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LASER BEAM INDUCED ORIENTATION CONTROL OF
A NANOSHEET LIQUID CRYSTAL BY EMPLOYING
AN OBJECTIVE LENS WITH A LOW NUMERICAL APERTURE
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ABSTRACT

Optical manipulation of nanosheet liquid crystals prepared by exfoliation of inorganic layered crystals real-
izes local and on-demand orientation control of nanosheets. Although a tightly focused laser beam by using
an objective lens with a high numerical aperture (NA) is typically employed for the optical manipulation to
enhance the gradient force of an irradiated laser beam, the dominant driving force of the optical orientational
manipulation of nanosheets has recently been attributed to the scattering force, suggesting that an objective lens
with a high NA is not indispensible for the nanosheet manipulation. In this study, we carried out optical orienta-
tional manipulation of nanosheets using an objective lens with low NA, 0.4, and compared the results with those
obtained by a lens with high NA, 1.2. Orientational manipulation was realized with both of the lenses, and the
size of the manipulated domain using a lens with NA=0.4 was smaller than that obtained by using a lens with
NA=1.2. The domain size increased with the irradiated laser power, reflecting the dominant contribution of
scattering force to the optical manipulation of nanosheet liquid crystals.
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INTRODUCTION

Inorganic nanosheets prepared by exfoliation of layered
compounds, such as nontronite, fluorohectorite, and metal
oxides, are known to exhibit lyotropic liquid crystallinity
(Nakato and Miyamoto, 2009; Miyamoto et al., 2010; Michot
et al., 2006; Gabriel et al., 2001). One of the authors has stud-
ied liquid crystalline nanosheet colloids of a layered niobate
(Miyamoto and Nakato, 2004). Nanosheets are aligned in a
lamellar manner with a basal spacing of several tens of nano-
meters in the liquid crystalline state (Yamaguchi et al., 2012).
Orientation control of nanosheets in liquid crystalline state is
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important challenge for realizing devices utilizing their large
anisotropy. Liquid crystalline domains grow through self-
assembly by incubating liquid crystalline nanosheet colloid
at room temperature to reach a sub-millimeter size (Nakato
et al., 2014). The nanosheets respond to an external field, such
as a shear force (Miyamoto and Nakato, 2004) and an electric
field (Nakato et al., 2011). Hierarchical macroscopic struc-
tures can be formed in the liquid crystalline nanosheet col-
loids by combining the domain growth and an external field
(Nakato et al., 2017). However, with these methods, a colloid
sample is organized in the same manner in the entire sample.
The local and on-demand orientation by optical manipulation
should expand the flexibility and arbitrary structural control
of the nanosheet liquid crystals.

Thus, we have attempted to control the orientation of the
colloidal nanosheets in the liquid crystalline state by utilizing
a radiation pressure of a focused laser beam. In general, ir-
radiation of a focused laser beam provides two types of forces
as a radiation pressure on an object (Ashkin, 1992; Harada
and Asakura, 1996). One is a scattering force which is applied
toward the propagation direction of the incident laser beam
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to the object. Thus, when the scattering force is applied to an
object, the object moves along the propagation direction of
the incident laser beam. The other is a gradient force which
is applied perpendicular to the propagation direction of the
incident laser beam. While the scattering force transfer an
object to the direction of light propagation, the gradient force
assists trapping of the object located within a focal plane to
the focal point. We have realized on-demand control of local
orientation of niobate nanosheets (Tominaga et al., 2018a). In
addition, we have found that niobate nanosheets oriented par-
allel to the propagation direction of an incident laser beam are
assembled to form a tree-ring-like domains at the periphery of
a focal point when the nanosheets are in the liquid crystalline
state (Tominaga et al., 2018b). Such optical manipulation of
nanosheets has been attributed mainly to the contribution of
scattering force.

