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Abstract. A hexagonal ordered structure of magnetic columns, which results from an agglomeration of
magnetic particles, is obtained in a magnetic fluid film when a magnetic field is applied perpendicularly
to the film surface. The evolution of the initially ordered structure in the magnetic fluid film during the
heating and cooling process is investigated under a given magnetic field. For the heating process, the
columns remain unchanged until the temperature exceeds a critical temperature. As the temperature is
further increased, column particles start to disperse into the liquid carrier. As a result, portions of columns
disappear. As the temperature continue to rise, the ordered structure changes to a disordered column
state, or even a monodispersed state. On the other hand, when the temperature is lowered, the magnetic
particles in the carrier condense out of solution and finally an ordered structure of columns is achieved.
However, this structural evolution during a thermal cycle is irreversible.

PACS. 75.50.Mm Magnetic liquids – 64.75.+g Solubility, segregation, and mixing; phase separation –
68.60.Dv Thermal stability; thermal effects

1 Introduction

With the agglomeration of magnetic nano-particles, a va-
riety of pattern-forming systems have been observed in
magnetic fluid films under external magnetic fields [1–9].
Among these structural patterns, the most particular
one may be the ordered hexagonal structure of magnetic
columns in highly homogeneous magnetic fluid films un-
der magnetic fields perpendicular to the films [5,9]. This
ordered structure in magnetic fluid film can diffract an
incident light to generate significant magnetochromat-
ics [10,11], thus exhibiting great potential for application
in optical switches, displays, gratings etc. [12]. Further
investigation has shown that this ordered structure can
be manipulated by adjusting the magnetic field strength,
the sweep rate of the field, the film thickness, the concen-
tration of the magnetic particles in fluid [13], etc. These
results reveal the feasibility of developing dynamic or tun-
able optical devices by utilizing the tunable ordered struc-
tures in magnetic fluid film under perpendicular magnetic
fields [14].

Practically, heat consumption usually occurs when a
device is under operation. This leads to a variation in
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temperature of the device, and in turn may disturb the
ordered structure in the magnetic fluid film. However, the
influence of thermal variation in the ordered structure is
still unclear, and hence the thermally activated change in
optical properties generated by the ordered structure is
also undetermined. In this work, we investigate in detail
the structural evolution of the ordered structure in the
magnetic fluid film as the temperature rises to a certain
value and then drops down to the initial value.

2 Experimental details

The kerosene-based MnFe2O4 magnetic fluid with sat-
urated magnetization of 7.7 emu/g was injected to a
6 µm-thick glass cell to form a magnetic fluid thin film.
This film was positioned inside a vacuum cell, whose
temperature was controlled with a circulating water sys-
tem. A scheme to illustrate the temperature-control cell is
shown in Figure 1. A LakeShore Pt-111 temperature sen-
sor, which was located beside the film, was used to monitor
the temperature to within 0.1 ◦C. Then, the film, together
with the cell, were subjected to a pair of solenoids, which
generated a uniform magnetic field perpendicular to the



320 The European Physical Journal B

Fig. 1. Scheme of the temperature-controlling cell. The water
tank is made of stainless, and the sample stage is made of
cooper.

plane of the film. To obtain an ordered structure in the
film, a magnetic field was applied to the film, increasing
from zero to the desired strength at a given sweep rate
(=5 Oe/s) and a fixed temperature (=26.0 ◦C here). Here-
after, the field was fixed at the desired strength. After the
structure reached equilibrium, the ordered structure was
recorded with the aid of a CCD camera and an optical
microscope. We then increased the temperature gradually
to 27.0 ◦C, at which point the temperature was hold for
15 minutes so that the structure was able to reach to an
equilibrium state at 27.0 ◦C. The temperature was then
increased in this way to a final temperature, and lowered
in steps down to the initial temperature. Thus, the struc-
tural evolution during a heating/cooling process under a
given field strength was able to be investigated.

