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In a ferrofluid, the magnetic susceptibility at low magnetic fields is sensitive to the size and shape of magnetic
nanoparticles and their concentration in a liquid carrier. In this paper we report on the AC magnetic susceptibility
of a ferrofluid based on a mineral oil and iron oxide nanoparticles coated with oleic acid. As this type of ferrofluid
is of increasing interest for electrical engineering applications, we investigate the effect of an external electric field
and an electric current flowing through the ferrofluid on the AC magnetic susceptibility at ambient conditions. It
is known that the action of the electric field on the oil based ferrofluids can result in the particle assembling. Then,
the induced structural changes may affect the magnetic susceptibility of the bulk ferrofluid. In our experimental
study we observed that the ferrofluid magnetic susceptibility decreases with increasing electric field. However, a
heating effect with increasing electric field was observed too. Hence, it is concluded that besides the structural
changes, the Joule heating has an obvious impact on the magnetic susceptibility of the ferrofluid in the external
electric field.
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1. Introduction

AC magnetic susceptibility measurements are recog-
nized as an important tool in the characterization of
magnetic nanoparticle systems which exhibit superpara-
magnetism [1]. In stable colloidal suspensions of mag-
netic nanoparticles in a liquid carrier (ferrofluids), there
are two distinct mechanisms by which the magnetization
may relax after an AC magnetic field has been applied
to a ferrofluid. The first one is the rotational Brown-
ian motion of the particle within the carrier liquid, with
its magnetic moment blocked in an axis of easy magne-
tization. The other one is represented by the rotation
of the magnetic moment within the particle (Néel relax-
ation) [2, 3]. Both, Brownian and Néel relaxation mech-
anisms, have been often identified and investigated by
measurements of frequency dependent complex magnetic
susceptibility χpωq, which is vital for an understanding
of the dynamic behavior of ferrofluids [4–6]. The super-
paramagnetic nanoparticles in a ferrofluid are often con-
sidered as non-interacting particles, especially for a low
concentration case. On the other hand, for concentrated
ferrofluids, the dipole-dipole interactions are predicted to
increase the Brownian relaxation times, while the Néel
mechanism is not affected significantly. Such effects have
been detected experimentally [7] and recently novel nu-
merical and theoretical approaches were published [8, 9].
By means of temperature and concentration dependent
AC magnetic susceptibility investigation and theoretical
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analysis it was shown [10] how to separate the effects of
superparamagnetic polydispersity and interparticle mag-
netic interactions on the dynamic spectra, which deep-
ens the understanding of the dynamic nanoparticle self-
assembly.

The ferrofluid nanoparticle assembly formation has
been intensively studied in external magnetic fields by
various experimental methods [11, 12]. It is clear that
the structural changes in the ferrofluid have a significant
impact on the ferrofluid’s dynamic magnetic response.
Recently, it was shown that similar assemblies can be
induced by electric fields. Especially ferrofluids based
on insulating liquids are characterized by a high dielec-
tric contrast between the particles and the base liquid,
which results in the effective particle polarization and di-
electrophoresis leading to the particle assembling [13, 14].
On the other hand, this type of ferrofluids is of increasing
interest due to their potential application in high voltage
engineering [15].

Following the observed ferrofluid structural changes in-
duced by electric fields and the potential application of
the insulating liquid based ferrofluids in high voltage en-
gineering, it is reasonable to verify the effect of the elec-
tric field on the magnetic response too. In this paper we
have experimentally investigated the AC magnetic sus-
ceptibility of a ferrofluid based on a mineral oil under an
electric field of various intensities.

2. Experimental

For the intended experimental study we have prepared
a ferrofluid based on an insulating mineral oil with per-
mittivity of 1.9 and density of 0.821 g/cm3. Iron oxide
nanoparticles with an average diameter of 10 nm were

(567)

http://doi.org/10.12693/APhysPolA.133.567
mailto:rajnak@saske.sk


568 M. Rajňák et al.

synthesized by a chemical co-precipitation and coated
with oleic acid in the well proven way [16]. The magnetic
volume fraction of the investigated sample was 4.7%,
as determined from magnetic measurements (Vibrating
Sample Magnetometer, Cryogenic Limited), correspond-
ing to the magnetization of saturation of 20.8 kA/m.
Temperature dependent magnetization measurements in
ZFC (Zero Field Cooled) and FC (Field Cooled) regime
revealed the typical splitting of the ZCF and FC curves
for superparamagnetic systems (Fig. 1). The broad
shoulder around 50 K on the ZFC curve reflects the dis-
tribution of the blocking temperatures associated with
the particle size distribution. The maximum at 220 K is
related to the pour point of the oil.

