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It is known that the permittivity of a magnetic nanofluid is controllable by external magnetic fields.
The resulting effect of magneto-dielectric anisotropy originates in the magnetic nanoparticle assembly
formation induced by the applied magnetic field. The particle assembly in magnetic nanofluids can be
induced even by a dc electric field. Then, analogous to the magneto-dielectric effect, a question arises
concerning the effect of the dc bias electric field on the nanofluid permittivity in a wide frequency range.
We present dielectric spectra (1 mHz—1 MHz) measured on a transformer oil-based magnetic nanofluid
at various temperatures. Electrode polarization and an interfacial relaxation process are analyzed. We
show that the applied dc bias voltage results in permittivity sign switching at low frequencies. The critical
frequency at which the sign is reversed depends on the nanofluid temperature and the dc bias voltage
level. The nanoparticle assembly and conductive percolative paths are considered as key mechanisms
leading to the transition from capacitive to inductive reactance. The measurement of apparent negative
permittivity in a dc electric field can be used as a simple method for the detection of electric field-induced
particle assembly and percolation. The permittivity sign control by means of a dc bias voltage may open

an alternative avenue for research and applications of magnetic nanofluids.
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I. INTRODUCTION

The development of nanodielectrics has gained remark-
able scientific attention since an appreciation of unique
conductive and dielectric properties of interfaces was real-
ized [1-3]. Extensive research has shown that the addition
of just a few weight percent of nanofillers in polymers has a
profound impact on their physical, chemical, mechanical,
and electrical properties [4]. From a dielectric and elec-
trical insulation point of view, the top priority has been
focused on the breakdown strength of the polymers. It
was shown that nanofillers increase the dielectric break-
down strength and the resistance against partial discharge
and treeing in polymers [5,6]. A similar approach has
been applied to the modification of standard dielectric and
insulating liquids, mostly represented by various mineral
oils [7]. In this way, nanofluids for electrical engineer-
ing applications were developed by dispersing suitable
nanosized particles (from 1 to 100 nm) in the carrier lig-
uid [8—11]. A number of experimental studies reported
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the enhanced heat transfer [12—14] and insulating proper-
ties [15—17] of the insulating nanofluids.

Special attention has been paid to magnetic nanofluids
(ferrofluids). They are colloidal suspensions of magnetic
nanoparticles (MNP) in a liquid carrier [18]. Those based
on transformer oils constitute an attractive cooling and
insulating medium for electrical power apparatus. In addi-
tion to the enhanced thermal conductivity, the cooling
by magnetic nanofluid (MNF) relies on thermomagnetic
convection [19-21]. On the other hand, the dispersed
MNP can increase the electric breakdown field strength
of transformer oils [22-24]. This phenomenon is proba-
bly associated with charge trapping on the nanoparticles
and the resulting streamer propagation velocity reduction,
as recently simulated [25,26]. Moreover, it is well known
that the relative permittivity of nanofluids is strongly
dependent on the nanoparticle material, shape, and vol-
ume fraction [15,27]. In addition, the permittivity of MNF
is controllable by external magnetic fields. The related
effect of magneto-dielectric anisotropy [28,29] originates
in the MNP assembly formation induced by the applied
magnetic field. Recently, it was shown that the particle
assembly in MNF can even be induced by an electric
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field [30-33]. However, the assembly formation is feasi-
ble only with dc or low-frequency electric fields [31]. In
this case, the dielectric contrast between the nanoparticles
and the carrier liquid and the resulting effective nanopar-
ticle polarization play key roles. Then, analogous to the
magneto-dielectric effect, a question arises concerning the
effect of the dc bias electric field on the nanofluid per-
mittivity measured at various frequencies of an ac electric
field.

