking interaction between adjacent biphenyl groups, and
the d spacing of liquid crystal 1 is �3.52 nm. From the R1
peak the mean distance between the semifluoroalkyl chains
of �0.50 nm and R2 is related to the width of the biphenyl
cores, �0.41 nm. R



The two surfaces, patterned silicon and glass, were spin
coated with a fluorinated polymer �Teflon-AF®, Dupont� in
organic fluorinated solvent �FluorinertTM FC-77, 3 M� to
obtain planar anchoring of this semifluorinated LC �SmA
layers normal to the surface�. During the loading, the sample
was heated to a temperature above the smectic-isotropic tran-
sition temperature to facilitate the capillary flow of the LC
only into the space between the top of the patterned silicon
rails and the glass �Fig. 1�c��, followed by cooling to room
temperature. The resulting linear strips of LC are bounded by
glass on the top, silicon on the bottom, and air on the two
sides. The surface anchoring of LC is planar �SmA layers
normal to the surface� at the silicon and glass interfaces, and
homeotropic �layers parallel to the surface�



bulk XRD pattern. The XRD patterns obtained at A1–A3
exhibit the same structure, differing only in their overall ori-
entation. At A2, which is in the dark region of the zigzag, the
00l small angle peaks are lined up along x, i.e., normal to the
stripe direction. At A1 �A3� they are rotated 9° counterclock-
wise �clockwise� relative to that of A2, confirming that layer
undulation accompanies the optical zigzags. Figure 3�c� in-
dicates the SmA modulation orientation producing the scat-
tering in Fig. 3�a�, i.e., with the a-c plane parallel to the
glass. The confined sample may be a single domain of this
modulation orientation, or the modulation lattice may be ori-
entationally disordered about n.

The mechanism leading to undulation formation proposed
above leads, near threshold, to smoothly undulated layers.
However, the zigzag structure as grown in the cells exhibits a
distinct alternation between layer segments running parallel
to the channel �normal in the x-z plane�, which show up dark
in Figs. 1�b� and 2�c�, and Figs. S3 and S4�b� of the supple-
mentary material �17�, and segments rotated about z, which
show up bright in these images, suggestive of an internal
structure that is more complex than simple undulations.
More systematic experiments and their relationship will be
discussed in near future. Study of the evolution of undulation
textures in smectics and chiral nematics shows that smooth
undulations are confined to a rather narrow range of dilations
and with increasing dilation give way to focal conic defects,
in particular periodic arrays of parabolic focal conics �PFCs�,
or nested PFCs �8,10,14,15�. These defect arrays introduce a
core of multiply connected curved layers that have nearly the
zero-stress layer spacing everywhere, thereby reducing the

elastic energy associated with accommodation of a square
lattice of layer undulations. We find that the nested PFC



The contour line �parabolic wall �PW�� in the schematics
in Figs. 2�c�, 4�g�, and 4�h� can be preserved because the
energy density of focal conic domains is not strong to over-
come the movement of molecules from one to another layers



�1� J. Y. Cheng, C. A. Ross, H. I. Smith, and E. L. Thomas, Adv.
Mater. 18, 2505 �2006�.

�2� I. Bita, J. K. W. Yang, Y. S. Jung, C. A. Ross, E. L. Thomas,
and K. K. Berggren, Science 321, 939 �2008�.

�3� E. Vekris, V. Kitaev, D. D. Perovic, J. S. Aitchison, and G. A.
Ozin, Adv. Mater. 20, 1110 �2008�.

�4� D. K. Yoon, M. C. Choi, Y. H. Kim, M. W. Kim, O. D. Lavren-
tovich, and H.-T. Jung, Nature Mater. 6, 866 �2007�.

�5� R. A. Segalman, H. Yokoyama, and E. J. Kramer, Adv. Mater.
13, 1152 �2001�.

�6� S. O. Kim, H. H. Solak, M. P. Stoykovich, N. J. Ferrier, J. J. de
Pablo, and P. F. Nealey, Nature �London� 424, 411 �2003�.

�7� Y. N. Xia, Y. D. Yin, Y. Lu, and J. McLellan, Adv. Funct.
Mater. 13, 907 �2003�.

�8� B. I. Senyuk, I. I. Smalyukh, and O. D. Lavrentovich, Phys.
Rev. E 74, 011712 �2006�.

�9� T. Ishikawa and O. D. Lavrentovich, Phys. Rev. E 63,
030501�R� �2001�.

�10� N. A. Clark and R. B. Meyer, Appl. Phys. Lett. 22, 493
�1973�.