Fig. 1. Magnetization curve after zero field cooling
(ZFC) and field cooling (FC) measured at a constant
magnetic field of 10 mT.

Fig. 2. Simulated equipotential field lines and the field
intensity distribution (color scale) in the cross-section of
the air filled vial with the potential difference of 2.1 kV
acting on the electrodes.

The AC magnetic susceptibility was measured by an
AC susceptometer DynoMag Imego with embodied ther-
mometer near a sample holder. The excitation field am-
plitude was 0.5 mT. The sample (200 µl) was measured in

a glass vial equipped with two U-shaped brass electrodes
connected to a DC (direct current) power supply. The
electric field distribution in the vial cross-section was sim-
ulated by Finite Element Method Magnetics (FEMM 4.2)
using the triangular element mesh and the iterative con-
jugate gradient solver (Fig. 2). The DC electric current
flowing through the sample was measured by a multime-
ter. The presented current values were taken approxi-
mately 1 minute after the voltage has been applied.

3. Results and discussion

The measured real magnetic susceptibility spectra of
the studied ferrofluid under various electric field con-
ditions are presented in Fig. 3. The presented values
correspond purely to the ferrofluid susceptibility, as the
vial and electrodes contributions (background) have been
subtracted. In the absence of the electric field (0 kV),
the depicted spectrum represents a typical profile cor-
responding to a polydispersed nanoparticle system [3].
Thus, the moderately decreasing susceptibility with in-
creasing frequency implies the distribution of relaxation
times with both mechanisms contributing to the magne-
tization. This is qualitatively in agreement with the ZFC
shoulder and the related particle size distribution.

Fig. 3. Real magnetic susceptibility spectra measured
on the ferrofluid exposed to various electric potential
differences.

It can be seen that the applied electric field does
not change the profile of the susceptibility spectrum
markedly. Therefore, the effective relaxation time distri-
bution was not affected by the electric field. However, as
the graph shows, the amplitude of the real susceptibility
decreases with increasing electric field. This behaviour
can stem from two effects. First, in accordance with
the proven magnetic particle aggregation in the electric
field [13], the magnetic moment of the resulting cluster
may be reduced or even compensated. This can happen
due to possible magnetic interactions in the formed clus-
ters, which minimize their total energy. Thus, one could
assume that the particle magnetic moments interact in
the clusters in a way leading to the compensated total
magnetic moment of the cluster. Subsequently, only the
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individual particles would respond the applied magnetic
field and the ferrofluid exhibits the lower magnetic sus-
ceptibility.

The other accountable reason for the measured de-
crease in the real susceptibility amplitude is associated
with the heating effect of the ferrofluid due to the passing
electric current through it. Even though the ferrofluid is
based on the insulating oil, it contains a certain amount
of charge carriers represented predominantly by water
(moisture) and ionic impurities from residual surfactant
and unreacted unwashed ions. Thus, when the potential
difference is applied to the electrodes, the charge carri-
ers are accelerated and collide with the other ferrofluid
constituents. This Joule heating then increases the fer-
rofluid temperature, and as it is well known, the heating
power is proportional to the product of the ferrofluid re-
sistance and the square of the current. The heating effect
of the sample is proven in Fig. 4, showing the increase in
the electric current with increasing voltage and the re-
lated increase in temperature of the measured ferrofluid.
Then, following the Curie-Weiss law, the magnetic sus-
ceptibility must decrease. This is again in accordance
with the ZFC-FC curve (Fig. 1).

Fig. 4. Average ferrofluid temperature T and electric
current I flowing through the ferrofluid during the AC
magnetic susceptibility measurements with various po-
tential differences (voltage) on the electrodes.

4. Conclusions

The presented study demonstrates the AC magnetic
susceptibility of a ferrofluid based on the insulating min-
eral oil under the DC electric field. It was shown that
with the increasing electric voltage (and resulting electric
field) acting on the ferrofluid, the magnetic susceptibil-
ity spectrum decreases in amplitude but does not change
in the profile. The electric field driven particle assem-
bly and subsequent magnetic moment interactions in the
formed assemblies may account for the observed suscep-
tibility drop. However, as clearly shown in this study,
the Joule heating of the sample is more probable and
intuitive reason.
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