A dielectric spectrum of MNF based on transformer oil
measured above 20 Hz may exhibit a dielectric relaxation
shift to lower frequencies upon application of a dc bias
electric field [30]. However, the permittivity below 20 Hz
down to 1 mHz with the superimposed dc bias field has
not yet been closely documented. This is the frequency
range where the structural changes take place [31]. It was
shown that electrorheological fluids can exhibit permit-
tivity sign switching (from positive to negative) at low
frequencies as a result of a dc bias electric field [34,35].
In this case, the collective behavior of the field-induced
particle aggregates is proposed to account for the negative
permittivity (NP). In literature, the NP of nanofluids at low
frequencies has rarely been reported. On the contrary, in
materials like Schottky diodes [36] and fuel cells [37], the
low-frequency NP was considered as a local electrochem-
ical effect or a thermally induced charge detrapping. In
metal-semiconductor structures, the NP at low frequencies
and bias voltages was attributed to interfacial polarization,
interface traps, and series resistance [38]. The effect of
NP at low frequencies was also observed in polypropy-
lene carbon nanotube nanocomposites [39], polyaniline
magnetite nanocomposites [40], and polyaniline nanocom-
posites with different carbon nanostructures [41]. Recently,
it was shown that negative capacitances can be obtained in
bilayer capacitors by applying a dc bias electric field [42].
Indeed, negative capacitance materials are gaining greater
interest as the serial connection of negative capacitance
and positive capacitance, in principle, can result in an
unlimited capacitance density [43]. On the other hand,
there are well-known composite media with simultaneous
negative permeability and permittivity in the microwave
regime [44]. Tunable NP in radio and microwave fre-
quencies was observed in percolative Fe/Al,O3 compos-
ites [45] and silver yttrium iron garnet materials [46].
These materials have the potential to be used as elec-
tromagnetic wave absorbers, shields, and antennas. NP
and resonances are observable in single-negative plas-
monic metamaterials such as yttrium iron garnet [47]
and yttrium barium copper oxide superconductors [48].
Furthermore, various nanostructured metamaterials with a
negative refractive index are also well known [49].

Here, we report on the apparent NP of transformer oil-
based MNF induced by the application of a dc bias electric
field. We present a broadband dielectric spectrum of the
MNF, which exhibits negative values at low frequencies

after the application of the dc bias voltage on the mea-
suring capacitor. We describe the conditions leading to
the observed phenomenon and provide a potential inter-
pretation. Based on the observed effect, we propose its
utilization in the study of self-assembly and some other
applications of MNF in the field of electrical engineering.

II. MATERIALS AND METHODS

The MNF investigated in this study is based on a com-
mercial transformer insulating oil (the viscosity at 40 °C
is 11 mm?/s and the relative density is 870 kg/m?). The
dispersive phase consists of iron oxide nanoparticles syn-
thesized by chemical coprecipitation and stabilized with
oleic acid adsorbed onto the MNP surfaces. The mean
area-equivalent particle core diameter (without the sur-
factant shell) is found to be 10.55 nm, as determined by
transmission electron microscopy and subsequent number-
based particle size distribution with a standard deviation
of 2.17 nm. In the studied MNF, the magnetic parti-
cle volume fraction is 6.6%. The preparation procedure
and basic physical characterization have been published
elsewhere [30,50].

In order to study the influence of cooperative phenom-
ena such as electrically induced particle ordering on the
MNF dielectric response, the method of dielectric spec-
troscopy is employed. The complex dielectric permittiv-
ity is measured by a Novocontrol broadband dielectric
spectrometer (Concept 40) utilizing the Alpha-A modular
measurement system. To obtain a full picture of the relax-
ation phenomena expected in the MNF, the experiments
are performed at frequencies ranging from 1 mHz up to
the MHz region. The sample (2.5 ml) is poured in a liquid
sample cell with concentric cylindrical electrodes (3.4-mm
gap) and a guard ring (Novocontrol). This geometry avoids
errors related to the thermal expansion of a measured liquid
and protects against sample leakage. It also increases the
accuracy of the measurement by decreasing the influence
of fringing fields. The electrodes are fed with the effec-
tive testing voltage of 1 V biased with a dc voltage up to
40 V. Taking into account the various ambient and trans-
former operating conditions and to reveal the relaxation
dynamics, the dielectric spectra are collected at temper-
atures from 233 to 383 K. To verify the reproducibility
of the experimental results, an independent LCR meter
(IM3533 HIOKI) is used as a complementary device. The
data are treated by OriginLab software.