3 Result and discussion

To investigate the evolution of an ordered structure in the
magnetic fluid film during a heating process, an exter-
nal field was increased to a certain strength, here 120 Oe,
at 26.0 ◦C to obtain the initially-ordered structure. An
image of the structural pattern at equilibrium is shown in
Figure 2a. As the temperature increased, the structural
pattern remained almost unchanged until the tempera-
ture exceeded a critical temperature (=35.0 ◦C here) at
which point the column particles started to disperse into
the liquid carrier, and number of columns reduced. The
unchanged structural pattern at temperatures from 26.0
to 35.0 ◦C indicates that the equilibrium energy of the
ordered structure in the magnetic fluid film exhibits a
potential well with varying temperature. Moreover, this
structure does not change until the excess kinetic en-
ergy of magnetic particles is over the potential well at
higher temperatures. A similar phenomenon was observed
for the structural evolution in magnetic fluid films under
increasing magnetic field [9], where the potential well re-
sults from the long-range grain boundaries in the ordered
structure. When the temperature rises from 35.0 ◦C, more
columns disappear and the interaction between magnetic
columns is reduced. As the temperature reaches 40.0 ◦C,
the column-column interaction nearly vanishes and hence
the structural pattern evolves to a disordered state, as
shown in Figure 2c. This phenomenon is similar to the
two-dimensional melting process observed for magnetic
bubble arrays in garnet films [15] and is usually inter-
preted based on the theory proposed by Halperin and
Nelson [16]. At temperatures higher than 56.0 ◦C, the in-
fluence of the thermal energy completely depresses that of
magnetic energy on magnetic particles. As a result, all the
originally agglomerated magnetic particles are dispersed
into the liquid, as shown in Figure 2d, and the structure
became monodispersed.

As to the structural evolution during a cooling pro-
cess, the dispersed particles started to agglomerate to
form magnetic columns when the temperature was re-
duced to 54.0 ◦C. New columns continued to form as the
temperature was reduced to 51.0 ◦C. From 51.0 to 41.0 ◦C,
the dispersed magnetic particles condensed to existing
columns. Thus, the number of columns remained un-
changed, but each column became larger with as the tem-
perature reduced. When the temperature was reduced be-
low 41.0 ◦C, the columns were so large that the surface
tension of column could not confine the column parti-
cles. Consequently, each column split into two columns.
According to experimental observation, the total volume
of the two new columns is larger than that of the origi-
nal column. This implies that partially dispersed particles
agglomerated with the new columns when the split oc-
curred. This process continued as the temperature was
lowered to 26 ◦C, and meanwhile, the number of columns
increased, as shown in Figures 2e and f. With the increase
in number of columns, the interaction between magnetic
columns was enhanced. This led to re-formation of the or-
dered structure in the magnetic fluid film when the tem-
perature reduced 29.0 ◦C. Figure 2g gives the ordered
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Fig. 2. Structural evolution of the initially ordered pattern
in the magnetic fluid film under 120 Oe for (a–d) the heating
process and then (e–g) the cooling process. The final structural
state of the heating process is monodispersed.

structure at 26.0 ◦C after the cooling process. Remark-
ably, although the structural patterns in Figures 2a and g
are ordered, the period (columns spacing) of the ordered
structure has become larger after the thermal cycle. This
result means that the change in structural pattern is irre-
versible after a thermal cycle.

According to our previous studies [9], the column for-
mation deeply depends on the sweep rate of the applied
magnetic field; the higher the sweep rate, the smaller the
column diameter. Hence, the ordered structures formed
with columns are dominated by the sweep rate. The ther-
mal energy of particles shows an opposite effect on the col-
umn formation as compared to the application of a mag-

netic field. Thus, in this work, when the temperature is
lowered from 56.0 to 26.0 ◦C to make particles agglomer-
ated, it is effective to the case in which a magnetic field is
applied to the magnetic fluid film at a certain rate. Since
the reduction in the temperature is so slow that the effec-
tive sweep rate is smaller than that (5 Oe/s) at which the
magnetic field is applied to 120 Oe to achieve the initial
ordered structure shown in Figure 2a, the column diame-
ter observed in Figure 2g is larger than that in Figure 2a.
And hence, an irreversible behavior is resulted for the or-
dered structure in a magnetic fluid film during a thermal
cycle.

