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The optical trapping and manipulation of magnetic holes �MHs� dispersed in a magnetic fluid is
systematically investigated. It is found that the gradient force, which tends to attract MHs to the
beam center, can be completely counteracted by the repulsive force between MHs induced by a
magnetic field. As a result, a depletion region is created at the laser beam spot for a sufficiently
strong magnetic field. This phenomenon can be easily observed for large MHs with a diameter of
11 �m. However, it does not appear for MHs with a smaller diameter of 4.3 �m. It is revealed that
the enhancement in the concentration of magnetic nanoparticles in the laser spot region as well as
the clustering of these nanoparticles leads to a much stronger interaction between MHs when a
magnetic field is applied. Consequently, the magnetic field strength necessary to create the depletion
region is significantly reduced. We also find that the trapping behavior of MHs depends strongly
on the thickness of the sample cells. For thin sample cells in which only one layer �or a
two-dimensional distribution� of MHs is allowed, we can observe the creation of depletion region.
In sharp contrast, MHs can be stably trapped at the center of the laser beam in thick sample cells
even if a strong magnetic field is imposed. This phenomenon can be explained by the existence of
a gradient in magnetic field strength along the direction perpendicular to the sample cells. Apart
from individual MHs, we also investigate the movement of MH chains under the scattering force of
the laser beam. It is observed that MH chains always move along the direction parallel to the
magnetic field. This behavior can be easily understood when the anisotropy in viscosity caused by
the applied magnetic field is considered. © 2010 American Institute of Physics.
�doi:10.1063/1.3386522�

I. INTRODUCTION

Since the pioneering work of Ashkin,1,2 optical trapping
and manipulation of objects in micro- and nanometer scales
have attracted great interest in the last two decades because
of their potential applications in various fields of science and
technology.3 In most cases, micro- or nanoparticles to be
manipulated are usually dispersed into a carrier liquid such
as water. As a result, the weight of these particles is partially
or completely balanced by the floating force supplied by the
liquid, making the optical trapping and manipulation more
convenient. In early experiments, an aqueous solution of
micrometer-sized polystyrene �PS� spheres was generally
used as a platform to study the trapping of individual and
multiple particles.1,2

Magnetic fluids or ferrofluids are a kind of colloidal liq-
uids in which magnetic nanoparticles are uniformly distrib-
uted in a carrier liquid such as water or kerosene.4 They have
also received intensive studies in the last two decades be-
cause the formation of magnetic chains or columns in the

presence of an external magnetic field gives rise to many
interesting phenomena such as birefringence,5–7 modulation
of optical transmission,8–10 and magnetochromatics11,12 etc.
It is expected that these phenomena can be employed to
realize some important magneto-optical devices such as op-
tical switches,9,13,14 tunable gratings,15–17 and magnetic field
sensors18,19 etc. Early in 1983, the physical properties of PS
spheres immersed into a magnetic fluid were investigated
by Skjeltorp.20 It was found that each PS sphere can acquire
a magnetic moment due to the magnetization of the sur-
rounding magnetic fluid.20,21 Consequently, a regular ar-
rangement of PS spheres was realized through the repulsive
and attractive interaction between the induced magnetic
moments.20,22,23 It means that the arrangement of nonmag-
netic particles can be controlled by a magnetic field through
a magnetic fluid. Nowadays, such nonmagnetic objects are
generally referred to as magnetic holes �MHs�. It seems quite
interesting to study the optical trapping and manipulation of
MHs because of the following reasons. First, the simulta-
neous control or manipulation of MHs with the combination
of an optical and a magnetic field has not been investigated.
Thus, lot of useful information concerning the optical forces
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and interaction energy of MHs can be extracted. Second, the
physical properties of the magnetic fluid such as refractive
index and viscosity can be easily modified by applying a
magnetic field. This modification may affect the trapping be-
havior of MHs. Finally, the trapping behavior of MHs may
be significantly modified because laser light has been em-
ployed to induce the diffusion and clustering of magnetic
nanoparticles.

In this article, we present a systematic investigation of
the optical trapping and manipulation of MHs. It is organized
as follows. In Sec. II, the preparation of the samples and the
experimental setup are described. Then, the optical and re-
pulsive forces acting on MHs are analyzed in Sec. III. After
that, the optical trapping of large and small MHs in thin and
thick samples are compared and discussed in Secs. IV–VI. In
addition, the optical manipulation of MH chains is presented
in Sec. VII. Finally, a summary of our research work is given
in the conclusion.