As the MNF (transformer oil) is expected to undergo
a liquid-solid phase transition in the given temperature
range, we employ temperature-dependent magnetometry
as a complementary method to reveal the phase transi-
tion. The MNF magnetization (40-ul sample volume) is
measured by means of a vibrating sample magnetometer
(VSM) installed on a superconducting magnet from Cryo-
genic Limited. The measurements are performed in zero
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field cooling (ZFC) and field cooling (FC) regimes in the
available temperature range from 2 to 300 K.

To get a better view of the dc electric current in
the MNF, which can possibly lead to the apparent NP,
the current-voltage characteristics and the time depen-
dence are measured by model 6517B electrometer/high-
resistance test and measurement system (Keithley, USA).
As an electrode system, we use a glass plate capacitor
(liquid-crystal cell) with Indium Tin Oxide (ITO) elec-
trodes separated by 50 um. Within these measurements,
the voltage is continuously changed with 10-V steps in the
range from —50 to 50 V. Each particular voltage value
is held for a period of 8 min during which the current is
measured.

III. RESULTS AND DISCUSSION

The dielectric response of the pure transformer oil
in the form of the complex permittivity is presented
in Figs. 1(a)-1(c). One can see that the real permit-
tivity [Fig. 1(a)] exhibits frequency- and temperature-
independent behaviors at frequencies above 0.1 Hz. The
measured values in the presented spectra are close to 2,
which represents a typical relative permittivity of trans-
former oils. Below 0.1 Hz, a steep increase in the real
permittivity with decreasing frequency is observed. This
behavior is most pronounced at the highest temperature,
while the effect diminishes with decreasing temperature.
Similarly, the increase is observed in the imaginary permit-
tivity and the dissipation factor (known as tan §), which
is defined as the ratio of the imaginary and real parts
of the complex permittivity. Thus, the simultaneous low-
frequency increase in the real permittivity and dielectric
loss is a typical manifestation of the electrode polar-
ization. This well-known phenomenon arises due to the
charge accumulation and formation of interfacial layers of
reduced mobility at the contacts with the metal electrodes.
In this case, the free charge is represented by various addi-
tives, which, in connection with water (moisture) as the
most prominent impurity in transformer oils, constitute the
main source of the free charge.

The shift of the electrode polarization onset to higher
frequencies with increasing temperature is qualitatively in
concurrence with a theoretical model [51], where the char-
acteristic polarization time 7gp is determined as follows:
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In Eq. (1), d is the electrode separation distance, &y is the
permittivity of free space, po is the equilibrium number
density of free charges with mobility u, £ is Boltzmann’s
constant, and 7 is the absolute temperature. In addition
to the electrode polarization effect, the free charge also
contributes to the electrical dc conductivity o as &’ &~
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FIG. 1. The dielectric spectra measured on the transformer oil
at various temperatures. (a) Real part of the complex permittivity,
(b) imaginary part of the complex permittivity, and (c) dissipation
factor.

o/2nf . This is determined from the observed imaginary
permittivity slope in the frequency regions, where the real
permittivity exhibits constant behavior. Fitting the imagi-
nary permittivity spectra with a power law yields the slope
value —0.94, which is greater than —1, thus indicating the
conductivity contribution.

The dielectric spectrum of the studied MNF at various
temperatures is depicted in Fig. 2. At temperatures from
383 to 253 K, the real permittivity [Fig. 2(a)] exhibits a
steep increase with decreasing frequency (below 100 Hz).
This dielectric dispersion tends to saturate at lower fre-
quencies and reaches colossal permittivity values. Clearly,
this behavior is accompanied by increasing imaginary
permittivity with decreasing frequency [Fig. 2(c)] and a
remarkable maximum in the dissipation factor spectrum
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FIG. 2. The real permittiv-
ity spectrum of the magnetic

nanofluid at various tempera-
tures (a) with the enlarged view
focused on the dispersion at lower
temperatures (b). The dielectric
loss is presented in the form of
imaginary permittivity (c) and