For optical manipulation, a laser beam has generally been
focused by using a liquid-immersion objective lens with a
high numerical aperture (NA). This is because the gradient
force applied to a trapped object can be increased when an
objective lens with a higher NA is employed. However, em-
ployment of a liquid-immersion lens with a high NA often
limits freedom of the optical setup. As shown in Figure 1, due
to the short working distance of the high NA lens, distance
between surface of the sample cell and objective lens was less
than a few um in our previous studies (Tominaga et al., 2018a,
2018b). Furthermore, the use of a liquid-immersion lens limits
the spatial arrangement of the optical setup and prevents the
insertion of any other optical parts in between sample and
lens.

Considering that the optical manipulation of niobate
nanosheet liquid crystal giving the tree-ring-like alignment
has been ascribed mainly to the scattering force, a lens with
a high NA should not be indispensible for the manipulation.
Thus, in this study, we irradiated a laser beam to the liquid
crystalline niobate nanosheets by employing an objective
lens with NA of 0.4. The orientational change obtained by
laser irradiation was compared with those obtained by using

Schematic representation of working distances expected to objective lenses with a high (1.2) and a low (0.4) numerical apertures.

an objective lens with NA of 1.2. We have found a tree-ring-
like arraignment of nanosheets was formed even when an
objective lens with an NA of 0.4 was employed, as in the case
employing an objective lens with NA of 1.2.

MATERIALS AND METHODS

As for a nanosheet to be manipulated, we employed niobate
nanosheet which has already been manipulated in our pre-
vious studies (Tominaga et al., 2018a, 2018b). A niobate
nanosheet colloid was prepared by exfoliation of layered
K,NbO,; according to the previously reported method (Mi-
yamoto and Nakato, 2004; Nakato et al., 2014). The nanosheet
concentration was 5gL™" and the colloid sample exhibited
biphase mixture consisting of isotropic and liquid crystal-
line phases at room temperature. The lateral lengths of the
nanosheets obtained from transmission electron microscopy
(TEM) observations exhibited a size distribution that obeyed
a log-normal distribution to give an average size of 1.6 um.
The colloid sample was injected into a thin-layer glass cell
with a 100 um thickness. The cell was set on a stage of an
inverted microscope (1X70, Olympus, Japan).

A linearly polarized CW laser beam emitting at 532nm
(Millennia Pro, Spectra Physics, United States) was focused
on the sample using an objective lens at room temperature.
The power after the objective lens was 20mW unless oth-
erwise noted. As for the lens, we used a dry objective lens,
(25X, NA=0.4, Olympus, Japan) or a water-immersion objec-
tive lens (60X, NA=1.2, Olympus, Japan). The beam diam-
eters at focal points were calculated to be 0.7 um and 0.3 um
for objective lenses with NA=0.4 and 1.2, respectively. The
focal depths in our experimental condition were 1.4 um and
0.3 um for objective lenses with NA=0.4 and 1.2, respective-
ly. For polarized optical microscope observations under laser
irradiation, the sample was illuminated by a halogen lamp,
and the image was monitored with a digital CMOS camera
(ORCA-Flash 4.0 V3, Hamamatsu Photonics, Japan). A pair
of crossed polarizers (polarizer and analyzer) was inserted
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out of the beam path of the laser beam. Bright-field optical mi-
croscope images were observed using the same optical setup
without crossed polarizers.

RESULTS AND DISCUSSION

Irradiation of the laser beam (20mW) to the niobate
nanosheet liquid crystal induced essentially the same ori-
entational change of nanosheets irrespective of the NA of
objective lens employed for focusing the laser beam. Optical
microscope images under laser irradiation with crossed polar-
izers are shown in Figure 2. The images before laser irradia-
tion were dark, which indicates the homogeneous orientation
of niobate nanosheets with their in-plane direction perpen-
dicular to the propagation direction of the incident laser beam
(hereafter, perpendicular orientation) in the thin-layer cell
(Nakato et al., 2014). After irradiating the laser beam for 30s,
a circularly textured birefringence appeared. The brightness
of the circularly textured area increased gradually until 120s.