II. SAMPLE PREPARATION AND EXPERIMENTAL
SETUP

In order to investigate the optical trapping of MHs under
different conditions, we have prepared samples containing
MHs of different diameters �11 and 4.3 �m�. They were
obtained by uniformly dispersing PS spheres into a magnetic
fluid. The magnetic fluid used in our study was the water-
based Fe3O4 fabricated by the chemical coprecipitation tech-
nique. The average diameter of magnetic nanoparticles is
�12 nm and their volume fraction in the magnetic fluid is
7.9%. In experiments, we mixed the aqueous solution of PS
spheres with a concentration of 10% �Duck Corp.� and the
magnetic fluid with a mixing ratio of 3:1. The PS spheres
were uniformly dispersed into the magnetic fluid by sonica-
tion, forming MHs. The purpose of choosing MHs with dif-
ferent diameters is to find out the size dependence of optical
trapping behavior. Apart from sample cells containing differ-
ent MHs, sample cells with different thicknesses �20 and
50 �m� were also used in the experiments and they are de-
noted as thin and thick sample cells, respectively.

The experimental setup used in our study is schemati-
cally shown in Fig. 1. The 532-nm light from a solid-state
laser �Coherent Verdi-5� was introduced into an inverted mi-
croscope �Zeiss Axio Observer A1� and focused into the

sample cells by using a 63� objective lens. A charge coupled
device connected to the microscope was employed to moni-
tor the distribution and movement of MHs induced by the
optical forces of the focused laser beam with or without the
application of a magnetic field. The magnetic field applied
perpendicularly or parallel to the sample cells was supplied
by a solenoid which was placed just on top of the sample
cells. The strength of the magnetic field was changed by
adjusting the current of the solenoid.

III. OPTICAL AND REPULSIVE FORCES ACTING
ON MHS

Since the wavelength of the trapping light �0.532 �m� is
much smaller than the diameters of the MHs used in this
study �11 or 4.3 �m�, the optical forces acting on MHs can
be analyzed and calculated based on ray optics. In this case,
the optical forces depend strongly on the location of the MHs
with respect to the laser beam. The accurate calculation of
the optical forces is complicated and a detailed analysis can
be found in Ref. 24. In this article, our main purpose is not
the calculation of these optical forces. Therefore, it is suffi-
cient to qualitatively understand the optical forces exerted on
MHs which include the gradient force in the transverse and
longitudinal directions and the scattering force in the forward
direction.

As compared with the optical forces, the repulsive force
and the corresponding interaction energy between MHs in-
duced by a magnetic field can be easily estimated. Under a
magnetic field, each PS sphere surrounded by magnetic fluid
acquires a magnetic moment that can be described as
follows20,23

mi = − 4�r3 � f

2� f + 3
Hext. �1�

Here, r is the radius of MHs, � f is the magnetic susceptibility
of the magnetic fluid, and Hext is the strength of the external
magnetic field. Thus, the interaction energy between two
MHs can be expressed as20,21

Ui =
�0�1 + � f�

4�
mi

2�1 − 3 cos2 �

a3 � , �2�

where �0=4��10−7 Hm−1 is the magnetic permeability of
free space, � is the angle between the magnetic field direc-
tion and the sample cell, and a is the distance between the
two MHs.

When a magnetic field normal to the sample cell is ap-
plied, the interaction energy reaches its maximum value
when the two MHs contact with each other. The maximum
interaction energy is given by

Uir max = −
�0�1 + � f�

2�a3 mi
2. �3�

For 11-�m and 4.3-�m MHs, the maximum interaction en-
ergy is achieved when a=11 �m and a=4.3 �m, respec-
tively. It is found that the maximum interaction energy for
11-�m MHs is about 16.7 times of that for 4.3-�m MHs.
However, the gradient force in the transverse direction is
estimated to be similar for these two types of MHs.24,25 It

FIG. 1. �Color online� Schematic of the experimental setup used to investi-
gate the optical trapping and manipulation of MHs.
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means that the optical potential wells for them have similar
depths. This feature implies that the trapping behavior could
be much different for these two types of MHs.

