Bull. Mater. Sci., Vol. 27, No. 2, April 2004, pp. 155-161. © Indian Academy of Sciences.

Magnetic field induced assembling of nanoparticlesin ferrofluidic
liquid thin films based on Ni,Fe;_Fe,04

V S ABRAHAM', S SWAPNA NAIR, S RAJESH* U S SAJEEV and

M R ANANTHARAMAN*

Department of Physics, TInternational School of Photonics, Cochin University of Science and Technology,

Cochin 682 022, India

#“Biophysics and Microscopy Group, University of Amsterdam, The Netherlands

MS received 19 July 2003

Abstract.

Ultra fine precursors for ferrofluid synthesis, belonging to the series, NiFe; \Fe, O, (where ‘X’

varies from ‘0’ to ‘0%’ in steps of 0x4), were synthesized. Ferrofluids based on these fine particles were pre-
pared with oleic acid as surfactant and kerosene as carrier. Ferrofluidic thin films were made on glass sub-
strates and magnetic field induced laser transmission was studied. The pattern exhibited by the films under
the influence of a magnetic field was observed with the help of a CCD camera. The analysis of results confirms
the chain formation of particles in the presence of an applied magnetic field and their saturation at higher

applied fields.
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1. Introduction

Ferrofluids are stable suspensions of nanomagnetic parti-
cles in a suitable base fluid. They are of great research
interest because of their numerous physical, engineering
and medical applications (Rosenweig 1985; Berkovsky et
al 1993; Vasile and Aurora 1994). These smart fluids
show many interesting magneto-optical properties. Some
of the engineering applications of these rheological fluids
are in making rotary seals, pressure sensors and loud
speakers. They are also widely used in bio-medical fields
especially in cancer therapy (Vasile and Aurora 1994).

The optical and magnetic properties of these rheologi-
cal fluids have been widely studied (Davies and Llewel-
lian 1979; Luo et al 1991; Do et al 1999; Ishi 1998).
Magnetic field induced structural anisotropy gives rise to
many special magneto-optical properties like field indu-
ced optical birefringence, linear and circular dichroism,
Faraday rotation and ellipticity (Chikazumi et al 1987).
They also exhibit magnetic field independent properties
like zero field birefringence (Hong 1999). The effect of a
magnetic field on these thin films will have a profound
influence on the birefringent properties of these fluid
films. If an external magnetic field is applied parallel to
the ferrofluidic thin films, they form tiny clusters that
grow in size in increasing fields, which contributes to op-
tical birefringence.
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The cold co-precipitation technique is an excellent
method for the preparation of powder precursors for fer-
rofluids. Many of the mixed ferrites can be prepared by
cold co-precipitation technique and they can be further
ground by HEBM for reducing the particle size further
and they can serve as precursors for ferrofluid prepara-
tion. It is expected that cold co-precipitation of a series
similar to NiFe; Fe;O, will result in fine particles and
further high energy ball milling (HEBM) will enable to
prepare ultra fine particles with various particle dimen-
sions.

Nickel ferrite crystallizes in an inverse spinel configu-
ration with nickel having exclusive octahedral site pre-
ference (Smit and Wijn 1959; Kittel 1971). The nickel
ferrite nanoparticles show many distinctive magnetic
properties. They exhibit superparamagnetism, characte-
ristic of a nanoferrite having the size distribution of a few
nanometers (Eberbeck and Ahlers 1999; Spinu et al
2000). In nickel ferrite nano particles, due to a non-
collinear spin structure, there is a strong reduction in the
magnetization value compared with the bulk value. It is
reported that due to the spin-glass-like layer wrapped
around a uniformly magnetized core, hysteresis loop of-
ten shows open loop behaviour even at very high applied
fields (Hasmonay and Depeyrot 2000).

The series, NiFe,Fe,0,, with increasing ‘X’ content
in steps of 04 will exhibit a behaviour different from that
shown by the parent Fe;O, in a serial manner due to the
increasing ‘Ni’ content. Moreover, the variation of optical
behaviour with ‘X’ value can be studied. The optical and
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magnetic properties can be compared by the investigation
of magnetic field induced laser transmission through these
ferrofluid films. Due to these peculiar properties, the
nickel series is chosen for the preparation of the ferroflu-
ids.

A survey of the literature reveals an absence of a sys-
tematic study on the optical properties of ferrofluidic thin
films prepared from a series similar to NiFe; Fe;0,.
Moreover, a correlation of the observed optical properties
of these ferrofluidic thin films with the magnetic proper-
ties of the precursors will throw a deeper insight as regard
to cluster formation under the influence of an externa
magnetic field.

