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Abstract: This paper presents the fabrication and characterization of cylindrical capacitors utilizing magnetodi-

electric materials composed of magnetizable microfibers dispersed within a silicone oil matrix. The microfibers,

ranging in diameter from 0.25 to 2.20 µm, comprise hematite (α-Fe2O3), maghemite (γ-Fe2O3), and magnetite

(Fe3O4). The study investigates the electrical behavior of these capacitors under the influence of an external

magnetic field superimposed on a medium-frequency alternating electric field, across four distinct volume con-

centrations of microfibers. Electrical capacitance and resistance measurements are conducted every second over a

60-second interval, revealing significant dependencies on both the quantity of magnetizable phase and the applied

magnetic flux density. Furthermore, the temporal stability of the capacitors’ characteristics is demonstrated. The

obtained data are analyzed to determine the electrical conductance and susceptance of the capacitors, elucidating

their sensitivity to variations in microfiber concentration and magnetic field strength. To provide theoretical

insight into the observed phenomena, a model based on dipolar approximations is proposed. This model effec-

tively explains the underlying physical mechanisms governing the electrical properties of the capacitors. These

findings offer valuable insights into the design and optimization of magnetodielectric-based capacitors for diverse

applications in microelectronics and sensor technologies.

Keywords: electrical capacitors; silicone oil; iron oxide microfibers; magnetic field; electrical conductance;

electrical susceptance

1. Introduction

Advancements in capacitor technology are pivotal for the development of modern electronic de-
vices and systems [1–5]. Electrical capacitors are essential components in a wide range of applications,
from energy storage systems [6–8] to advanced sensors [9–11] and transducers [12–14]. The perfor-
mance and functionality of capacitors are significantly influenced by the properties of the dielectric
materials used, which has led to ongoing research and innovation in this field [15,16]. They form
components of an electrical circuit that consist of two or more electrodes with a dielectric material
placed between them.

Various types of electrical capacitors are known, each defined by the dielectric material used. For
instance, some capacitors utilize dielectric materials such as oil-impregnated paper [17], mineral oil [18],
or nonlinear dielectric materials [19,20]. Another category includes electrolytic capacitors, where both
the electrodes and the dielectric material are produced using nanotechnology processes [21,22]. These
capacitors are specifically designed for storing electrical energy [23]. Additionally, there are capacitors
based on silicon oil (SO) and magnetizable nano-microparticles. In these capacitors, the equivalent
electrical components can be adjusted magnetically [24–28].

Andrei et al. [24], manufactured capacitors using suspensions based on SO, iron microparticles,
and stearic acid with varying mass ratios. These capacitors are characterized by an increase in
electrical conductance with the increase in the ratio of stearic acid to the magnetizable phase in a
magnetic field. Conversely, the duration for establishing electrical conduction decreases slightly with
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the increasing intensity of the applied magnetic field. The capacitors detailed in Refs. [25,26] are
based on commercially available cotton fabrics impregnated with liquid suspensions that include
carbonyl iron microparticles and varying ratios of honey and turmeric powder. When studied in an
alternating electric field with frequencies ranging from 25 Hz to 1 MHz, superimposed on a static
magnetic field, the equivalent electrical capacitance and resistance of the capacitors are measured.
These properties are coarsely adjusted by the ratios of honey to turmeric powder and the values of
magnetic flux density, while fine adjustments are achieved through the frequency of the alternating
electric field. The capacitors described by Bica et al. [27] are constructed from medical-grade cotton
gauze impregnated with liquid composites containing multifloral honey, carbonyl iron microparticles,
and varying amounts of turmeric powder. In these capacitors, electrical conductance is coarsely
adjusted by the ratio of honey to turmeric quantities and finely tuned by the intensity of the electric
field. Iacobescu et al. [28] produced capacitors using cotton fabric impregnated with a magnetic liquid
based on mineral oil and magnetite nanoparticles. By maintaining a constant quantity of magnetic
liquid, it was observed that the electrical conductance of the composite can be coarsely adjusted by
applying compressive stress and finely tuned by the values of the magnetic flux density.