IV. OPTICAL TRAPPING OF LARGE MHS IN A THIN
SAMPLE CELL

Let us first examine the trapping behavior of 11-�m
MHs sealed in a thin sample cell of 20 �m. The initial dis-
tribution of MHs is presented in Fig. 2�a�. Once a laser beam
with a power of 50 mW was focused into the sample cell, the
MHs within the beam region were quickly driven to the
beam center by the gradient force in the transverse direction,
as shown in Fig. 2�b�. Since the scattering force was larger
than the gradient force in the longitudinal direction, MHs
were pushed to the top wall of the sample cell and trapped
there. They appear as bright spots surrounded by dark rings.
Under this condition, a magnetic field was imposed perpen-
dicularly on the sample and its strength was gradually in-
creased. Due to magnetization by the applied magnetic field,
magnetic nanoparticles uniformly dispersed in the magnetic
field began to aggregate into clusters with increasing mag-
netic field. Meanwhile, each MH acquires a magnetic mo-
ment that is anti-parallel to the magnetic field.20 The forma-
tion of magnetic clusters leads to an increase in the refractive
index of the magnetic fluid, weakening the gradient force
acting on MHs. However, it was found that the refractive

index of a 80-�m magnetic fluid film was increased only
slightly from 1.435 to 1.445 for light at 1.557 �m.26 In our
case, we have employed a technique based on Fresnel
reflection27 to measure the refractive index of the magnetic
fluid at 1.55 �m and found a slight increase in refractive
index from 1.3347 to 1.3362. Thus, it is expected that the
variation in refractive index is also small at 532 nm although
the measurement of refractive index is not easy at this wave-
length due to the large absorption of magnetic nanoparticles.
Therefore, we think that the slight increase in refractive in-
dex does not affect too much the gradient force acting on
MHs.

Apart from the gradient force, the induced magnetic mo-
ments in MHs results in a repulsive interaction between
them. When the magnetic field was weak, however, the MHs
remain trapped at the beam center. In addition, MHs that
occasionally diffused into the beam region were also cap-
tured to the beam center, as shown in Figs. 2�c�. However,
the situation changed when the magnetic field was increased
to �80 Oe. As can be seen in Fig. 2�d�, the strong attraction
between MHs was released due mainly to the strong repul-
sive force between them. The repulsive interaction between
MHs increased their energy and some MHs began to escape
from the optical trap once the interaction energy became
comparable to the depth of the optical potential well. As
shown in Figs. 2�e�–2�g�, more and more MHs escaped out
of the optical trap and diffused away. Under a magnetic field
of �160 Oe, no MH was found in the beam region �see Fig.
2�h��. Sometimes, only one MH was left in the optical trap.
If we switched-off the magnetic field, MHs that diffused into
the beam region could again be trapped, as shown in Fig.
2�i�. This phenomenon indicates that the gradient force ex-
erted on MHs can be completely counteracted by the repul-
sive force induced by the magnetic field.

So far, we have demonstrated the optical trapping of
randomly distributed MHs and the escape of these MHs from
the optical potential well caused by an applied magnetic
field. Now let us see what will happen when a laser beam
with the same power �50 mW� is incident on MHs which
have been organized into a two-dimensional �2D� regular
lattice under a magnetic field. In experiments, we used the
same sample described above. A magnetic field of �100 Oe
was applied perpendicularly on the sample. As shown in Fig.
3�a�, MHs were self-organized into a 2D hexagonal lattice
due to the repulsive interaction between them. Under this
condition, we turned on the trapping light. Surprisingly, MHs
did not move to the beam center. Instead, they were driven
out of the optical potential well, leaving a depletion region at
the beam center �see Fig. 3�b��. This depletion region be-
came larger after some time, as shown in Figs. 3�c� and 3�d�.
In this case, it is thought that the concentration of magnetic
nanoparticles were increased by both the optical trapping ef-
fect and the thermal diffusion of nanoparticles. In addition,
clustering of magnetic nanoparticles also occurs because of
laser irradiation. These phenomena have been reported in
earlier work13 and they are expected to enhance the induced
magnetic moments in MHs. The clustering of magnetic
nanoparticles under the irradiation of a light was first re-
ported by Hoffmann et al.28 Two years ago, we observed that

10 µm
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(c) (d)

(e) (f)

(g) (h)

(i)

FIG. 2. �Color online� Optical trapping of 11-�m MHs contained in a thin
sample cell. �a� The initial distribution of MHs; �b� The trapping light with
a power of 50 mW was turned on; ��c�–�h��. A magnetic field of 40, 80, 100,
120, 140, and 160 Oe was imposed perpendicularly on the sample cell. �i�
The magnetic field was removed.
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large magnetic clusters appeared first in the region irradiated
by a laser beam once a magnetic field was imposed.13 It was
suggested that small magnetic flusters, which acted as nuclei
for the formation of large magnetic clusters, had been created
under the irradiation of the laser beam. Very recently, we
presented further evidence for the formation of magnetic
clusters induced by a laser beam.29 The formation a photonic
gap was clearly observed in a magnetic fluid when a laser
light or a magnetic field is imposed. In addition, the center of
the photonic gap shifts to longer wavelength with increasing
laser power. It is thought that both optical trapping and ther-
mal diffusion of magnetic nanoparticles are responsible for
the appearance of magnetic clusters.