P . dissipation factor spectrum (d).
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[Fig. 2(d)]. Analogous to the behavior in the transformer
oil, one can consider this dispersion as a pronounced
electrode-polarization effect due to nanoparticle block-
ing. However, taking into account Eq. (1), the migrating
nanoparticles with considerably lower mobility than that of
the free charge in the oil will cause electrode polarization
at lower frequencies. Thus, the observed dielectric dis-
persion at higher frequencies cannot reflect the electrode
polarization. Instead, an interfacial relaxation process may
account for this effect. As considered in previous stud-
ies [29,30,52], the dispersed nanoparticles can trap and
carry the free charge, leading to the formation of an elec-
tric double layer (EDL) on the nanoparticle surfaces. Thus,
the EDL polarization may result in the relaxation process
reflected in the observed dispersion. This relaxation pro-
cess is usually described by the Schwarz model of EDL
polarization exhibiting a Debye-like behavior as shown
elsewhere [30]. The colossal permittivity values in Fig. 2
indicate that in addition to the free charge in the oil, another
external charge resulting from the MNF preparation proce-
dure (residual salts, oleate ions, ammonia ions) contributes
to the EDL formation. Thus, the polarization of EDLs in
MNF may be viewed as local virtual dipoles contribut-
ing to the net MNF polarization to a large extent. As
the EDL mobility decreases with decreasing temperature
(thermal energy), the onset of the dispersion shifts from
about 100 Hz at 383 K to 1 Hz at 253 K. The related
relaxation time then follows the well-known Arrhenius
behavior [29].

One can also notice that in addition to the shift to the
lower frequencies, the occurring plateau [real permittivity
of arelaxed system at low frequencies, Fig. 2(a)] decreases
in magnitude with decreasing temperature. This suggests
a development of smaller virtual dipoles in EDLs due to

the restricted charge mobility and polarization conditions
in the colder and more viscous oil. The EDL polariza-
tion is especially minimal at temperatures of 243 and
233 K, when the oil is supposed to undergo gelation and
solidification. In this case, the resulting permittivity does
not increase as steeply with decreasing frequency as it
does at higher temperatures. Instead, a small dispersion is
observed between 10 and 0.1 Hz, as seen from an enlarged
view in Fig. 2(b). There, one can see a tendency to form
a plateau with permittivity values around 20. The greater
increase in permittivity at lower frequencies is ascribed to
the electrode polarization.

The liquid-solid phase transition of MNF is confirmed
by thermomagnetic measurements. In Fig. 3, we present
the temperature-dependent magnetization measured in the
ZFC and FC regimes in an external magnetic field of
0.01 T. The obtained profiles reflect a typical behavior
of superparamagnetic nanoparticles dispersed in a liquid
carrier. The ZFC shoulder around 50 K points out the
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FIG. 3. Temperature-dependent magnetization of MNF mea-
sured in ZFC and FC regimes.
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area of blocking temperatures 7. On the other hand, the
ZFC maximum at 225 K is associated with the liquid-solid
phase transition, and therefore, is ascribed to the freez-
ing of the transformer oil. This finding supports the above
explanation of the dielectric response at 243 and 233 K, as
it is known that before reaching the freezing point, the oil
undergoes gelation.

In the presence of the dc bias voltage, the nature of the
frequency-dependent dielectric response of MNF changes
markedly. The effect of various dc voltage levels (from
10 to 40 V) on the real permittivity spectrum measured at
233 K is shown in Fig. 4. As the graphs indicate, the posi-
tive permittivity drops to negative values below 0.1 Hz for
each voltage level. In the negative region, the permittivity
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FIG. 4. dc bias voltage influence on the real permittivity spec-
trum of MNF at 233 K. (a) Whole spectrum with a linear
vertical scale. (b) Low-frequency detail on the negative permit-
tivity. (¢) Whole spectrum with a base 10 logarithmic vertical
scale. The real permittivity values are recalculated according to

sgn(e) x log[sgn(e) x €].