In the present investigation, powder samples belonging
to the series, Ni,Fe,_Fe,O4, where ‘X varies from 0 to
0%6 in steps of 0%, were synthesized by cold co-precipi-
tation technique. These powders were then subjected to
HEBM with oleic acid and finally with kerosene to pre-
pare ferrofluids. The structural properties of these precur-
sor materials were studied. Ferrofluid liquid thin films
were then prepared and magnetic field induced laser
transmission through these ferrofluid liquid thin films
was studied for different compositions. Attempts were
made to correlate their magnetic and the corresponding
optical properties.

2. Experimental
2.1 Preparation of magnetic fine particles

Fine particles of nickel iron ferrite, which are the precur-
sor material for the preparation of the ferrofluids, were
synthesized by cold co-precipitation. For this, NiSO,%6H,0,
FeSO,¥H,O and FeCl; (all AR grade chemicals) in the
molar ratio of x M, (1-x) M, and 2 M were employed
(Morosov et al 1987; Sutharia et al 2001; Wu et al 2001).

2.2 X-ray diffraction studies

X-ray diffraction of the samples were recorded in an X-
ray diffractometer (Rigaku Dmax-C) using Cu Ka radia-
tion (I = 16418 A) (Malini et al 2001). Lattice parame-
ter (a) was calculated assuming cubic symmetry (Cullity
1978) and planes were identified by matching interplanar
spacing values (d) with standard tables (JCPDS-ICDD C,
1990). The average particle sizes of these powder sam-
ples were estimated by employing Debye Scherrer’s for-
mula

_ o9l
b cosq '

where | = wavelength of X-ray used in A, b = FWHM in
radians of the XRD peak with highest intensity, D = par-

ticle diameter in A, q = the angle of diffraction in radi-
ans.

2.3 Reduction of particle size

Particle size was reduced by high energy ball milling. For
the preparation of ultra fine particles, ‘Fritsch pulver-
isette 7 planetary micro mill’ was employed. In this, 800
rotations per min can be achieved and hence the momen-
tum imparted to the particles will be very high.

2.4 Ferrofluid preparation

Ferrofluids were prepared by milling the powder samples
obtained by cold co-precipitation with the surfactant
oleic acid. Oleic acid provides the necessary steric repul-
sion by its polar ends, thus preventing the agglomeration
of the fine particles. Finally these samples were milled
with kerosene for around 3 h to obtain a uniform stable
dispersion with a reduced particle size. The samples were
centrifuged well to remove the sedimented particles and
placed in an ultrasonic vibrator to enhance Brownian mo-
tion, which provides stability to the ferrofluid. Oleic acid,
kerosene and nickel ferrite particles were optimally em-
ployed to ensure good quality ferrofluid. Ferrofluid thus
prepared exhibited typical characteristics like spiking,
which is a sure test for the formation of ferrofluids.

2.5 Ferrofluid film preparation

Liquid thin films of these ferrofluids were then made by
sandwiching and encapsulating 2 mm® of ferrofluid bet-
ween two optically smooth and ultrasonically cleaned
glass dlides. The thickness of these fluid films was of the
order of afew thousands of angstroms.

2.6 Experimental set up for field induced laser
transmission through ferrofluid film

The ferrofluidic film was suspended between the poles of
a powerful electromagnet whose magnetic field strength
is precalibrated. The electromagnet can go up to a field
of 7500 Gauss with water circulation for cooling. The
film sample was then irradiated with a diode laser having
a power of 3 mW. The wavelength was in the range 630—
670 nm. The fluid film was aligned in such a way that the
applied magnetic field is perfectly parallel to the plane of
the aligned film. The laser beam was focused normally
on to the film sample and the light transmitted by the fer-
rofluid film sample was caught on a screen, placed at a
distance of 06 m from the film. The entire experimental
set up is as shown in figure 1. The power of the transmit-
ted beam is measured using a laser power meter (OPHIR-
PD 200 having 001 mW accuracy) in the gradualy in-
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creasing magnetic field. The exact field was measured
each time with a digital Gaussmeter (Model DGM-102
with maximum field reading capacity up to 20,000 G).
The magnetic field was calibrated in terms of the optical
output intensity for all these fluid film samples belonging
to the series, NiFe,Fe,0,.

