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Magnetite nanoparticles with diameters of 7, 9, and 12 nm have been prepared by a chemical coprecipitation
method. The transmission of light through magnetic fluid containing these nanoparticles has been investigated
as a function of film thickness with wavelength between 400 and 750 nm, and applied magnetic fields up to
275 Oe. The transmission threshold shifts to the lower wavelength side with decreasing magnetic fluid film
thickness as well as the particle size. For a given film thickness, the transmittance increases with increasing
magnetic field for films with a particle size of 7 and 9 nm, but decreases in the 12-nm film. This is attributed
to the competition between the van der Waals and dipole-dipole interaction.
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I. INTRODUCTION

Nanoscale particles exhibiting a superparamagnetic be-
havior have been intensively studied recently due to the en-
hanced and novel applications in biomedical and diagnostic
fields �1,2�. The optical, magnetic, chemical, and mechanical
properties of the nanoparticles depend mostly on the particle
shapes, size, composition, and external magnetic field. Re-
cently, there has been considerable interest in magneto-optic
devices which combine magnetic and optical phenomena
�3,4�. The optical transmission of the magnetic fluid films
under magnetic field is one of the important areas of
magneto-optical effects. Some reports show that the optical
transmission of the magnetic fluid films can be modulated by
varying the magnetic field �5–7�. In addition to magnetic
field effect, the temperature �8�, and the wavelength �9� ef-
fect on the transmission of the magnetic fluid film were also
reported. It is indicated that the optical transmission is attrib-
uted to the formation of the structural patterns of the mag-
netic fluid films under magnetic fields. On the other hand,
Butter et al. �10� demonstrated for the first time the direct
observation of dipolar chains in a ferrofluid in zero field
using cryogenic electron microscopy. They found an abrupt
transition from separate particles to randomly oriented linear
aggregates with increasing particle size. However, the micro-
structures of a ferrofluid are expected to be influenced sig-
nificantly by particle radius, particle concentration, and the
thickness of their surfactant layer. We therefore synthesized
magnetite nanoparticles with similar parameters �i.e., con-
centration and surfactant� with different particle sizes. In this
paper, the effect of particle size on optical transmission of
light through the Fe3O4 magnetic fluid has been investigated
as a function of external magnetic field and incident optical
wavelength with different film thickness. We found that the
transmittance increases with increasing magnetic field for
films with a particle size of 7 and 9 nm, but decreases for the
12-nm films. The competition between van der Waals and
dipole-dipole interactions is responsible for this significant
transmittance variation with particle size.

II. EXPERIMENTAL

The synthesis of magnetite nanoparticles has been pre-
pared by a chemical coprecipitation method. Distilled water
was deoxygenated by bubbling with pure N2 gas for 1 h
prior to the use. The solutions of ferric chloride hexahydrate
�FeCl3 ·6H2O� and ferrous chloride tetrahydrate
�FeCl2 ·4H2O� were prepared as a source of iron with molar
ratio 2:1 by dissolving the respective chemicals in deoxygen-
ated water under vigorous stirring. The solution of sodium
hydroxide, NaOH �1 M ,100 mL�, was slowly injected into
the iron source under vigorous stirring in order to obtain a
pH value of 8, 9, and 10. This reaction was processing under
the protection of N2 gas to avoid possible oxygen contami-
nation during the process. The black precipitate was isolated
in the magnetic field, and the supernatant was removed from
the precipitate by decantation. After washing the precipitate
three times, 0.01 M HCl was added to neutralize the anionic
charge on the nanoparticle surface. The cationic colloidal

FIG. 1. X-ray-diffraction patterns Fe3O4 nanoparticles and bulk
Fe3O4.
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particles were separated by centrifugation. Coating was car-
ried out using surfactant �oleic acid� under vigorous stirring
and dispersed in kerosene. The crystal structure and phase
purity of the Fe3O4 nanoparticles were checked by powder
x-ray diffraction �XRD� using a Philips PW-1710 diffracto-
meter with Cu K� radiation at room temperature. The aver-
age particle size, shape, and morphology were examined us-
ing transmission electron microscopy �TEM�. A drop of

magnetic fluid is injected into glass cells with its depth var-
ied between 10 and 1000 �m to form a magnetic fluid film.
The intensity of transmitted light can be measured as a func-
tion of incident wavelength between 400 and 750 nm and
with applied magnetic fields up to 275 Oe for all the films.
The magnetic fields were applied perpendicular to the mag-
netic fluid films.

FIG. 2. Transmission electron micrographs of magnetic fluid
nanoparticles prepared at �a� pH 10, �b� pH 9, and �c� pH 8. The
scale bar corresponds to 50 nm.

FIG. 3. Histogram of number of grains vs grain diameter for
7 nm Fe3O4 particles. Solid curve represents the fitting of log-
normal distribution function.

