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Abstract

We investigate experimentally the structure of the magnetic chains
formed in the magnetic fluid thin film under the influence of the external
magnetic field parallel to the film surface. A one-dimensional ordered
structure forced by magnetic chains can be obtain in the magnetic fluid
film. It is worth noting that the ordered structure can be manipulated by
changing the control parameters such as the magnetic field, concentration
of magnetic fluid, the thickness of the film, the width of the film, and the
dH/dt . On the other hand, the physical mechanism of forming the ordered
structure can be also studied theoretically.

These magnetic chains are regarded as magnetic dipoles and three
possible interactions are condisered for the energy of the system: the

attracting potential energy between the magnetic chain and H (denoted by

Us),the repulsive potential energy between two magnetic chains with
parallel magnetizations (denoted by Us), and the thermal energy Ui, The

relationship between the chain distance Ax and the applied magnetic

field H was derived by minimizing the total energy of the system with
respect to the chain distance. The experimental data is consistent with the

theoretical results.
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Abstract

We investigate experimentally the structure of the magnetic chains
formed in the magnetic fluid thin film under the influence of the external
magnetic field parallel to the film surface. A one-dimensional ordered
structure forced by magnetic chains can be obtain in the magnetic fluid
film. It is worth noting that the ordered structure can be manipulated by
changing the control parameters such as the magnetic field, concentration
of magnetic fluid, the thickness of the film, the width of the film, and the
dH/dt. On the other hand, the physical mechanism of forming the ordered
structure can be also studied theoretically.

These magnetic chains are regarded as magnetic dipoles and three
possible interactions are considered for the energy of the system: the
attracting potential energy between the magnetic chain and H (denoted by
U.n), the repulsive potential energy between two magnetic chains with
parallel magnetizations (denoted by U,.), and the thermal energy Uy,
The relationship between the chain distance Ax and the applied magnetic
field H was derived by minimizing the total energy of the system with
respect to the chain distance. The experimental data is consistent with the

theoretical results.



Tunable Ordered Structures of Magnetic Fluid Films

under parallel magnetic fields

I. Introduction

Due to the rich variety of phenomena under external magnetic fields,
magnetic fluid films have attracted a great deal of interest of scientists
and engineers. Of these, several researchers have reported agglomeration
of magnetic particles in the magnetic fluid film when a uniform magnetic
field is applied.”” Another study discussed the thermodynamics of the
particle agglomeration.* In 1997, a hexagonal ordered structure in a
highly homogeneous magnetic fluid film under uniform magnetic fields
perpendicular to the film was found by Horng and Hong.” Subsequently,
a structural evolution that followed a sequence of monodispersion,
disordered state, 1™-level ordered structure, transition state and then to a
2"level ordered state in the magnetic fluid film was observed when the
externally perpendicular field was increased.”” It was further indicated
that this structural evolution can be effectively manipulated by
controlling the parameters, such as the sweep rate of the field, the film
thickness, the fluid concentration, and the temperature.g’9 These
magnetically induced structural patterns generated several significant
magneto-optics of magnetic fluid films, for example magneto-
chromatics,'™"" field-modulated transmission'? and tunable refractive
index." These magneto-optical effects showed promising opportunities to
develop magnetic-fluid-based optical gratings,'* optical modulators,"

optical switches,'® etc.



In contrast to the ordered structure in the magnetic fluid film under
perpendicular fields, the magnetic chains are distributed randomly in the

magnetic fluid films under uniform parallel fields.'”"”

These magnetic
chains induce an optical anisotropy, and hence a birefringence
phenomenon can be observed in a magnetic fluid film under parallel
magnetic fields when a linearly polarized light is incident into the
film."”" It was also demonstrated that the birefringence of magnetic fluid
films can be further utilized as optical switches."

According to the structures observed in the magnetic fluid film
under parallel fields, there is a high degree of inhomogeneity in the
length of chains formed in a wide cell. Hence, the interaction among
magnetic chains is neither isotropic nor homogeneous, which contributes
to the random distribution of the chains in films under parallel fields. In
this work, by reducing the dimensions of the cell containing magnetic
fluid using lithography technology, a formation of an ordered structure
in the magnetic fluid film under parallel fields is demonstrated. In
addition to investigating the structures in the magnetic fluid micro-cell,
the tunability of the ordered structure and its physical intuition are also

discussed.