The birefringence indicates the orientation of nanosheets

NA:1.2

NA:04

Before
irradiation

Fig. 2. Polarized optical microscope images of a liquid crystal-
line niobate nanosheet colloid (5gL™") under 20mW of laser
irradiation.

with their in-plane direction parallel to the propagation direc-
tion of the incident laser beam (hereafter, parallel orientation)
(Nakato et al., 2014). Therefore, the appearance of birefrin-
gence supports that the orientation of niobate nanosheets
was changed from perpendicular to parallel by laser irra-
diation. The brightness of the birefringence area gradually
increased accompanied by the continuous laser irradiation.
Nanosheets locating in the beam path but out of the focal
depths are known to change their orientation gradually from
perpendicular to parallel under the continuous laser irradia-
tion (Tominaga et al., 2018b). Thus, the gradual increase of
the birefringence area is attributed to the increase of the ratio
of the niobate nanosheets in parallel orientation at outside the
focal point.

The sizes of textured areas were somewhat larger for
NA=1.2. After irradiating the laser beam for 120s, the do-
main diameter reached 120 um, which was 400 times larger
than the focal-point diameter when a lens with NA of 1.2 was
employed. However, the domain diameter after irradiating
the laser beam for 120s was only 55 um, which was 80 times
larger than the focal-point diameter when a lens with NA of
0.4 was employed. As already described, the beam diameters
at the focal points were 0.7 um and 0.3 um for objective lenses
possessing NA=0.4 and 1.2, respectively. Therefore, the
irradiance at the focal point focused by using an objective
lens with NA=0.4 is about 20% that focused by an objec-
tive lens with NA=1.2. This means, when an objective lens
with NA=0.4 is used, scattering force applied to nanosheets
existing close to focal point is one-fifth of that provided by an
objective lens with NA=1.2. Owing to the small scattering
force at the focal point, when an objective lens with NA=0.4
is used, the diameter of the birefringence area was thought to
be smaller than the case when an objective lens with NA=1.2
is used.

Although the size of the birefringence area was small
when the laser beam was irradiated using an objective lens
with NA=0.4, the circular texture was somewhat clearer
and brighter than the case employing an objective lens with
the NA of 1.2. This fact suggests that orientational order of
nanosheets in parallel orientation becomes high when a lens
with a low NA was employed. The focal depths are 1.4 um and
0.3 um for objective lenses with the NA of 0.4 and 1.2, respec-
tively. The reason for the improvement of the orientational
order is attributed to a longer focal depth and therefore larger
high irradiance zone of the low NA lens.

As shown in Figure 3, bright-field optical microscope im-
ages are in accordance with those observed by the polarized
microscope. The images before laser irradiation is feature-
less. This is consistent with the perpendicular orientation
of nanosheets. When the laser beam was irradiated for 30s,
domains, which corresponded to the circularly textured
birefringence areas, appeared gradually. In these domains,
nanosheets in parallel orientation formed tree-ring-like
textures. The diameters of the tree-ring-like textures af-
ter continuous laser irradiation for 120s were 110um for
NA=1.2 and 50um for NA=0.4, respectively. The sizes of
the tree-ring-like textures were similar to the birefringence
areas seen in polarized microscope images. Although the size
of the textures obtained by employing an objective lens with
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Fig. 3. Bright-field optical microscope images of a liquid crystal-
line niobate nanosheet colloid (SgL™") under 20mW of laser
irradiation.