2.7 Imaging of chain formation

The thin ferrofluid film was kept in different magnetic
fields and allowed to dry in the respective applied fields.
These dried ferrofluid films were viewed with the help of
a CCD camera (Model No. G P KR 222) and an optical
microscope and the pattern obtained was imaged on a
colour video monitor and was recorded photographically.

3. Resultsand discussion

The analysis of the X-ray diffraction results indicates that
the prepared compounds crystallize in a spinel phase. The
particle size evaluation employing Debye Scherrer’s for-
mula suggests that they lie in the range 50-95 A for dif-
ferent samples with varying nickel contents. It must be
noted that the phase formation is complete in the cold
precipitated state itself. The particle size and lattice para-
meter variation for all the series is given in table 1. The
lattice parameter variation is plotted with composition
(%), which shows a linear decrease of lattice parameter
with composition for the series, NiyFe; Fe,0,4 (figure 2).
This is in accordance with the Vegard's law (Smit and
Wijn 1959). According to Vegard's law, the lattice para-
meter of a solid solution is directly proportional to the
atomic percentage of the solute present in it. Here in the
series, NiyFe, Fe,04, as ‘X' increases, the atomic percent-

1. Laser 2. Detector 3. Sample

Figure 1. Experimental set up for field induced laser trans-
mission through ferrofluid thin film (Normal incidence and de-
tection with respect to the sample).

age ‘Fe decreases which reduces the lattice parameter
value. The evaluation of the particle size is important at
various states of milling in ferrofluid preparation as it
controls many of the peculiar properties exhibited by
these fluids and it has been shown that particles below a
critical size of 100 A will be single domain in nature and
have superparamagnetic characteristics. Moreover, these
particles will undergo Brownian motion, thereby increas-
ing their stability, if dispersed in a carrier liquid only un-
der this critical size value.

As the ferrofluid liquid film restricts the motion of par-
ticles in a plane, application of a magnetic field increases
structural anisotropy of these particles and agglomeration
starts at a very low magnetic field and the particles self
assemble themselves in presence of applied magnetic
field, yielding long chains and this process gets saturated
at higher fields giving rise to a two dimensional quasi
continuous grating (Hong 1999; Horng et al 2001). Thin
long chains of varying thickness are formed leading to
optical anisotropy, which contributes to optical birefrin-
gence.

This is an example of field induced assembling of
nanomaterials. The chain formation is confirmed by pho-
tographs taken in different applied fields with the help of
a ccd camera and are shown in figures 3a—d. The chain
formation saturates in higher fields. It is observed that

Table 1. Composition vs particle size
for NiFe,_Fe,0,.

Composition (x) Particle size (A)

04 94
02 82
038 59
04 52
0% 77

8.420

8.415

8.410 4 n

8.405

8.400

8.395

8.390

Lattice parameter A’

8.385

8.380

T T T T
0.1 02 03 04 05 06
Composition

L attice parameter vs composition

Figure 2. Lattice parameter (A) vs composition ‘X’ in the se-
ries, Ni,Fe,_,Fe,0,.
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Figure 3. Photographs showing the chain formation ferrofluid films taken using ccd camera
in different magnetic field values (a. 1390 G, b. 2210 G, ¢. 2690 G and d. 3980 G).

the diffracted light intensity increases with applied mag-
netic field. Thisis due to the increase in cluster formation
in the ferrofluidic thin film with increasing magnetic
field. This can diminish the central spot intensity. As the
field increases the central spot intensity decreases in a
linear manner and then attains a steady value indicating
saturation of the cluster formation.

The optical properties of ferrofluids are dictated by the
change in refractive index, Dn, which can be related to
the orientational tensor component paralel to the aniso-
tropy axis, S,; as

Dn = BeS,,
B= (1/2n0)(c|| — CA),

where ng is the refractive index of the carrier, e the di-
electric permittivity, and S,, the orientational tensor and
c; and c~ are the effective susceptibility of the magnetic
particles parallel and perpendicular to the anisotropy
axis. So evaluating refractive index changes using this re-
lation, only the Zeeman energy term (E, =—rH cosq) is
included in calculation and so in the weak interaction ap-
proximation (Wu and Y ao 1999; Horng et al 2001)

Dn/Be = 3/2(&cos’qii— 1/3) = Ly(X),

where L,(X) is the second Langevin function and x = nH/
KT.

In the low field limit, x =nH/KT”~ 1 and Dn varies
linearly with H? thus leading to zero birefringence at
zero field (Scholten et al 1980). Similarly it can be con-
cluded that the transmitted intensity at the centre should
be diminished linearly with H? in low magnetic field val-
ues.