I1. Research Purposes

At present, the knowledge on the features and the relevant adjusting
and controlling mechanism of the ordered structure of the magnetic fluid
film under parallel magnetic field are deficient in a degree, which will
influence seriously the further applied research for this ordered structure.
Hence, this study will investigate the ordered structure behaviors of the

3



magnetic fluid film under the parallel magnetic field. The definite

research purposes are determined as follows:
A ~ To find out the tunable features of the ordered structure in the
magnetic fluid film under parallel magnetic fields.
B -~ To investigate the covariant relationship between the tunable

structure and the controlling factors.

C ~ To clarified the physical intuition of the tunable structure.

II1. Devices used in the study

The magnetic fluid used here was kerosene-based MnFe,0O,4
magnetic fluid with a concentration of 10.5 emu/g and was prepared
by the chemical co-precipitation method. To form a magnetic fluid
micro-strip, the ferrofluid was injected into a thin-strip cell and then
covered with a glass plate, as illustrated in Fig. 1. In this work, the
cell was made of a silicon wafer. Through a standard
photo-lithographic process with the aid of ICP-RIE, a rectangular
micro-strip cell of 1.5-um in depth and 10-um in width was
obtained on the silicon wafer. The magnetic fluid thin film was then
put into a pair of solenoids, which generated magnetic fields parallel
to the plane of the film. An optical microscope and a CCD camera
were used to record the structures in the magnetic fluid micro-strip.
The details of manufacturing magnetic fluid micro-strips and
observation platform for the structural patterns are described

separately as follows.



Magnetic fluid - glass
i

— Silicon
wafer

< W >
Fig.1. Scheme of the cell for the magnetic fluid

micro-strip. L denotes the depth of the cell, W is
the width of the cell.

For the magnetic fluid film under the parallel magnetic field
to produce the ordered structure, it requires the magnetic fluid of
high quality as well as a steep and straight boundary for the cell
encapsulating the magnetic fluid, as the flux would fail to form an
ordered arrangement if the border is not smooth enough.
Therefore, we use the silicon wafers to manufacture the required
cell by the photolithography technique, and the manufacturing

flow is as follows:

Print the cell pattern in the silicon wafers using the optical
exposure technique

—_ =

Etch out the cell in the silicon wafers using ICP-RIE(fig.2.)

—_ =

Inject the magnetic fluid into the cell and lay the cover glass
on it, and the magnetic fluid shall be produced.
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Fig.2. Photograph the silicon wafer fillister using the scanning electron
microscope x 25,000

Note: For ease of writing this report, we define the symbols as follows:

H —External field strength; My —Concentration of the magnetic fluid;

dH/ dt — Magnetic field sweeping rate; W—Cell width; L—Film
thickness; Ax—Chain spacing °

(IT) Structure observing platform for magnetic fluid film

Under the external parallel magnetic field, the structure-observing
platform for magnetic fluid film is shown in Fig. 3. Using the
computer program, the parameters were transmitted to the power

supply to output the correct power to the solenoid coils and to obtain
the parallel magnetic field with required H and dH/dt. Moreover, to

avoid overheating the magnet, we install an additional water
circulating system to control the temperature. The images would be
photographed by transferring back to the computer with the CCD

camera through the microscope.
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Fig.3. The device arrangement in the experiment for the
ordered structure of the magnetic fluid film



IV. Procedures and methods
Experiment 1: To observe the tunable one-dimensional
ordered structure in magnetic fluid films.

1. Prepare magnetic fluid films: W=10um, L. =1.5um,

M=10.5emu/g. Lay them in two parallel solenoids.

2. Fix dH/dt at 5 Oe/s, and then change the field strength, to
observe formation of the ordered structure.

3. Photograph and analyze the influence of H (external magnetic

field) on Ax (chain spacing).