NA of 0.4 was smaller than those obtained by employing an
objective lens with NA of 1.2, similar tree-ring-like textures
were indeed appeared even when a lens with a NA of 0.4 was
employed. These results demonstrate that the size of domain
obtained using a lens with NA of 0.4 was smaller than that
obtained by a lens with NA of 1.2 even when the irradiated
laser power was the same. The difference of the size of the ob-
tained domains is quite natural, considering the difference of
scattering force depending on the NA of the lenses employed.
Finally, we examined power dependence of the tree-ring-
like domain size. As shown in Figure 4, the size of the tree-
ring-like domain increased as the consequence of increment
of the power of irradiated laser beam, and thus the scattering
force. Although the size of the domain obtained using a lens
with a NA of 0.4 was smaller than that obtained by a lens
with a NA of 1.2 at the same power, we have found the size
of domain obtained using a lens with a NA of 0.4 could be
increased by increasing the power of the incident laser beam.
Therefore, it is concluded here that the employment of a lens
with a low NA is simple and effective means for realizing
orientational control of nanosheet liquid crystals.

Fig. 4. Bright-field optical microscope images of the domain of
nanosheets in tree-ring-like orientation when a laser beam with
various laser power was irradiated for 1205 to a liquid crystal-
line niobate nanosheet colloid (5gL™).

CONCLUSIONS

In this study, we have demonstrated that the orientation
control of nanosheets in liquid crystalline states can be real-
ized even by employing an objective lens with a low NA.
The use of low NA lens should make it possible for us to ma-
nipulate nanosheets by laser irradiation under a long working
distance. The freedom obtained by the long working distance
for the optical setup should expand the application of optical
orientation control of nanosheet. Thus, it should be concluded
that the use of low NA lens is a simple and a convenient means
for manipulating nanosheets in colloids.

ACKNOWLEDGEMENTS

This work was supported by JSPS KAKENHI Grant Num-
bers 15J07557 (M.T.), 15H03878 (T.N.), 17H05466 (Y.S.) and
15K13676 (J.K.). M.T. was supported financially by a JSPS
Research Fellowship for Young Scientists.

REFERENCES

AsHKIN, A. (1992) Forces of a single-beam gradient laser trap on a dielectric
sphere in the ray optics regime. Biophysical Journal, 61, 569-582.

AsHKIN, A., Dziepzic, J.M., BiorkHoLM, J.E., and CHu, S. (1986) Observa-
tion of a single-beam gradient force optical trap for dielectric particles.
Optics Letters, 11, 288-290.

GABRIEL, J., CAMEREL, F., LEMAIRE, B., DEsvaux, H., Davipson, P., and BATaIL,
P. (2001) Swollen liquid-crystalline lamellar phase based on extended
solid-like sheets. Nature, 413, 504-508.

HARADA, Y. and AsakuRra, T. (1996) Radiation forces on a dielectric sphere in


http://dx.doi.org/10.1016/S0006-3495(92)81860-X
http://dx.doi.org/10.1016/S0006-3495(92)81860-X
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1038/35097046
http://dx.doi.org/10.1038/35097046
http://dx.doi.org/10.1038/35097046
https://doi.org/10.1016/0030-4018(95)00753-9

Orientation control of liquid crystalline nanosheets 17

the Rayleigh scattering regime. Optics Communications, 124, 529-541.

Michort, L., Binannic, 1., Mappi, S., Funari, S., Baravian, C., Levitz, P.,
and DavipsoN, P. (2006) Liquid—crystalline aqueous clay suspensions.
Proceedings of the National Academy of Sciences of the United States of
America, 103, 16101-16104.

Mivyamoro, N., Iumma, H., OukuBo, H., and YamacGucHl, Y. (2010) Liquid crys-
tal phases in the aqueous colloids of size-controlled fluorinated layered
clay mineral nano-sheets. Chemical Communications, 46, 4166—4168.

Mivyamoro, N., and Nakato, T. (2004) Liquid crystalline nanosheet colloids
with controlled particle size obtained by exfoliating single crystal of
layered niobate K,Nb(O,,. The Journal of Physical Chemistry B, 108,
6152-6159.

Nakato, T., and Mivamorto, N. (2009) Liquid crystalline behavior and
related properties of colloidal systems of inorganic oxide nanosheets.
Materials, 2, 1734-1761.