reaches values up to —107. The maximum value reached
at the lowest frequency (1 mHz) varies with the dc volt-
age level, however, without any logical order, as is seen
from the low-frequency detail in Fig. 4(b). As the NP val-
ues span a broad range, it is convenient to present the data
in a logarithmic scale. To also allow such a presentation
for negative values, the measured permittivity data are first
converted to positive values by their multiplication with a
signum (sgn) function of the measured permittivity data.
Subsequently, a common logarithm is calculated from the
given positive values. The obtained logarithms are finally
multiplied by the signum (sgn) function of the measured
permittivity. Thus, the results calculated according to the
described formula sgn(e) x log[sgn(e) x &] are presented
in Fig. 4(c). In this way, one can clearly see that there
is a critical frequency at which the positive permittivity
abruptly switches to negative values. At a temperature of
233 K, this frequency is 0.1 Hz and it is independent of
the dc voltage level. By investigating the dc bias effect
on the dielectric response at higher temperatures (283 and
333 K), we find that both the critical frequency and NP
reach higher values. In addition, the NP values increase
with increasing dc voltage (Fig. 5). In the case of 283 K,
the NP at the lowest frequency (1 mHz) in the presence of
10 V is —2.5 x 108, while under 40 V, the NP increases
to —6 x 108 [Fig. 5(b)]. Concerning the critical frequency
at 283 K, one can see from the logarithmically recalculated
permittivity graph [Fig. 5(c)] that there is not a fixed value.
Instead, a few fluctuations between positive and negative
permittivity values are detected before stable NP values are
measured at lower frequencies. Stable NP values are below
1 Hz for 10 and 30 V, below 2.55 Hz for 20 V, and below
10 Hz for 40 V.

At 333 K, the NP at the lowest frequency again increases
by an order of magnitude (Fig. 6). In this case, the NP val-
ues range from —3.2 x 10 to —4.7 x 10° under the action
of 10 and 40 V, respectively [Fig. 6(b)]. As is seen from
Fig. 6(c), the critical frequency is no longer stable and the
transition to NP exhibits even more pronounced fluctua-
tions. For the applied dc voltage of 20 V, these fluctuations
range from 14 to 0.35 Hz.

Thus, to compare the temperature effect on the broad-
band dielectric response of MNF in the absence and
presence of the dc bias voltage, we plot the logarithmic
permittivity values at various temperatures in zero and
maximum dc voltages, as depicted in Fig. 7. In zero dc
bias voltage, the permittivity spectrum exhibits positive
values shifting toward higher frequencies with increasing
temperature (as described above). Under the applied dc
bias voltage (40 V), the permittivity spectra follow those
measured in zero dc bias voltage only up to the critical
frequency, below which the positive values switch to nega-
tive values. This critical sign-switching frequency is stable
at 233 K. At higher temperatures, it occurs at higher fre-
quencies with noticeable fluctuations between positive and
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negative permittivity values. On the other hand, the mag-
nitudes of the stable NP values increase with increasing
temperature.

Before analyzing the results, it is worth noting that the
presented permittivity sign switching to NP is detected by
the two independent devices (Novocontrol Alpha-A spec-
trometer and HIOKI IM3533 LCR meter). Due to the wide
dissipation factor (from 107> to 10*) and impedance (from
0.01 to 10'* ) measuring range, and the accuracy in rela-
tive impedance and dissipation factor of < 3 x 107> (as
stated by the Alpha-A producer), we do not ascribe the
interpretation of the NP to any experimental error, as the
measured values are far from the range and sensitivity
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FIG. 5. dc bias voltage effect on the real permittivity spec-
trum of MNF at 283 K. (a) Whole spectrum with a linear
vertical scale. (b) Low-frequency detail on the negative permit-
tivity. (c) Whole spectrum with a base 10 logarithmic vertical
scale. The real permittivity values are recalculated according to

sgn(e) x log[sgn(e) x e].
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FIG. 6. dc bias voltage effect on the real permittivity spec-
trum of MNF at 333 K. (a) Whole spectrum with a linear
vertical scale. (b) Low-frequency detail on the negative permit-
tivity. (c) Whole spectrum with a base 10 logarithmic vertical
scale. The real permittivity values are recalculated according to

sgn(e) x log[sgn(e) x €].