FIG. 4. The variation of the transmittance �T� as a function of
wavelength in zero magnetic field for particle size of �a� 12 nm and
�b� 7 nm with different film thickness.

RAO et al. PHYSICAL REVIEW E 72, 031408 �2005�

031408-2



III. RESULTS AND DISCUSSION

The XRD patterns of Fe3O4 bulk and as-precipitated pow-
der samples are shown in Fig. 1. The crystal structure of the
nanoparticles is the same as that of the bulk Fe3O4. The
average crystallite sizes of Fe3O4 prepared at a pH value of
8, 9, and 10 were found to be 10.9, 8.3, and 6.1 nm, respec-
tively, from the XRD peak width employing the Scherrer
relation with instrumental correction. The TEM images of
magnetic fluid nanoparticles prepared at �a� pH 10, �b� pH 9,
and �c� pH 8 are depicted in Fig. 2. The TEM images re-
vealed a uniform spherical shape of the particles with differ-
ent mean sizes. Figure 3 shows the typical particle size his-
togram obtained from the TEM data of the pH 10 sample.
The solid line represents the best curve fit �log-normal dis-
tribution �11�� of the particle size histogram. The mean di-
ameters �geometric deviation� are found to be 7 nm �0.23�,
9 nm �0.28�, and 12 nm �0.32� for a pH value of 10, 9, and 8,
respectively. The particle diameters from TEM measure-
ments are slightly larger than the observed crystal sizes from
XRD, due to the presence of noncrystalline surface layers.

Figure 4 shows the variation of the transmittance �T� as a
function of wavelength ��� in zero magnetic field for a par-
ticle size of �a� 12 nm and �b� 7 nm with different film thick-
ness. In the case of 10-�m films, the transmittance increases
dramatically from zero to 97% with a particle size of 12 nm

and from 20% to 95% with a particle size of 7 nm, respec-
tively, as the wavelength increases from 400 to 750 nm. For
films with a particle size of 12 nm, the transmission thresh-
old increases from 400 to 600 nm monotonically as the film
thickness increases from 10 to 500 �m. The transmission
thresholds are lower for films with a particle size of 7 and
9 nm. This can be ascribed to the elongation of the traveling
path as the light passes through the films �12�. Figures 5 and
6 depict the transmittance as a function of the wavelength
in a magnetic field up to 275 Oe for �a� 10-�m and �b�
100-�m films with a particle size of 7 and 9 nm, respec-
tively. The variation of transmittance due to magnetic field is
very small in the 10-�m film �Figs. 5�a� and 6�a��, whereas a
dramatic increase of transmittance with magnetic field is ob-
served in the 100-�m film �Figs. 5�b� and 6�b�� for both
particles. Figure 7 shows the transmittance as a function
of the wavelength in a magnetic field up to 275 Oe for �a�
10-�m and �b� 100-�m films with a particle size of 12 nm.
In the case of the 10-�m film, the transmittance value in-
creases with an increasing magnetic field below �=550 nm,
similar to that of films with 9 and 7 nm particles. Above
�=600 nm, the behavior is different: the transmittance value
increases in low magnetic fields and decreases in higher
magnetic fields. For the 100-�m film �Fig. 7�b��, the trans-
mittance value increases in lower magnetic fields ��25 Oe��
but decreases with further increase of the magnetic field. For

FIG. 5. The variation of the transmittance �T� as a function of
wavelength in magnetic field for particle size of 7 nm with film
thickness of �a� 10 �m and �b� 100 �m.

FIG. 6. The variation of the transmittance �T� as a function of
wavelength in magnetic field for particle size of 9 nm with film
thickness of �a� 10 �m and �b� 100 �m.
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clearance, the magnetic field dependence of the transmittance
value at �=750 nm for �a� 10-�m, �b� 100-�m, and �c�
500-�m films with all particle sizes is depicted in Fig. 8. The
sharp increase of transmittance value observed for all the
films with a particle size of 7 and 9 nm at low fields is due to
the homogeneous separation and spherical shape of the par-
ticles �Figs. 2�a� and 2�b��. The variation of transmittance
with the applied magnetic field is very small for the 10-�m
films �Fig. 8�a�� and is most pronounced for the 100-�m
films �Fig. 8�b�� for all samples. For a given film thickness,
the transmittance increases with increasing magnetic field for
films with a particle size of 7 and 9 nm, but decreases in the
12-nm films.