Nakarto, T., NakaMURA, K., SHIMADA, Y., SHIDO, Y., HourYU, T., IMURA, Y.,
and Mivata, H. (2011) Electrooptic response of colloidal liquid crystals
of inorganic oxide nanosheets prepared by exfoliation of a layered nio-
bate. The Journal of Physical Chemistry C, 115, 8934—8939.

Nakato, T., Nono, Y., and Moursi, E. (2017) Textural diversity of hierarchical
macroscopic structures of colloidal liquid crystalline nanosheets orga-

nized under electric fields. Colloids and Surfaces. A, Physicochemical
and Engineering Aspects, 522, 373-381.

Nakaro, T., NoNo, Y., Mouri, E., and Nakata, M. (2014) Panoscopic organi-
zation of anisotropic colloidal structures from photofunctional inorganic
nanosheet liquid crystals. Physical Chemistry Chemical Physics, 16,
955-962.

TomiNaGA, M., Hicashi, Y., Kumamoro, T., NacasHita, T., Nakarto, T.,
Suzukl, Y., and KawaMmATA, J. (2018a) Optical trapping and orientation
manipulation of 2D inorganic materials a linearly polarized laser beam.
Clays and Clay Minerals, in press

ToMINAGA, M., NaGasHITA, T., Kumamoro, T., HiGasHl, Y., Iwal, T., NakATO,
T., Suzuki, Y., and Kawamara, J. (2018b) Radiation pressure induced
hierarchical structure of liquid crystalline inorganic nanosheets. ACS
Photonics, acsphotonics.7b01230.

YamacgucHl, D., Mivamoto, N., Fusita, T., NakaTo, T., Koizuwmi, S., OHTA, N.,
Yaar, N., and HasHivoto, T. (2012) Aspect-ratio-dependent phase transi-
tions and concentration fluctuations in aqueous colloidal dispersions of
charged platelike particles. Physical Review E, 85, 011403.

(Manuscript handled by Kazuhiro Shikinaka)


https://doi.org/10.1016/0030-4018(95)00753-9
http://dx.doi.org/10.1073/pnas.0605201103
http://dx.doi.org/10.1073/pnas.0605201103
http://dx.doi.org/10.1073/pnas.0605201103
http://dx.doi.org/10.1073/pnas.0605201103
http://dx.doi.org/10.1039/b927335b
http://dx.doi.org/10.1039/b927335b
http://dx.doi.org/10.1039/b927335b
http://dx.doi.org/10.1021/jp0363545
http://dx.doi.org/10.1021/jp0363545
http://dx.doi.org/10.1021/jp0363545
http://dx.doi.org/10.1021/jp0363545
http://dx.doi.org/10.3390/ma2041734
http://dx.doi.org/10.3390/ma2041734
http://dx.doi.org/10.3390/ma2041734
http://dx.doi.org/10.1021/jp201056q
http://dx.doi.org/10.1021/jp201056q
http://dx.doi.org/10.1021/jp201056q
http://dx.doi.org/10.1021/jp201056q
http://dx.doi.org/10.1016/j.colsurfa.2017.02.092
http://dx.doi.org/10.1016/j.colsurfa.2017.02.092
http://dx.doi.org/10.1016/j.colsurfa.2017.02.092
http://dx.doi.org/10.1016/j.colsurfa.2017.02.092
http://dx.doi.org/10.1039/C3CP54140A
http://dx.doi.org/10.1039/C3CP54140A
http://dx.doi.org/10.1039/C3CP54140A
http://dx.doi.org/10.1039/C3CP54140A
http://dx.doi.org/10.1021/acsphotonics.7b01230
http://dx.doi.org/10.1021/acsphotonics.7b01230
http://dx.doi.org/10.1021/acsphotonics.7b01230
http://dx.doi.org/10.1021/acsphotonics.7b01230
http://dx.doi.org/10.1103/PhysRevE.85.011403
http://dx.doi.org/10.1103/PhysRevE.85.011403
http://dx.doi.org/10.1103/PhysRevE.85.011403
http://dx.doi.org/10.1103/PhysRevE.85.011403