Experiment 2: To investigate the influencing factors of Ax -H

characteristic curve
(A) The influence of different d H/dt on Ax -H curve

1. Prepare magnetic fluid films: W=10um, L. =1.5um,

M =10.5emu/g. Lay them in two parallel solenoids.

2. Fix H at 230 Oe, and then change dH/dt, to observe formation of
the ordered structure.

3. Photograph and analyze the influence of dH/dt(magnetic field
sweeping rate) on Ax (chain spacing).

(B) The influence of different M, on Ax-H curve

1. Prepare magnetic fluid films: W=10um, L. =1.5um. Lay them in

two parallel solenoids.

2. Fix H at 230 Oe, dH/dt at 5 Oe/s, and then change Ms to observe

8



formation of the ordered structure.
3. Photograph and analyze the influence of M; (concentration of

the magnetic fluid)on Ax (chain spacing).

(C) The influence of different W on Ax —H curve

1. Prepare magnetic fluid films: L =1.5pm, Ms=10.5emu/g.. Lay

them in two parallel solenoids.

2.Fix H at 230 Oe, dH/dt at 5 Oe/s, then change W to observe
formation of the ordered structure.

3. Photograph and analyze the influence of W(cell width) on Ax
(chain spacing).

(D) The influence of different L on Ax —H curve

1.Prepare magnetic fluid films: W=10um, M=10.5emu/g. Lay

them in two parallel solenoids.

2.Fix H at 230 Oe, dH/dt at 5 Oe/s, and then change L to observe
formation of the ordered structure.

3.Photograph and analyze the influence of L (film thickness) on Ax

(chain spacing).

V. Experimental Results
Experiment 1: To observe the tunable one-dimensional

ordered structure in magnetic fluid films.

When the magnetic field increased from zero to certain
intensity in a fixed dH/dt, we found that the magnetic particles

formerly dispersing in the fluid would aggregate into magnetic

9



chains. In the beginning, these magnetic chains distributed within
the film randomly, and when the magnetic field increased
continuously, the number of magnetic chains increased also, and the
operating force between magnetic chains was stronger and stronger.
While the magnetic density arrived at a certain threshold, these
magnetic chains were arranged in one dimension, as shown in Fig.
4(a), where Ax represents the average period of this ordered
structure. With the strength of the magnetic field increasing, more
magnetic chains were emerged, thus the chain spacing was reduced.
The dependent relationship between Ax and the magnetic field in
Fig.4 was shown in Fig.5. It is necessary to note that the observed

ordered structure was a single layer structure.

dH/dt = 5 Oe/s
(a) H =60 Oe | ‘ l ‘
(Ax=3.46 p;m) | E l l ! | l XH

(b) H=750e | IW
(Ax =277 pm)

_—

AX

(c) H =90 Oe l
(Ax=231 pm)]

(d) H=1400e
(Ax=1.98 um)

(e

~—"

(Ax = 1.81

Fig.4. Periodic chain structures under various parallel fields 10
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Fig.5. When the magnetic field increasing, the chain spacing was reduced

In the following experiment (experiment 2),we try to find out the

method to control the Ax —H characteristic curve.
Experiment 2: To investigate the influencing factors of Ax -H
characteristic curve
( A) The influence on characteristic Ax -H curve at different
dH/dt’s
First of all, the effect of the sweep rate, dH/dt, on the Ax

-H curve is investigated. When dH/dt is increased, the Ax —H

curve moves toward the lower left, as shown in Fig.6, The
results mean that, under a fixed field strength, the higher the
sweeping rate(dH/dt), the smaller the chain spacing. The cause
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for this result could be interpreted by comparing the structural
patterns under a given H for various dH/dt’s, as shown in Fig.7.
When dH/dt is higher, the magnetic chain is thinner, Thus, the
magnetic moment is smaller, and in turns the repulsion between
the magnetic chains is lower. Consequently, the Ax of this

ordered structure would decrease at a higher dH/dt .