Following this research direction, the present study describes the manufacturing method of capac-
itors based on SO and microfibers containing α-Fe2O3, γ-Fe2O3, and Fe3O4. The study investigates the
electrical behavior of these capacitors under the influence of an external magnetic field superimposed
on an alternating electric field, across four distinct volume concentrations of microfibers. Electrical
capacitance and resistance measurements are conducted every second over a 60-second interval, re-
vealing significant dependencies on both the quantity of magnetizable phase and the applied magnetic
flux density. The obtained data are analyzed to demonstrate that in a medium-frequency electric field,
both electrical conductance and susceptance can be coarsely adjusted by varying the ratio of SO to
microfibers and finely tuned by the magnetic flux density. Compared to the capacitors produced
in [24–28], this study shows that the presence of semiconductor iron oxides in the microfibers alters
the behaviour of electrical conductance when a magnetic field is applied. A theoretical model based
on dipolar approximations is proposed to explain the underlying physical mechanisms governing the
electrical properties of the capacitors.

By providing valuable insights into the design and optimization of magnetodielectric-based
capacitors, our findings can influence the development of advanced microelectronic devices and
sensor technologies. Improved capacitors with adjustable electrical properties have the potential
to enhance the performance and efficiency of energy storage systems, leading to more reliable and
scalable renewable energy solutions. Additionally, the ability to fine-tune the electrical characteristics
of capacitors through magnetic fields can lead to innovations in electronic circuits, allowing for more
adaptable and multifunctional electronic components. This research contributes to the advancement of
composites based on iron microfibers and SO, paving the way for new applications and improvements
in existing technologies.

This paper is structured as follows: Section 2 provides a detailed description of the materials
and methods used in the study, including the preparation of magnetodielectric materials and the
manufacturing process of electrical capacitors. Section 3 presents the results of the experimental
investigations, analyzing the dependencies of electrical capacitance, resistance, conductance, and
susceptance on the volume concentration of microfibers and the applied magnetic flux density. Section 4
discusses the implications of the findings, comparing them with previous studies and theoretical
models. Finally, Section 5 concludes the paper by summarizing the key outcomes and suggesting
potential directions for future research. The appendices provide additional technical details and
supporting data for the experimental and theoretical analyses conducted in the study.
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2. Materials and Methods

2.1. Preparation of Magnetodielectric Materials

The materials used for preparation of the magnetodielectric materials are the following:

1. SO, from Silicone Comerciale SpA (Italia), with a mass density of ρSO = 0.97 g/cm3 and dynamic
viscosity ηSO = 97 mPa·s at T = 295 K.

2. The iron oxide microfibers (mFe) are obtained in microwave microplasma, following a procedure
described in Ref. [29]. They contain oxides of the type α − Fe2O3 (12 % by mass), γ − Fe2O3 (62 %
by mass), and Fe3O4 (26 % by mass). The mass density of the microfibers is ρmFe = 2.875 g/cm3

at T = 295 K and they exhibit a specific saturation magnetization, σmFe = 22.7 A·m2/kg, at a
magnetic field intensity, H = 477 kA/m. A structural analysis of these microfibers based on SEM,
is presented in Appendix A. The average diameter of the nano-microparticles in the microfibers
is dm = 0.94 µm ± 0.01 µm (see Figure A1).

The magnetodielectric materials consist of mixtures of mFe and SO at four different concentrations,
in the form of composite liquids (CL), as listed in Table 1. Each mixture CLi (i = 1, 2, 3, 4) is mechanically
homogenized for a duration of about 300 s at a temperature T ≈ 410 K. The homogenization of the
samples continues until the mixtures are brought to ambient temperature (T ≈ 300 K).