limits. However, to understand the presented NP results,
one has to realize the principle of how the impedance
analyzer measures the complex current. When a voltage
Vo with a fixed frequency w/2m is applied to the sample
capacitor, it causes a current /y in the sample with the same
frequency, but with a phase shift described by the phase
angle ¢. The time dependent voltage V(#) and current /(¢)
are given as

V(t) = Vycos(wt) = Re[Vexp(iwt)], 2

1(t) = Iy cos(wt + ¢) = Re[[Fexp(iwd)], 3)
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FIG. 7. Comparison of the temperature effect on the common
logarithm of the real permittivity of a magnetic nanofluid in the
presence of zero and 40-V dc bias voltages. The real permittivity
values are recalculated according to sgn(e) x log[sgn(e) x €].

where V*=V,, I*=I'+il", Iy=+I*+1", and
tan(p) = I”/I', with I” and I’ denoting the imaginary
and real parts of the complex current, respectively. Then,
for a material with a linear electromagnetic response, the
measured complex impedance is given as follows:

|
ZMw)y =7 +iZ" = = I—O(cosga —ising). (4)
0

The complex impedance is connected with the complex
permittivity according to the relation

1 1
iwCy Z*(w)
Iy

= iwCala (cosp +ising), (5)

e (w) =¢ —ig’ =

where Cj is the geometric capacitance of the empty sample
holder. It is, therefore, clear that the phase of the complex
current compared to the input voltage is responsible for the
complex component. Then, if ¢ > 7, sing will be nega-
tive, leading to the interpretation of NP. This happens when
the conductivity of the studied sample increases.

The increases in electric conductivity of MNF and the
associated NP behavior stem from the particle assembly
formation induced by the dc and low-frequency electric
field [31,32]. Due to the dielectric contrast between the
MNP and transformer oil (the oil’s permittivity is 2 and
the magnetite particles reach permittivity values up to 81),
the MNP get preferably polarized by the strong dc field.
Subsequently, the induced dipole-dipole interaction and
dielectrophoretic forces result in MNP aggregation lead-
ing to a percolative state. This assumption is based on
the general principles of nanoparticle interaction in an
electric field. Generally, the polarized nanoparticles with
some shape anisotropy (not a perfect sphere) may expe-
rience a torque as a result of the electric force. On the
other hand, the nanoparticles with induced electric dipoles

move toward the electric field gradient (dielectrophoresis)
and build up the assembly. To form the assemblies, the
induced dipolar attraction between neighboring nanoparti-
cles must dominate over the nanoparticle Brownian motion
(the basic principles of the colloidal nanoparticle inter-
action in an electric field under various conditions may
be found in Refs. [53,54]). This aggregation in the stud-
ied MNF sample in the dc and low-frequency electric
field (below 1 Hz) has been documented [31]. However,
it seems that the electric field-induced nanoparticle aggre-
gation alone is not enough to induce the apparent negative-
permittivity state. If this was sufficient, then one would be
able to measure negative permittivity even in the exter-
nal magnetic field in which the particle assembly is more
intuitively formed. However, this is not the case, as we
showed in Ref. [29]. The polarization of the surfactant
stabilization layers and their overlap seem to be crucial
for the formation of conduction paths along the particle
assembly. It is known that the mobile charges, such as
those in an EDL, also respond to the applied electric field,
as reflected in the relaxation maximum (Fig. 2). Then,
when the aggregation and percolative state is reached, the
EDL regions have higher probability to overlap, creating
a high conductivity path. Thus, the free charge can travel
along the conductive path. This means that when the mag-
netic nanofluid reaches the percolative state, the reactance
(imaginary impedance) becomes positive and exhibits an
inductive character. Therefore, the transition from capaci-
tive to inductive reactance near the percolation threshold is
a key factor triggering the detection of NP, as the reactance
determines the real permittivity [46]:

1 =Z"
/
¢ wCy (Z’2 +Z”2) ©

From Eq. (6), it follows that the positive permittivity is
attributed to the capacitive character (Z” < 0) and the
NP results from the inductive character (Z” > 0). Other
reasons for the NP in our study, such as an electrode-
related artifact, can be ruled out because, in addition to
the stainless-steel capacitor, the dc bias-assisted NP is
also detected in a brass cylindrical capacitor and a plate
capacitor with ITO layers. Thus, the above presented dc
bias-induced apparent NP can be considered as an intrin-
sic property of the nanoparticle assembly (percolation)
formation between the electrodes.