3.5 T T T T T T T T T
® W=10um L=15um M,=10.5emulg
° e dH/dt =5 Oe/s
30 o m dH/dt =10 Oe/s —
. e + dH/dt = 20 Oe/s
i & dH/dt = 50 Oels i
°
_ 25 -, (] . x dH/dt = 100 Oe/s _
% | me 1
20— + = ° -
* °
| g * * . = ° o ®
X + . - . .
+ |
15 — Xx * * + + + +
.
| X * o o * L g *
X X X X X X X
1.0 ] ] ] ] ] ] ] ] ]
50 100 150 200 250 300

H (Oe)

Fig.6. Ax-H curve moves toward the lower left, when dH/dt is increased

vz, IHTIN
(b) H = 230 Oe (Ristittitit I

e

A

Fig.7. Periodic chain under a given H for various dH/dt

(c) H=2300e
dH/dt =100 Oe/s
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When M; is increased, the Ax —H curve moves toward the
lower left, as shown in Fig.8, having a fixed field strength, the
higher the concentration(M;), the smaller the chain spacing
becomes. The cause for this result could be seen in Fig.9. When
M; is higher, the magnetic chain is thinner, the magnetic moment
is smaller, and the repulsion between the magnetic chains is

lower, so the period Ax, of this ordered structure would decrease

as a result.
5.0 T T T T T T T I L
W=10um L=15um dH/dt=5 Oe/s
i . e M, =10.5 emu/g
4o £, + M, = 8.3 emulg
. . e & M, =7.3 emu/g
| + o i
e [} *
S 30 ¢ T -
pYY + *
< L *
° + ~ .
— ° + * K 4
L +
° + +
20 * * -+
° ° o
® ®
1.0 ] | ] | ] | ] | ]
50 100 150 200 250 300
H (Oe)

Fig.8. Ax-H curve moves toward the lower left, when M; is increased
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(a) H =230 Oe

Ms=7.3 emu/g

(b) H = 230 Oe

Ms=8.3 emu/g

(c) H=230 Oe

LARHEATAARLL

Ms=10.5 emu/g

Fig.9. Periodic chain under a given H for various M;

(C) The influence of W on Ax —H curve

When using different W (5, 10 and 20um) and observing
the ordered structure in the magnetic film under the parallel
magnetic field. We could find that when W is increased, the Ax
—H curve moves toward the upper right, as shown in Fig.10,
having a fixed field strength, a bigger cell width(w), the higher
the chain spacing becomes. The cause for this result could be
seen in Fig.11. When W is bigger, the magnetic chain is thicker,
the magnetic moment is bigger, and the repulsion between the
magnetic chains is higher, so the circle Ax of this ordered

structure would increase as a result.
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Fig.10. Ax-H curve moves toward the upper right, when W is increased
a) H=2300e
o TR A
W=5um .

“ Vo T

(c) H=2300e
W=20um

Fig.11. Periodic chain under a given H for various W

(D) The influence of L on Ax —H curve

To ensure a single layer ordered structure in the magnetic
film under the parallel magnetic field, we performed the study

using thinner cell (L=0.5um) as well as using the thickness of
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1.5um. We found that when L is decreased, the Ax —H curve
moves toward the lower left, as shown in Fig.12, having a fixed
field strength, a smaller film thickness, the lower chain
spacing(Ax)becomes. The cause for this result could be seen in
Fig.13. When L is smaller, the magnetic chain is thinner, the
magnetic moment is smaller, and the repulsion between the
magnetic chains 1s lower, so the circle Ax of this ordered

structure is decrease as a result.

3.5 — e W =10 um
dH/dt = 5 Oe/s
M_= 10.5 emu/g
- +
®
3.0 —
+e ® | =15um
i O + L=0.5um
g_ + @
é 2.5 °
==
[ ]
L +e
+ ©
20 — ®
+ ®
[ ]
L + ® °
+ ®
+ +
15 += -+
1 | 1 | 1
0 100 200 300
H (Oe)

Fig.12. Ax-H curve moves toward the lower left, when W is decreased

-

(a) H=230 Oe
L=05um

W |
e —

(b)E:f?;OU%e Hl.!iHF':?;I! Il“l
S

Fig.13. Periodic chain under a given H for various L
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In summary, a one dimensional ordered structure can be achieved in
magnetic fluid films under parallel magnetic fields. This ordered
structure is tunable and can be well manipulated by controlling field
strength, sweep rate, fluid concentration, cell width and film thickness.
The relevant control method have been demonstrated in the following,
we would like to further discuss the physical intuition of the tunability of

the ordered structure in the magnetic fluid film under parallel fields.