To qualitatively describe the structural evolution dur-
ing a thermal cycle, the structures shown in Figure 2
are analyzed. Since the structure evolves through sev-
eral states during a thermal cycle, various methods are
adopted to characterize these structural states. First of all,
for the initially ordered structure, we located each column
in Figure 2a and then calculated the spacing between two
nearest neighboring columns. The inset in Figure 3a dis-
plays the distribution of column spacing at 26 ◦C. It was
found that the distribution of column spacing ρ(s) follows
a Gaussian distribution

ρ(s) =
b

σ
√

π/2
exp

[

−2
(s − d)2

σ2

]

, (1)

with an average value, d, of 3.85 µm, and a standard de-
viation, σ, of 0.75 µm and b being 0.054 for the ordered
structure shown in Figure 2a. The good consistence be-
tween the data points and the Gaussian curve shown in
the inset in Figure 3a implies that the system follows a
behavior of classical probability in entity. This may be
due to that the dimension of the columns or the column
spacing is the order of magnitude around micrometers. For
this dimension scale, the system should exhibit classical,
instead of quantum, statistic properties.

As mentioned above, the structural pattern remained
unchanged as the temperature rose from 26.0 to 35.0 ◦C.
Hence, a constant value resulted for the average column
spacing d of the ordered structure in the magnetic fluid
film as the temperature increased from 26.0 to 35.0 ◦C,
as shown in Figure 3a. This was followed by an increase
in the value of d at temperatures higher than 35.0 ◦C due
to the dispersion of magnetic columns. When the temper-
ature exceeds 40.0 ◦C, the structure evolved to a disor-
dered column state, at which the average column spacing
became insignificant and was not analyzed. Before qualita-
tively analyzing the structural evolution at the disordered
states with varying temperatures higher than 40.0 ◦C, an-
other feature, orderness Q, of the ordered structures was
also investigated.

The orderness of the ordered structure can be calcu-
lated via Q = d/σ, where d and σ are obtained by fitting
the experimental ρ(s) to equation (1). For example, the Q
for the ordered structure shown in Figure 2a was obtained
as 5.13. By definition, the Q means the degree of disper-
sion in values of the column spacing in an ordered struc-
tural pattern. The larger the Q, the smaller the dispersion
of column spacing. For an asymptotic case in which Q is
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Fig. 3. (a) Column spacing, (b) orderness, and (c) column number within per unit area in the magnetic fluid film under 120 Oe
for the thermal cycle with the final temperatures being 56.0 ◦C for the heating process. The inset in (a) shows the Gaussian
distribution for the column spacing of the ordered structure in the magnetic fluid film. The inset in (b) plots the column spacing
dependent orderness of the structure during the thermal cycle. The inset in (c) is a magnified plot for the N-T curve from 35.0
to 56.0 ◦C.

infinite, the corresponding structure is perfectly ordered
and single value is resulted for column spacing in the struc-
ture. The temperature dependent orderness corresponding
to the structures during the thermal cycle is shown in Fig-
ure 3b. It is clear that a kink occurs at 32.0 ◦C in the Q-T
curve during the heating process. By comparing the d-T
and Q-T curves of the heating process, it was found that
the temperature at the kink in Q-T curve is lower than
that in d-T curve. This implies that the enhancement of
thermal energy during the heating process first depresses
the interactions between columns, which leads to a re-
duction in the orderness at 32.0 ◦C, and then breaks the
confinement of particles in columns at 35.0 ◦C, at which
point agglomerated particles start to be dispersed into the
liquid.