A few factors are responsible for the increasing NP with
increasing temperature (Fig. 7). First of all, it is known
that the free charge mobility and electrical conductivity
in colloidal systems increase with increasing tempera-
ture [29]. In addition, the degree of EDL polarizability also
increases. It should also be mentioned that both the free
charge mobility and EDL polarizability are functions of the
carrier liquid viscosity, which decreases with increasing
temperature. It is intuitive that the lower the viscosity of
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the carrier liquid, the easier and more effective the particle
assembly and percolative paths formation. Therefore, the
charge mobility and conductivity reasoning are reasonable,
especially when comparing the NP of nanofluid in the jelly
state (233 K) and in a low viscous state (333 K). Clearly,
the higher conductivity at higher temperatures allows the
flow of the higher electric current through the sample at a
particular dc bias voltage, leading to the higher NP. From
Figs. 5(b) and 6(b), it is evident that at 283 and 333 K, the
NP increases with increasing dc bias voltage just as a result
of the increasing electric current.

The particle assemblies with stable conductive paths
are effective even at higher temperatures, as it can be
shown that the electrostatic energy of a polarized particle is
stronger than the thermal energy acting against the assem-
bling. The parameter o comprising the ratio of the two
energies is defined as pE /kp T, with p denoting the effective
dipole moment given by the following relation [55]:

—4re (25 \ R3E (7)
P = em &y + 2en ’

where E is the electric field intensity, R is the particle
radius, and ¢, and &, are the relative permittivities of the
particle and the liquid medium, respectively. When con-
sidering the limiting case of the highest temperature and
the lowest dc electric field in the experiment, the substi-
tution of the relevant values (7T=333 K, £ =2941 V/m,
R=10.55 nm, ¢, of the powder magnetite is reported to
range from 34 to 81, ¢, = 2) yields o = 50 000. Therefore,
even at the highest temperature and the lowest field inten-
sity, the electrostatic energy is greater than the thermal
energy approximately by a factor of 50 000. This suggests
the presence of stable clusters acting as the conductive
paths in the dc field. It is also assumed that the stable parti-
cle assembly in the cylindrical capacitor is maintained due
to the absence of intensive electrohydrodynamics, which
would appear in a nonhomogenous electric field.

The fact that the apparent NP occurs at the low fre-
quencies reflects the stability of the formed clusters and
their conductive paths under the low-frequency conditions.
While the above stated stability reasoning holds for the dc
electric field, the superimposed ac component may con-
stitute a dynamic perturbation in the conductive paths.
Apparently, at low enough frequencies, there is a suffi-
ciently long period for the formation of the conducting
trees along the particle clusters. The electric charges at the
particle interfaces (EDL) are under favorable conditions to
be in phase with the ac voltage and to overlap, thus forming
the conductive paths, which lead to the apparent NP. More-
over, as confirmed by a neutron scattering experiment [31],
the ac field itself with frequencies below 1 Hz induces the
particle assemblies, and therefore, the low-frequency ac
voltage supports the assembly formation in the dc field.
On the other hand, when the frequency approaches the
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FIG. 8. The time-dependent transient electric current flowing
through the magnetic nanofluid at various voltages.

EDL relaxation frequency, the interfacial charges undergo
intensive dynamics while responding to the ac voltage.
This is believed to disrupt the integrity of the conductive
paths along the particle assemblies. The proposed expla-
nation is supported by the fact that the critical frequencies
at which the positive permittivity switches to NP (Fig. 7)
are approximately consistent with the relaxation frequen-
cies in the absence of the dc field [Fig. 2(d)]. One can see
that at 233 K, the relaxation maximum [Fig. 2(d)] and the
NP (Fig. 4) occur around 0.1 Hz, while at 283 and 333 K,
these effects start to occur around 10 Hz (Figs. 5 and 6).
The stable critical frequency and the abrupt transition to
NP at 233 K [Fig. 4(c)] is associated with the jelly phase of
the oil. Once the percolative threshold is achieved, the con-
ductive paths stay fixed in this phase. The fluctuations in
the transition to NP at 283 and 333 K [Figs. 5(c) and 6(c)]
reflect the unstable conductive paths in the frequency range
from 0.35 to 14 Hz. This is again in good agreement with
the neutron scattering results in the ac electric field, which
reveals the particle clusters below 0.8 Hz [31].