�11� N. A. Clark and P. S. Pershan, Phys. Rev. Lett. 30, 3 �1973�.
�12� M. Delaye, R. Ribotta, and G. Durand, Phys. Lett. A 44, 139

�1973�.
�13� M. Reznikov, B. Wall, M. A. Handschy, and P. J. Bos, J. Appl.

Phys. 104, 044902 �2008�.
�14� C. S. Rosenblatt, R. Pindak, N. A. Clark, and R. B. Meyer, J.

Phys. �Paris� 38, 1105 �1977�.
�15� N. A. Clark and A. J. Hurd, J. Phys. �Paris� 43, 1159 �1982�.

�16� V. Percec, G. Johansson, G. Ungar, and J. P. Zhou, J. Am.
Chem. Soc. 118, 9855 �1996�.

�17� See supplementary material at http://link.aps.org/supplemental/
10.1103/PhysRevE.82.041705. This includes material, experi-
mental set-up, optical and electron microscopy images.

�18� F. Hardouin, M. F. Achard, C. Destrade, and N. H. Tinh, J.
Phys. �Paris� 45, 765 �1984�.

�19� F. Hardouin, Physica A 140, 359 �1986�.
�20� J. Prost and P. Barois, J. Chim. Phys. Phys.-Chim. Biol. 80, 65

�1983�.
�21� M. C. Choi, T. Pfohl, Z. Y. Wen, Y. L. Li, M. W. Kim, J. N.

Israelachvili, and C. R. Safinya, Proc. Natl. Acad. Sci. U.S.A.
101, 17340 �2004�.

�22� J. B. Fournier and G. Durand, J. Phys. II 1, 845 �1991�.
�23� S. Kimura, Y. Kagoshima, K. Kobayashi, K. Izumi, Y. Sakata,

S. Sudo, Y. Yokoyama, T. Niimi, Y. Tsusaka, and J. Matsui,
Jpn. J. Appl. Phys., Part 2 41, L1013 �2002�.

�24� A. Iida, Y. Takahashi, Y. Takanishi, M. Nakata, K. Ishikawa,
and H. Takezoe, Liq. Cryst. 32, 717 �2005�.

�25� S. Martellucci and A. N. Chester, Phase Transitions in Liquid

http://dx.doi.org/10.1002/adma.200502651
http://dx.doi.org/10.1002/adma.200502651
http://dx.doi.org/10.1126/science.1159352
http://dx.doi.org/10.1002/adma.200702431
http://dx.doi.org/10.1038/nmat2029
http://dx.doi.org/10.1002/1521-4095(200108)13:15<1152::AID-ADMA1152>3.0.CO;2-5
http://dx.doi.org/10.1002/1521-4095(200108)13:15<1152::AID-ADMA1152>3.0.CO;2-5
http://dx.doi.org/10.1038/nature01775
http://dx.doi.org/10.1002/adfm.200300002
http://dx.doi.org/10.1002/adfm.200300002
http://dx.doi.org/10.1103/PhysRevE.74.011712
http://dx.doi.org/10.1103/PhysRevE.74.011712
http://dx.doi.org/10.1103/PhysRevE.63.030501
http://dx.doi.org/10.1103/PhysRevE.63.030501
http://dx.doi.org/10.1063/1.1654481
http://dx.doi.org/10.1063/1.1654481
http://dx.doi.org/10.1103/PhysRevLett.30.3
http://dx.doi.org/10.1016/0375-9601(73)90822-0
http://dx.doi.org/10.1016/0375-9601(73)90822-0
http://dx.doi.org/10.1063/1.2969906
http://dx.doi.org/10.1063/1.2969906
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://link.aps.org/supplemental/10.1103/PhysRevE.82.041705
http://link.aps.org/supplemental/10.1103/PhysRevE.82.041705
http://dx.doi.org/10.1016/0378-4371(86)90242-6
http://dx.doi.org/10.1073/pnas.0407925101
http://dx.doi.org/10.1073/pnas.0407925101
http://dx.doi.org/10.1051/jp2:1991113
http://dx.doi.org/10.1143/JJAP.41.L1013
http://dx.doi.org/10.1080/02678290500117704
http://dx.doi.org/10.1103/PhysRevA.37.1053
http://dx.doi.org/10.1103/PhysRevLett.90.085503
http://dx.doi.org/10.1103/PhysRevLett.90.085503
http://dx.doi.org/10.1051/jp2:1994135
http://dx.doi.org/10.1051/jp2:1994135