V1. Discussion on the tunability of ordered structure in a

magnetic fluid film.

When a parallel magnetic field was applied to the magnetic fluid
micro-strip, versatile structural patterns were observed. Under lower field
strength, no patterns can be found in the magnetic fluid film until the
field strengths exceeds a critical value, the magnetic particles which were
originally dispersed in the fluid ,start to agglomerate to form magnetic
chains, as shown by the black bars in Fig. 4(a). It is worth that all of
chains in the micro-strip are nearly identical and possess have almost the
same length, which corresponds to the width of the cell. This
phenomenon is much clearer for higher fields, as shown in Fig. 4(d).
Under lower fields, these magnetic chains are distributed randomly in the
micro-strip because there are few chains and the interactions between
them are too weak. With the increase of the field strength, more and more
columns appear and they become closer together. Since these identical
chains are magnetic and their magnetic moments are parallel (along the
field direction), the reduction in the spacing between the chains leads to
an enhancement of the interaction between the chains. In order to achieve
a minimum energy in the system of magnetic chains, A one-dimensional
ordered structure results under a higher field, as shown in Fig. 4(a). As
the field strength is further raised, the chain spacing is reduced because
of the formation of new chains, as shown in Figs. 4(b)-4(d). A
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quantitative analysis of the field-dependent chain spacing, Ax-H curve, is
shown in Fig.5.

In Fig. 5, a rapid decrease in Ax from 3.40 to 2.16 um as H is raised
from 60 to 100 Oe, and then the Ax was further reduced gradually ,
increasing H over 100 Oe. The results shown in Fig. 5 clearly reveal that
the one-dimensional ordered structure in the magnetic fluid micro-strip is
tunable by adjusting the external field strength. In addition, the observed
minimum value of the chain spacing Ax (= 1.73 um) under the highest
field (= 300 Oe) in this work is larger than the depth of the cell (= 1.5
um). Thus, the architecture of a single -layer is obtained for the
one-dimensional tunable ordered structure of magnetic chains in the
magnetic fluid micro-strip under parallel fields.

To realize the physical intuition in the tunability of the
one-dimensional ordered structure in the magnetic fluid strip, we propose
a model and then calculate the relationship between the Ax and H. As
indicated above, the ordered structure in the magnetic fluid micro-strip
can be regarded as a one-dimensional array of identical magnetic chains
under external magnetic fields. Thus, this array can be represented by the
scheme shown in Fig. 14(a). Each magnetic chain is treated as a magnetic
cylinder with a magnetic moment M, which is parallel to the external
field H, and each is assumed to be uniform inside a magnetic cylinder.
The height of the cylinder corresponds to the width of cell W, and the
cylinder spacing is denoted by p. It is also noted that, under a given H,
the p reverts to the observed Ax as the system reaches minimum energy

level.
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Fig.14. Scheme for (a) modeling of the one-dimensional ordered structure of
magnetic chains in the magnetic fluid micro-strip and (b) interaction

between two neighboring magnetic chains

In principle, there are three main physical interactions in this
system: one is thermal energy, another is the attractive interaction
between the magnetic chains and the external magnetic field, the third is
that among magnetic chains. According to our previous study,” the
thermal energy of the magnetic nano-particle in the liquid at room
temperature is depressed by its magnetic potential energy under an
applied field strength. Thus, the contribution of thermal energy to the
total energy of the system is negligible. The other energies due to
magnetic interactions are then considered into account for the tunability
of the ordered structure in the magnetic micro-strip.