Finally, when considering the electric current flowing
through the sample as an important factor in determining
the apparent NP, it is valuable to present its behavior under
various dc voltage levels. In Fig. 8, we demonstrate the
time-dependent electric current at various voltages, which
is measured at 8-min time intervals at room temperature.
For the steplike increasing voltage, the transient electric
current follows a typical charging behavior with decreas-
ing values in time and a tendency to reach a stabilized
value. The decaying current under the constant voltage is
associated with the charge settling response, which resem-
bles a charging current. In this case, upon application of
the increased voltage, the space charge drifts to the elec-
trode with an opposite polarity. The ion impurities and the
nanoparticles with the uncompensated surface charge may
create EDLs near the electrodes. Then, the absorption cur-
rent diminishes and the leakage current is maintained by
the electron charge transfer between the electrodes and the
nanofluid. On the other hand, for the steplike decreasing
voltage, the transient current exhibits a discharging behav-
ior. The discharging current represents the release of the
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FIG. 9. The [-V characteristics measured on the magnetic
nanofluid. The presented data points are taken in the eighth
minute after the application of the particular voltage. The upper
arrows, pointing from the left to the right, indicate the curves
measured in the increasing voltage regime, while the lower
arrows, pointing from the right to the left, indicate the curves
measured in the decreasing voltage regime.

accumulated charge near the electrode with the subsequent
increase in the electrode potential.

When plotting the voltage dependence of the leakage
current taken at the eighth minute after the application of
a particular voltage, one gets the /-J characteristics pre-
sented in Fig. 9. It can be seen that the characteristics
exhibit a hysteresislike behavior, as the current values mea-
sured in the increasing voltage regime (the upper curve) do
not match with those measured in the decreasing regime
(the lower curve). Thus, an /-V loop is formed under both
positive and negative voltages. The nonlinear character in
the upper curves reflects the changes in the MNF structure
and formation of conductive paths via the described EDL
overlap in the particle clusters. A remarkable increase in
current (conductivity) is observed, especially for 20 and
30 V, which is the result of the well-formed conductive
paths. The further decrease in the /-V slope at higher volt-
ages can be attributed to the accumulated charge near the
electrodes, which lowers the electrode potential. When
measuring the current in the decreasing voltage regime,
one can observe a quasilinear behavior. This is the result
of the proportional deceleration of the charge drift due to
the decreasing voltage. As the current returns back to zero
at zero voltage, one can conclude that there is no energy
storage or capacitive effect. Thus, the conductive paths for-
mation in the increasing voltage is a reversible process and
can be considered as a triggering factor of the reported
apparent NP.

IV. CONCLUSIONS

We show that the transformer oil-based magnetic
nanofluid can exhibit a dc bias tunable apparent negative
permittivity behavior at low frequencies. This effect is a
result of the particle clustering and the interface charge

overlap in the applied electric field. Due to the created
percolative conductive paths, the nanofluid undergoes tran-
sition from capacitive to inductive reactance. This mech-
anism is feasible at a low-frequency electric field without
dynamic perturbations. The negative permittivity increases
with increasing temperature. The increased conductivity
triggering the observed negative permittivity is reflected
in the increased /-V slope. From an application point of
view, the measurement of apparent negative permittivity
in colloidal nanoparticle systems can be used as an indi-
cation method of the particle assembly and percolation.
The magnetic nanofluid with tunable negative permittiv-
ity can find applications in the field of sensors based on the
permittivity change. Thus, besides the attractive magneto-
dielectric properties, the electric field-induced permittivity
sign switching may open an alternate avenue for research
and applications of magnetic nanofluids.
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