In Figures 3a and b, the curves for the heating process
vanish at 40.0 ◦C because the structural pattern evolves to
a disordered state. To characterize the structural evolution
with increasing temperature in the disordered state, the

column numbers, N , within a given area are counted at
different temperatures. Figure 3c plots the N -T curve for
the structures shown in Figure 2. The plateau in the N -T
curve from 26.0 to 35.0 ◦C corresponds to the ordered
structure state with fixed column spacing shown in Fig-
ure 3a. As the temperature increases above 35.0 ◦C, a
continuous reduction of N with rising the temperature is
obtained, no matter whether the structure is at an ordered
or a disordered state. And finally at 56.0 ◦C, all magnetic
columns disappear and hence N becomes zero.

When the temperature is lowered from 56.0 to 26.0 ◦C,
there is no column formed until the temperature ap-
proaches 54.0 ◦C. Hence, a non-zero value results for N
at 54.0 ◦C, as shown with the inset of Figure 3c for
the N -T curve during the cooling process from 56.0 ◦C.
When the temperature is decreased from 54.0 to 51.0 ◦C,
more particles agglomerate to form columns so the N in-
creases, followed by a plateau in the N -T curve as the
temperature varies from 51.0 to 41.0 ◦C. The plateau in
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the N -T curve for temperatures from 51.0 to 41.0 ◦C is at-
tributed to the phenomenon in which the existed columns
attract more dispersed particles from surrounding mag-
netic fluid, instead of forming new column. Thus, the col-
umn number remains unchanged, but each column be-
comes larger with lowering temperature. Furthermore, the
number of columns increases continuously with the de-
crease in temperature from 41.0 to 26.0 ◦C due to the
splitting of columns, as shown in Figure 3c. It is worth
noting that the structure evolves from a disordered state
to an ordered pattern at 29.0 ◦C during the cooling pro-
cess. Thus, the d-T and the Q-T curves can be plotted for
the cooling process, as shown in Figures 3a and b. The d
was found to be reduced, and meanwhile, a higher order-
ness was achieved when the temperature decreased from
29.0 to 26.0 ◦C.

In Figure 3b, the Q at a certain temperature during
the heating process is always larger than that at the same
temperature during the cooling process. This is due to the
fact that a larger value of d is achieved at a given tem-
perature during the cooling process, as compared to the
heating process shown in Figure 3a. Thus, the repulsive
interaction among magnetic columns with parallel mag-
netizations in the magnetic fluid film becomes weaker for
a larger d. Since the formation of the ordered structure
of columns in the magnetic fluid film under external mag-
netic fields is due to the isotropic repulsive interactions
among magnetic columns, the ordered structure turns to
be melting when the repulsive interactions are reduced at
a larger d. Consequently, a larger dispersion in the col-
umn spacing and a smaller Q are resulted. If we plot the
d-dependent orderness, Q(d), for both the heating and the
cooling processes, as shown in the inset of Figure 3b, the Q
of a given d during the cooling process is clearly larger
than that for the heating process. This reveals that one
can promote the orderness of an ordered structure in a
magnetic fluid film through a thermal cycle. Obviously, a
lower temperature is resultant for the final structure after
a thermal cycle to obtain the same value of d as that of
the initial ordered structures.

4 Conclusion

The ordered structure in a magnetic fluid film undergoes
a process of evolution during a thermal cycle: from
the initially ordered state to a disordered pattern, to

mono-dispersion, and alternatively back to an ordered
structure through a state of column formation/split. It
is noted that the structural evolution is irreversible un-
der a thermal cycle. In addition, the orderness of an or-
dered structure in a magnetic fluid film during the cool-
ing process is significantly reduced compared to that of
the heating process. However, for the same distance d be-
tween columns, the orderness during the cooling process
is higher than that of the heating process.
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