According to Eq. �2�, a significant increase in the inter-
action energy is anticipated. Consequently, the repulsive
force existing between MHs may become much larger than
the gradient force even at a moderate magnetic field of
�100 Oe. Therefore, MHs could not be trapped by the op-
tical potential well. Instead, they were driven away from the
beam center. If we turned-off the trapping light, the depletion
region shrank after 30 s and completely disappeared after
about 90 s, as shown in Figs. 3�e� and 3�f�.

In order to verify that the formation of the depletion
region was caused by the increase in the concentration of
magnetic nanoparticles, we carried out another experiment to
characterize the repulsive interaction of close-packed MHs in
the absence of laser irradiation. It is shown in Fig. 4. First, a
50 mW laser beam was employed to trap some MHs at the
beam center. Then, the trapping light was turned off while a
magnetic field of �100 Oe was imposed perpendicularly on
the sample. In this case, the repulsive force between MHs
was not significant and they were not separated immediately.
The MHs being trapped remained at the beam center for
several seconds. After about 40 s, the MHs diffused away
due to Brownian motion. This situation is shown in Fig. 4.
Therefore, a depletion region cannot be created if a magnetic

field is applied after the withdrawn of the trapping light. Of
course, the original regular distribution of MHs was recov-
ered after some time �not shown�, similar to that shown in
Fig. 3�f�.

V. DEPENDENCE OF TRAPPING BEHAVIOR ON THE
SIZE OF MHS

From Eqs. �1� and �2� described in Sec. III, it can be
easily derived that the interaction energy between two iden-
tical MHs is proportional to the square of their volume. In
order to find out the influence of the size of MHs on the
repulsive interaction between them, we have performed simi-
lar experiments for 4.3-�m MHs contained in a thin sample
cell. As indicated in Sec. III, the maximum interaction en-
ergy for 4.3-�m MHs is reduced by a factor of �16.7 as
compared to that for 11-�m ones. Therefore, it is not easy
for 4.3-�m MHs to escape out of the optical trap if the same
trapping conditions are employed.

The images showing the trapping of 4.3-�m MHs with
increasing magnetic field are presented in Fig. 5. Similarly,
the power of the trapping light was fixed at 50 mW and it
was kept on during the increase of the magnetic field. The
maximum magnetic field used in this case was increased to
400 Oe and the total trapping time was estimated to be 400 s
when the magnetic field was raised to this value. Different
from 11-�m MHs, it is found that 4.3-�m MHs were stably
trapped at the beam center till a magnetic field as large as
400 Oe. With increasing magnetic field, more and more MHs
were trapped at the beam center, forming a close-packed
structure whose size is much larger than the focus. It is no-
ticed that MHs were also trapped at the top wall of the
sample cell due to the scattering force.

Similar to the above experiment carried out for 11-�m
MHs �see Fig. 3�, we also tried to identify the repulsive
interaction between 4.3-�m MHs by applying a magnetic
field on the sample before turning on the trapping light.
Since there is significant reduction in repulsive interaction,
no regular distribution was obtained after the application of a
magnetic field of �100 Oe, as shown in Fig. 6�a�. When the
trapping light was introduced, however, no depletion region
was observed. On the contrary, MHs were gradually attracted
to the beam center after some time and the number of

1 0  µ m

( a ) ( b )

( c ) ( d )

( e ) ( f )

FIG. 3. �Color online� Optical trapping of 11-�m MHs contained in a thin
sample cell in the presence of a magnetic field. �a� The initial distribution of
MHs in the presence of a magnetic field of 100 Oe; ��b�–�d��. The distribu-
tion of MHs 10, 20, and 40 s after a trapping light of 50 mW was turned on.
��e�–�f��. The distribution of MHs 30 and 90 s after the trapping light was
turned-off.