In the study of the magnetic properties of composite materials, the relationship used to deter-
mine the specific saturation magnetization σsCL is µ0σsCL = µ0ΦmFeσmFe [30], where µ0 is the vacuum
magnetic permeability, ΦmFe is the volume fraction of the mFe microfibers, and σmFe is the specific
saturation magnetization. For σmFe = 22.7 A·m2/kg and the ΦmFe values from Table 1, when intro-
duced into the specified relationship above, the σsCL values (see Table 1) of the specific saturation
magnetization of the liquids CL are obtained. It is observed from Table 1 that increasing the amount of
mFe microfibers results in increased values of σsCL .

Table 1. The composition of CLs and their saturation magnetization (σsCL ). ΦmFe and ϕmFe are the
volume, and respectively mass fractions of mFe.

mFe, (cm3) mFe, (g) SO, (cm3) SO, (g) ΦmFe, (vol.%) ϕmFe, (wt.%) σsCL, (A·m2/kg)

CL1 0.20 0.575 1.80 1.75 10 24.8 2.27
CL2 0.40 1.150 1.40 1.55 20 42.6 9.08
CL3 0.60 1.725 1.60 1.36 30 56.0 13.62
CL4 0.80 2.300 1.20 1.16 40 66.4 21.16

2.2. Manufacturing Cylindrical Electrical Capacitors

The materials used for manufacturing the cylindrical electrical capacitors (CECs) are the liquids
CLi (i = 1, 2, 3, 4) and a textolite plate, single-sided with copper foil. The printed circuit board (PCB),
type LMM 100x210E1, is purchased from Electroniclight. The actual board is made from FR4 type
epoxy resin, reinforced with fiberglass. On one side of the actual board, an electrolytic copper foil,
with a thickness of 35 µm, is deposited (Figure 1a, pos. 1).

Two PCB boards are used to manufacture the CEC. On the copper foil (pos. 1 in Figure 1b), an
insulating material ring (pos. 2 in Figure 1b) is fixed with an adhesive. At the end of this procedure,
a cylinder with dimensions 28 mm ×1.4 mm is formed. In the cylinder from Figure 1(b), the liquids
CLi (i = 1, 2, . . . , 4) are introduced one by one. On top of the cylinder, filled with CL (Figure 2a), the
copper-faced side of the second PCB board is fixed by sliding. At the end of this step, the CEE is
obtained as shown in Figure 2(b). This assembly is then consolidated with a medical adhesive tape
(Figure 2c).
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Figure 1. (a) PCB. 1 - copper foil. (b) Cylinder. 1 - copper foil, 2 - dielectric ring.
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Figure 2. (a) Cylinder with CL. 1 - copper foil, 3 - CL, 4 - electrical contact. (b) Cylinder with CL and
with textolite plate on top. 2 - dielectric ring, 5 - textolite plates. (c) CEC. 6 - adhesive medical tape. 7 -
terminals for electrical contact.

2.3. Experimental Setup and Measurement Protocol

The experimental setup designed for studying the susceptance and electrical conductance of
CECs has the overall configuration shown in Figure 3. The setup includes a handmade electromagnet
(EM) with a coil connected to a direct current source (DCS), type RXN3020D (made in China). Between
the N and S poles of the electromagnet, the CECs and the Hall probe (h) of the gaussmeter (GS), type
DX-102 (made in China), are fixed by turn. The CEC is connected to the RLC bridge, type CHY 41R
(made in Taiwan). The CHY 41R bridge, set at a frequency of 1 kHz, is used to measure the equivalent
electrical capacitance and the equivalent electrical resistance of CECs, which are connected in parallel.
The measured values, taken at intervals of ∆t = 1 s, are transmitted and recorded by the computing
unit (CU) via the RS232 interface.
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Figure 3. Schematic view of the experimental setup. 1 - magnetic yoke, 2 - coil, DCS - direct current
source, Br - RLC bridge, Gs - gaussmeter, h - Hall probe, CU - computing unit, CEC - electrical capacitor
based on CL, B - magnetic flux density vector.