The attractive interaction between the magnetic chains and the
external field leads to the negative magnetic potential energy, U.y. In the
theoretical calculations, we assume the strip cell is infinitely long
because of the cell length (several mm’s) is much larger than the chain
spacing (several um’s). Hence, the U,y can be represented in terms of the
magnetic potential energy density per unit length along the strip cell and
can be expressed as

UcH - nucH: ( 1)
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where n denotes the numbers of chains per unit length along the strip cell,
and is equal to 1/p, and u.y is the magnetic potential of a single magnetic
chain under an external field, and is -M_;H, where the M. is the
effective magnetic moment of each magnetic chain considering the
demagnetization effect. Therefore, Eq. (1) becomes
Uy=-MeH/p  (2)

For the repulsive interaction between two magnetic chains with

parallel magnetic moments, the resultant magnetic potential energy

density is positive and can be evaluated via

Ue= 5 2 206p) ()

s integer

where u..(sp) 1s the magnetic potential energy of two magnetic chains ,
separated by a distance of sp with s being the positive integer because of
the periodicity of the ordered structure. For each chain, there is always
two chains separated from it by a distance of sp. This fact leads to the
factor 2 in the summation of Eq. (3). For simplicity, the contribution to
u,. of a certain chain from the first nearest neighboring chain is

considered. The value of u..(p) can be obtained via

u“(p):_,[Hif(p)'degff ) (4)

where Hj; denotes the magnetic field, which 1s generated by chain 1, at
chain j shown in Fig. 14(b), and dM;. is a segment of the effective
magnetic moment inside chain j. Singinificantly, the directions of H;; and
dM;e are anti-parallel, so u. is positive. With Eqgs. (2) — (4), the total
energy density along the strip cell can be written as

Ur=Ue + U,

=-MeH/p+ ([H,(p)-dM )/ p  (5)

j

It is clear that Ut is a function of p. Moreover, under a given H, the
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value of the first term in Eq. (5) decreases for a smaller p, whereas the
second term becomes larger. Thus, the contributions to the total energy
density from these two compensate for each other, which implies that
there exists an equilibrium state for the system. The chain spacing at the
equilibrium state under a given H can be obtained by equating the
differential of the total energy density with respect to p to be zero, i.e.
dU+/dp|p=ax = 0. From doing the differential and through a calculation
process, we obtain
H=M f(a,W,Ax),  (6)

where a is the diameter of a cylinder shown in Fig. 14(a). Equation (6) is
a theoretical relationship between the Ax and H. We then use the
experimental data from a,W, Ax, and H shown in Fig. 5 to plot the H-f
curve, as denoted by the data points in Fig.15. These data are fitted to Eq.
(6) with the fitting parameter M. It was found that the data points merge
with the theoretical curve when H is higher than 140 Oe, whereas there is
a deviation of the data points from the theoretical relationship for H exist
from 60 to 140 Oe. This deviation may be because that the ordering of
the structure in the magnetic fluid film under H, from 60 to 140 Oe, is not
high enough, as indicated by the structural picture shown in Fig. 4(b) and
4(c). Hence, this kind of structural pattern can be referred to as a

quasi-ordered structure. A perfect ordered structure is achieved under H

higher than 140 Oe, as shown in Fig. 4(d).
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Fig.15. Comparison between the experimental data and the calculated curve from
Eq. (6) for the one-dimensional structural patterns in the magnetic fluid

micro-strip under parallel magnetic fields.
VII. Conclusions

A. The tunable one-dimensional ordered structure is demonstrated in
the magnetic fluid films under parallel magnetic fields.

B. This ordered structure can be well manipulated ,The results show
that the structure period Ax can be reduced by controlling factors
such as enhancing H (external magnetic field), dH/dt (magnetic
field sweeping rate), M; (concentration of magnetic fluid) or by
reducing W (cell width ) and L (film thickness).

C. By conducting a comparison on the theoretical computation and

the experimental results, we ensure that in this system, there are
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two major physical interactions: (1) The magnetic energy U,
between magnetic chains and the external magnetic field; (2) The
magnetic energy U, aroused from the repulsion between two

magnetic chains magnetized in the same direction.
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