10 µm

(a) (b)

(c) (d)

FIG. 4. �Color online� Repulsive interaction between 11-�m MHs induced
by an applied magnetic field. �a� The initial distribution of MHs. �b� Trap-
ping of MHs at the beam center by a 50 mW laser light; ��c�–�d��. Distri-
bution of MHs 5 and 40 s after the trapping light was withdrawn while a 100
Oe magnetic field was imposed.
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trapped MHs increased with time, as shown in Figs. 6�b� and
6�c�. After about 40 s, several tens of MHs were trapped in
the beam region. On the other hand, the MHs being trapped
did not form a close-packed structure as that shown in Fig. 5
because of the shorter trapping time. They were separated
with each other by a distance due to the enhanced repulsive
interaction between them.

VI. OPTICAL TRAPPING OF LARGE MHS IN A THICK
SAMPLE CELL

It has been shown that 11-�m MHs cannot be stably
trapped in a thin sample cell if the applied magnetic field is

strong enough. The interaction energy between MHs can eas-
ily exceed the optical potential, leading to the escape of
MHs. However, we found that the trapping behavior could be
dramatically changed when a thick sample cell of 50 �m
was used.

As mentioned above, MHs are trapped at the top wall of
the thin sample cell because the thickness of the sample cell
is slightly larger than the diameter of 11-�m MHs. For a
thick sample cell of 50-�m, the situation is completely dif-
ferent. It was observed that MHs were driven quickly to the
top wall of the sample cell and scattered away from the beam
region, as shown in Figs. 7�b�–7�d�. When a magnetic field
of �40 Oe was imposed, it was found that some MHs began
to be trapped at the bottom wall of the sample cell and the
number of trapped MHs increased with increasing magnetic
field, as shown in Figs. 7�e�–7�h�. These MHs appear as dark
and big circles in the images. It is also noticed that these
MHs formed a close-packed structure. This behavior is com-
pletely different from what we observed in the thin sample
cell. It implies that the repulsive interaction between MHs
was significantly reduced and the gradient force became
dominant again in the transverse direction.

It is well known that magnetic nanoparticles absorb vis-
ible light, leading to the heating of the magnetic fluid. In this
case, thermal gradients may be established in both the hori-
zontal and vertical directions. In the horizontal �transverse�
direction, the thermal gradient leads to the redistribution of
magnetic nanoparticles. This phenomenon, which is gener-
ally referred to as Soret effect, may significantly affect the
trapping behavior of MHs. A typical example has been
shown in Fig. 3. On the other hand, the thermal gradient in
vertical direction may cause Rayleigh–Benard convection if

(a)

10 µm

(b)

(c) (d)

(e) (f)

(g) (h)

(i)

FIG. 5. �Color online� Optical trapping of 4.3-�m MHs contained in a thin
sample cell. �a� The initial distribution of MHs. �b� The trapping light with
a power of 50 mW was turned on; ��c�–�i��. A magnetic field of 40, 80, 120,
160, 200, 240, and 400 Oe was imposed perpendicularly on the sample cell.

10 µm

(a) (b)

(c) (d)

t = 10 s

t = 20 s t = 40 s

FIG. 6. �Color online� Optical trapping of 4.3-�m MHs contained in a thin
sample cell in the presence of a magnetic field. �a� The initial distribution of
MHs in the presence of a magnetic field of 100 Oe; ��b�–�c��. The distribu-
tion of MHs 10, 20, and 40 s after a trapping light of 50 mW was turned on.

10 µm
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(c) (d)

(e) (f)

(g) (h)

FIG. 7. �Color online� Optical trapping of 11-�m MHs contained in a thick
sample cell. �a� The initial distribution of MHs; ��b�–�d��. The trapping light
with a power of 50 mW was turned on; ��e�–�h��. A magnetic field of 40, 80,
120, and 160 Oe was imposed perpendicularly on the sample cell.
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the Rayleigh number becomes larger than 1708.30 In order to
find out the physical origin for the fast moving of MHs in the
thick sample cell, we have employed the 800-nm light from
a femtosecond laser �Coherent, Mira 900� as the trapping
light. The absorption of magnetic nanoparticles is very weak
at this wavelength.28 It was observed that MHs remained
nearly unmoved or moved very slowly under the irradiation
of the 800-nm light with a power of 100 mW. It indicates that
the scattering force is not responsible for the fast moving of
MHs observed in the thick sample cell. Instead, it is sug-
gested that Rayleigh–Benard convection occurred in the
thick sample cell because the Rayleigh number increases at
the third power of the sample thickness.