3. Results

The CEC is placed between the N and S poles of the electromagnet shown in Figure 3. Using
measurements from the h connected to the DX-102 gaussmeter, the magnetic flux densities are adjusted
to values B ≤ 0.2 mT. The terminals of the CEC are connected to the input of the CHY 41R bridge, set
at a frequency of f = 1 kHz. The equivalent electrical capacitance C and the equivalent electrical resis-
tance R are measured and recorded, considering the electrical representation of the CECs as an electric
dipole consisting of an ideal capacitor connected in parallel with an ideal resistor. Measurements are
recorded at time intervals ∆t = 1 s over a period of 60 s, for magnetic flux density values B adjusted in
steps of ∆B = 50 mT up to a maximum of 400 mT. After recording the values of C and R, the magnetic
flux density B is adjusted to a new value, without reverting to the initial value, and measurements of
C and R continue at one-second intervals until the 60-second period is exhausted. This procedure is
then repeated.

Using this method, for the four capacitors, we obtain the functions C = C(t)B and R = R(t)B

graphically represented in Appendix B (Figures A2 and A3). Knowing that the electrical susceptance
and conductance of the CECs are defined by the relationships B = 2π f C and respectively G = 1/R,
we then obtain the functions B = B(t)B and G = G(t)B, graphically represented in Figures 4 and 5.

It can be observed from Figures 4 and 5 that the quantities B and G are stable over time. This
stability is related to the fact that during the preparation of the CLs, nano-microparticles of hematite,
maghemite, and magnetite detach from the mFe microfibers. The hematite nano-microparticles in-
stantly polarize magnetically and form stable aggregates in the absence of the magnetic field [31,32].
These aggregates, based on reports in [31], exhibit high friction when moving in the SO, thus eliminat-
ing or at least reducing the sedimentation of the solid phase. This effect is observed by noting that the
values B and the G are stable over time. Figures 4 and 5 also show that the quantities B and G increase
with the increasing values of Φ in the CLs of CECs (see Appendix C).
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Figure 4. Variation with time of the susceptance of CECs, at different values of the magnetic flux
density. (a) CEC1. (b) CEC2. (c) CEC3. (d) CEC4.
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On the other hand, while the functions B = BB increase with the increasing values B of the
magnetic flux density in accordance with relation (A21) in Appendix F, the functions G = G(t)B

show values that decrease with the increasing values of the same magnetic flux density, contrary to
relation (A23) in Appendix F. This discrepancy is due to the semiconductor properties of the hematite
nano-microparticles [33]. As the values of the magnetic flux density increase, the thickness of the layer
formed by the hematite nano-microparticles increases in the vicinity of the magnetite and maghemite
microparticles. The effect is the reduction of electrical conductivity and the increase in the relative
dielectric permittivity of the liquids due to the concentration of electric charges in the volume of the
CLs. The observed effects are the increase in the value of B and the decrease in the values of G with
the increasing magnetic flux density.

Using the functions B = B(t)B from Figure 4 for 0 ≤ t (s) ≤ 60, the average values Bm are
calculated as a function of the values B of the magnetic flux density. The functions Bm = Bm(B)CECi ,
for i = 1, 2, 3, 4, are obtained and shown in Figure 6(a). Proceeding identically, but using the functions
G = G(t)B from Figure 5, the functions Gm = Gm(B)CECi are obtained and shown in Figure 6(b).

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 01
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Figure 6. Variation with magnetic flux density of the susceptance (a) and conductance (b) for CECs.

It is observed from Figure 6(a) that the functions Bm = Bm(B)CECi have the form:

Bm = B0 + αB · B, (1)

where B0 is the initial electric susceptibility and αB is the slope. By fitting data in Figure 6(a) with
Equation 1, one obtains the values of the parameters B0 and αB , as listed in Table 2.

Table 2. The values of the parameters B0, αB , G0 and αG in Equations 1 and 2.