The transmittance is an indicator of the structures formed
in the fluid. Magnetic fluids exhibit a rich and highly varied
phase and structural behaviors depending on the competition
between van der Waals and dipole-dipole interactions of the
colloidal particles. These interactions depend mainly on both
the distance between the two particles and on their radii. The
van der Waals interaction is isotropic and its strength of in-
teraction is a function of acore /rd, where acore is a magnetic
core radius and rd is the minimal interparticle distance �twice
the sum of the core radius and the thickness of the surfactant
layers�, while the dipole-dipole interaction is anisotropic and
is proportional to acore

6 /rd
3 �13�. Thus, on increasing the par-

ticle size, the magnetic attraction between two dipoles will
become more important. Recently, the magnetic attraction
between two dipoles has been estimated and found to be
dominant for oleic-acid-coated magnetic particle diameter

larger than 10 nm �13�, while for smaller particles the van
der Waals attraction is more important. The magnetic col-
loids used in our study consist of roughly spherical Fe3O4
particles, with a diameter of around 7, 9, and 12 nm �Fig. 2�.
All particles have oleic acid grafted onto their surfaces which
makes them soluble in organic solvents. The thickness of the
grafted oleic acid layer has not yet been conclusively deter-
mined, but a value of 1–2 nm is usually assumed. The mag-
netic fluid microstructures appear to be very sensitive to par-
ticle radius as well as the surfactant layer thickness. The
variation of the transmittance is mainly dependent on the
amount of light being scattered by the sample, which is de-
termined by the size, shape, and number of scatterers in the
magnetic fluid films under an applied magnetic field. To
clarify the mechanism of the observed transmittance behav-
iors, we have studied their microscopic pictures. Figures 9
and 10 show the typical microscope photographs of the
magnetic fluid under perpendicular magnetic fields for the
100-�m films with a particle size of 7 and 12 nm, respec-
tively. At zero magnetic field, one can see the separated drop-
lets randomly distributed in the films with a particle size of
7 nm �Fig. 9�a�� and for 9 nm particles �not shown here�,
while linear chains are observed in 12-nm films �Fig. 10�a��.
Similar experimental observations in ferrofluids at zero field
have been reported recently by Butter et al. �10�. These mi-
crostructures suggest that the van der Waals force prevails in
the films with 7- and 9-nm particles but the dipolar forces
become strong enough to induce chain formation in 12-nm
films �13,14�. Different microstructures were observed not

FIG. 7. The variation of the transmittance �T� as a function of
wavelength in magnetic field for particle size of 12 nm with film
thickness of �a� 10 �m and �b� 100 �m.

FIG. 8. The magnetic-field-dependent transmittance with inci-
dent wavelength of 750 nm for all samples with film thickness of
�a� 10 �m, �b� 100 �m, and �c� 500 �m.
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only in zero field but also in different applied magnetic
fields. For the particle size of 7- and 9-nm films, the ran-
domly distributed droplets start to form clusters with increas-
ing magnetic field �Fig. 9�b��. As a result, the number of
scatterers and the cross section decrease, which causes an
increase of the transmittance at low fields. The clusters be-
come more tightly packed at higher fields �Figs. 9�c� and
9�d�� and hence the transmittance value is saturated. In con-
trast, the linear chain structures of the 12-nm films become
orderly aligned clusters with increasing magnetic field �Figs.
10�b�–10�d��. The strong dipole-dipole interactions in the
12-nm particle film are responsible for the particles ap-
proaching each other in the initial stage of formation of clus-
ters. As a result, the area of the liquid space increases in low
fields and it leads to the initial increase of transmittance.
Under perpendicular magnetic field, the shape fluctuations in
linear chains give rise to chain-chain interaction and the for-
mation of thick sheets of particles �column� due to lateral
�perpendicular to the chain axis� aggregation. When the mag-
netic field increases further, more columns are formed be-
cause the dipolar repulsive force in each column becomes
dominant. The split of the column will cause the number of
scatterers and the cross section to increase with increasing
magnetic field and leads to a decrease of the transmittance.
The size-dependent aggregation abilities due to the balancing
between van der Waals and dipole-dipole interactions of
magnetic fluid nanoparticles are responsible for this unusual

transmittance behavior, which are useful for potential optical
applications.

IV. CONCLUSIONS

We have investigated the effect of particle size on optical
transmission of light through magnetic fluid films containing
magnetite nanoparticles as a function of external magnetic
field and incident wavelength with different film thicknesses.
For films with a particle size of 12 nm, the transmission
threshold increases from 400 to 600 nm monotonically as
the film thickness increases from 10 to 500 �m. The trans-
mission thresholds are lower for films with particle size of 7
and 9 nm. For a given film thickness, the transmittance in-
creases with increasing magnetic field for films with a par-
ticle size of 7 and 9 nm, but decreases in the 12-nm film. The
versatile microstructure patterns under the influence of dif-
ferent magnetic fields due to the balancing between van der
Waals and dipole-dipole interactions of magnetic fluid nano-
particles are responsible for significant field-dependent trans-
mittance observed.
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