In order to find out the physical mechanism responsible
for the strange trapping behavior observed in the thick
sample cell, we have carefully examined the formation of
magnetic clusters as well as the distribution of MHs near the
bottom and top walls of the sample cell in the presence of a
magnetic field, as shown in Figs. 8�a� and 8�b�. From Fig.
8�a� where the objective lens was focused at the bottom of
the sample cell, it can be seen that all MHs are distributed at
the bottom wall of the sample cell. No MH is found to locate
in the middle of the sample cell. Otherwise, we should be
able to see some MHs which are out of focus. When we
moved the focus point to the top wall, it was observed that
all MHs became out of focus. In this case, one can clearly
identify many magnetic clusters formed by the aggregation
of magnetic nanoparticles, as shown in Fig. 8�b�. These mag-
netic clusters appear as bright spots in Fig. 8�a� where they
are out of focus.

The formation of magnetic clusters near the top wall of
the sample cell implies a larger concentration of magnetic
nanoparticles as compared to that near the bottom wall. In
other words, there exists a gradient in the concentration of
magnetic nanoparticles when a magnetic field was applied. It
may be caused by the gradient in magnetic field strength. For
the thin sample cell, the effect of such a gradient can be
neglected. However, it becomes significant for the thick
sample cell. Driven by the gradient in magnetic field, a
depletion of magnetic nanoparticles occurs at the bottom part
of the sample cell while an accumulation of magnetic nano-
particles appears at the top part of the sample cell. Mean-
while, MHs were driven to the bottom of the sample cell.
Due to the depletion of magnetic nanoparticles at the bottom
part of the sample cell, the repulsive force between MHs was
significantly reduced. As a result, they were stably trapped at
the beam center, forming a close-packed structure. Besides,
the upward driving force originating from the convection of

the magnetic fluid was counteracted by the downward driv-
ing force induced by the redistribution of magnetic nanopar-
ticles. Consequently, MHs were pressed to the bottom wall
of the sample cell.

VII. OPTICAL MANIPULATION OF MH CHAINS

So far, we have investigated the trapping of individual
MHs under a magnetic field perpendicular to the sample
cells. The situation is completely different if we applied a
magnetic field parallel to the thick sample cell containing
11-�m MHs. In this case, MH chains were formed due to the
attractive interaction between MHs.20 When the trapping
light was turned on, the gradient force in the transverse di-
rection drove the MH chain that diffused into the beam re-
gion toward the beam center. Then, the MH chain was
pushed to the top wall of the sample cell by both the con-
vection of the magnetic fluid and the scattering force. Fi-
nally, it moved away from the beam region along the direc-
tion of the applied magnetic field. A typical example is
presented in Fig. 9 which shows the trapping, scattering and
escaping processes of a MH chain. An intriguing feature for
the optical manipulation of MH chains is the movement of
MH chains which always follows the direction of the mag-
netic field.

It has been reported that the viscosity of a magnetic fluid
becomes anisotropic upon the application of a magnetic
field.31 Due to the formation of magnetic clusters and chains,
the viscosity in the direction perpendicular to the magnetic
field can be much larger than that in the direction parallel to
the magnetic field. In Fig. 9, one can identify many magnetic
chains aligned along the magnetic field. The anisotropy in
the viscosity leads to the directional movement of MH
chains. This character offers us an opportunity to optically
drive MH chains along a selected direction with the help of a
magnetic field.

(a) (b)

20 µm

FIG. 8. �Color online� Distribution of 11-�m MHs and magnetic clusters in
a thick sample cell under a magnetic field of 100 Oe. The focus point of the
objective lens was located at �a� the bottom and �b� the top walls of the
sample cell.

(a) (b)

(c) (d)

(e) (f)

10 µmH

FIG. 9. �Color online� Trapping, scattering, and escaping processes of MH
chains in the presence of a parallel magnetic field.
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VIII. CONCLUSION

The optical trapping and manipulation of MHs have
been systematically investigated. The trapping behavior is
found to depend strongly on the size of MHs as well as the
thickness of the sample cells. In thin sample cells of 20 �m,
a stable optical trapping under a magnetic field is available
only for small MHs with a diameter of 4.3 �m. For large
MHs with a diameter of 11-�m, a depletion region is created
at the beam center for a sufficiently strong magnetic field
because the gradient force is completely counteracted by the
repulsive force induced by the magnetic field. In thick
sample cells of 50 �m, a stable optical trapping for 11-�m
MHs becomes possible because of the existence of a gradient
in the magnetic field. It is also revealed that the movement of
MH chains can be manipulated under a parallel magnetic
field. Our findings may be useful for the construction of
magneto-optical devices based on MHs.
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