B0, (Ω−1) αB , (Ω−1/mT) G0, (Ω−1) αG , (Ω−1/mT)

CEC1 2.070 ± 0.034 0.001 ± 1.409 · 10−4 6.049 ± 0.030 0.006 ± 1.188 · 10−4

CEC2 2.733 ± 0.034 0.002 ± 1.412 · 10−4 6.867 ± 0.030 0.007 ± 1.166 · 10−4

CEC3 4.016 ± 0.043 0.002 ± 1.785 · 10−4 6.388 ± 0.042 0.008 ± 1.757 · 10−4

CEC4 5.273 ± 0.039 0.003 ± 1.617 · 10−4 9.901 ± 0.092 0.010 ± 3.849 · 10−4

From Figure 6(b), we observe that the functions Gm = Gm(B)CECi have the form:

Gm = G0 − αG · B, (2)

where G0 is the initial electric conductance and αG is the slope. By fitting data in Figure 6(b) with
Equation 2, one obtains the values of the parameters G0 and αG, as listed in Table 2.

It can be observed from Figure 6 that the dependence of the quantities Bm and Gm on the values
B of the magnetic flux density is linear, in accordance with Equation (A21) from Appendix F. This
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result is due to hematite nano-microparticles which form aggregates that cannot be broken down by
thermal energy [31–33]. On the other hand, the viscosity ηi of the liquids CLi (i = 1, 2, 3, 4) increases
with the increasing values of B of the magnetic flux density, accompanied by the formation of new
aggregate structures [31,32]. From Figure 6, we observe that the values of the quantities Bm and Gm of
the capacitors CECi are coarsely adjusted by the choice of liquids CLi and finely by the values of B of
the magnetic flux density.

The dynamic viscosity ηi of the liquids CLi (i = 1, 2, 3, 4) in the absence of a magnetic field can be
approximated using the relation [34,35]:

ηi = ηSO(1 + 2.5Φi + 6.4Φ2
i ), (3)

where ηSO = 0.97 Pa · s is the dynamic viscosity of SO at a temperature of 24◦C. For the volume
fractions Φi given in Table 1, the dynamic viscosity of the liquids CLi in the absence of a magnetic field
has the following values:

η(Pa × s) =


1.70332, for Φ1 = 20 vol.%

2.93328, for Φ2 = 40 vol.%

4.65988, for Φ3 = 60 vol.%

6.88312, for Φ4 = 80 vol.%

(4)

From the set of values in Equation 3, it can be observed that the dynamic viscosity increases with
the increase in the volume fractions of microfibers.

It is well-known that in a magnetic field, the solid phase, in the form of ferri-ferromagnetic nano-
microparticles, forms aggregates within the liquid matrix [24,27,28]. This effect transforms the liquid
from Newtonian to non-Newtonian [36,37]. To determine the viscosity of the liquids in a magnetic
field, we use Equation (A21) from Appendix F, from which we obtain:

ηBi =
Φ1/3

i B2t

16µ0

(
1 − B0i

Bmi

) , i = 1, 2, 3, 4, (5)

where B0i and Bmi are the average values of the susceptance of the capacitors CECi at the initial
moment and at time t, respectively. The latter one is the average duration of maintaining the capacitors
CECi in the magnetic field (see above).

For t = 30 s, µ0 = 4π × 10−7 H/m, and the values of Φi (i = 1, 2, . . . , 4) from Table 1, when
substituted in Equation (5), we obtain the following expressions for the viscosity of the liquids CLi in a
magnetic field:

ηBi =



0.873B2 (mT)

1−
B01
Bm1

, for Φ1 = 20 vol.%

1.010B2 (mT)

1−
B02
Bm2

, for Φ2 = 40 vol.%

1.259B2 (mT)

1−
B03
Bm3

, for Φ3 = 60 vol.%

1.386B2 (mT)

1−
B04
Bm4

, for Φ4 = 80 vol.%

(6)