As the magnetic field is increased the particles are
aligned and that increases the transparency and more and
more clusters are formed (Promislow et al 1995; Wu and
Yao 1999). The light gets diffracted by these narrow
wires of ferrofluid clusters acting as a quasi continuous
grating and a streak of light is obtained as the transmitted
ray. This phenomenon of diffraction of light by the ferro-
fluid thin film can be explained by treating the film in the
presence of the applied magnetic field as a system of thin
wires with variable thicknesses and spacing in between
them. Then different orders of the diffracted beam over-
laps and a streak of light is obtained on the screen. This
is similar to a diffraction pattern obtained from a thick
wire. The diffraction is governed by the relation

2dsing=nl .

Here, as there are alot of thin wires of irregular thickness
inside the film in the presence of a magnetic field, the
situation is similar to the case of ‘q’, the angle of diffrac-
tion becoming very large. This may be one of the reasons
for getting a continuous streak of light. There is also a
possibility for optical birefringence caused by the aniso-
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tropy created by the application of magnetic field. Thisis
mainly due to the anisotropy in the formation of long
chains in the applied magnetic field in addition to the
anisotropy induced by the application of a magnetic field
in the individual particles.

The normalized intensity vs applied magnetic field is
plotted for the ferrofluid liquid thin films corresponding
to x =04, 02, 008, 04, 0%6. They are shown in figures 4—
8. The saturating field (Hy) is determined for each of the
composition (x) and are plotted for varying ‘x'. They are
shown in figure 9. The normalized power decreases in a
linear manner with the applied magnetic field in the low
magnetic field values for each composition (x). This result
can be explained by studying the saturation magnetiza-
tion values of these ferrofluid film samples.

The saturation magnetization (M) of these compounds
can be theoretically calculated by employing Neel’s two-
sublattice model (Smit and Wijn 1959). In this model, it
is assumed that the ferrimagnetic properties arise as a re-
sult of the interaction of the tetrahedral (A) and octahedral
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(B) sublattices. A genera cation distribution for the series
isassumed and is as follows.

[Fe*, Fel']a [Niy, Fe*")g OF,

where ‘X' varies from 0%, 022, 058, 04 and 0%6.

The magnetic moment of ferrites is due to the inter-
actions of the moments of the ionsin A and B sites and
the net magnetic moment value for the bulk sample using
the Neel’ s two sublattice model is given by

m= MA - MB,

where M, is the total magnetic moment of the A site and
Mg that of the B site. The saturation magnetization in
emu/g of the samples is calculated by employing the for-
mula

_ 5585m
Mol.wt’

S

where mis the net magnetic moment in emu of that com-
position.
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This relation is derived as per the above mentioned
cation distribution, which has been verified to be valid
for the coarser sized NiyFe_Fe,0O,;. However, recently
they have found a totally different cation distribution in
fine NisFe, Fe,0O, with respect to their coarser sized
counterparts (Anantharaman et al 1998). Nickel may not
always occupy the B site in many of these nano particles.
It must be noted that the absolute values of ‘M in the
fine particle regime can produce deviation from that of
the bulk, but the overall variation pattern for various ‘X’
will remain the same.

A graph is plotted with calculated saturation magneti-
zation (M) against the composition ‘x’. This shows a lin-
ear decrease with the ‘X' value in the series, NiFe,_Fe,0y4,
up to x =0 and increases thereafter which is shown in
figure 10. This graph shows similar variational pattern
for saturation field (Hs). The variation pattern for Mg with
‘X' exactly resembles that of the saturation field vs com-
position (x) (figures 9 and 10).

These results indicate that the saturation field, Hg, in
the series is determined by the saturation magnetization,
Ms, that in turn is decided by the composition ‘x’. From
figures 4-8 it can be seen that the linear part in the graph
can be employed to sense the magnetic fields and the
maximum field that the film can sense is determined by
the ‘X’ value.

4. Conclusions

Complex behaviour is observed in the field induced laser
transmission through ferrofluid thin films belonging to
the series, Ni,Fe,_Fe,0,. The diffracted light intensity is
increased by the application of the magnetic field while
the intensity of the central spot decreases. The output in-
tensity of the central spot decreases in a linear manner till
saturation occurs in the cluster formation and this satura-
tion field is dependent on the saturation magnetization
(Mg) value of the ferrite powder precursors used for the
ferrofluid synthesis.
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