In these expressions, we substitute the functions Bm = Bm(B)CECi (i = 1, 2, . . . , 4) from Figure 6(a),
and obtain the functions ηBi = ηBi (B)CECi as shown in Figure 7(a). It can be observed from this figure
and the group of values in Equation (3) that the viscosity ηB increases by up to three orders of
magnitude in a magnetic field and remains stable over time, as the liquids CLi do not sediment. From
the same Figure 7(a), it is observed that the viscosity ηB of the liquids depends on the amount of
magnetizable phase used and is significantly influenced by the values of B of the magnetic flux density.
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The obtained results are due to the formation of aggregates in the SO, an effect also demonstrated
in Refs. [36,37]. In Ref. [36], a composite liquid consisting of SO with carbonyl iron microparticles
stabilized with silicon nanoparticles is used. The dynamic viscosities of these composites, as with
those in the present work, depend on the volume fractions of the magnetizable phase and stabilizing
additives, and are significantly influenced by the magnetic field. The values obtained for the dynamic
viscosity with these composite liquids are comparable to those in Figure 7(a). Ref. [37] reports an
extensive study on the stability of magnetizable composite liquids. This study discusses preparation
methods based on carbonyl iron microparticles, SO, and additives. The results regarding the rheological
properties of the composite liquids are remarkable and comparable to those in Figure 7(a), but obtained
through a multi-phase technological process.
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Figure 7. Variation of the viscosity ηB with magnetic flux density (a), and with magnetic flux density
and conductance (b) for CECs.

The quantities ηB and Gm share the same feature, namely they describe CLi in the capacitors CECi
(i = 1, 2, 3, 4) subjected to a magnetic field. Hence, the natural relationship between ηB, Gm, and the
values B of the magnetic flux density is depicted in Figure 7(b). This shows that from the conductance
measurements corresponding to the values B of the magnetic flux density, the values of ηB for the
magnetically active CLi can be determined. The functions Gm = Gm(B)CECi and Bm = Bm(B)CECi ,
describe physical mechanisms occurring on the same basis, namely the liquids CLi. Thus, there are
correlations between these functions, as shown in Figure 8(a). These results demonstrate that by
choosing the composition of the liquids CLi the operating points (Bm,Gm) of the capacitors CECi can
be coarsely adjusted. In contrast, by selecting the values of B of the magnetic flux density, the values of
Bm and Gm can be finely tuned. Therefore, by adjusting the values of B of the magnetic flux density,
the capacitors CECi can be transformed into ideal capacitors, where Gm is zero, or into ideal resistors,
where Bm has zero values. This property of the capacitors CECi makes them useful for creating passive
circuit elements and/or energy storage elements, where the internal consumption of electrical energy
is negligible.

Given the functions Bm = Bm(B)CECi from Figure 6(a) and Gm = Gm(B)CECi from Figure 8(b), we
define the time constant τ of the capacitors CECi (i = 1, 2, . . . , 4) using the expression:

τ =
Bm

2π fGm
, (7)

where f is the frequency of the alternating electric field. By substituting the functions from Figure 6(a,b)
in Equation 7 and setting f = 1 kHz, we obtain the functions τ = τ(B)CECi shown in Figure 8(b). It can
be observed from this figure that the values of τ can be coarsely adjusted by selecting the ratio of mFe
microfibers to SO, and finely tuned by the values of B of the magnetic flux density. This result leads us
to conclude that the capacitors CECi are useful for creating magnetically controlled time relays and, in
a medium-frequency electric field, useful for automating technological processes.
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Figure 8. (a) Variation of average conductance Gm with average susceptance Bm for CECs. (b) Variation
of time constant with magnetic flux density for CECs.

4. Discussions

The investigation into the electrical behavior of cylindrical capacitors utilizing magnetodielectric
materials composed of magnetizable microfibers dispersed within a SO matrix has yielded several
significant findings. These results have important implications for the design and optimization of
capacitors for applications in microelectronics and sensor technologies.

Figures 4 and 5 illustrate the variation of electrical susceptance and conductance with time under
different magnetic flux densities for the four different volume concentrations of microfibers in the
capacitors. The susceptance increased over time, indicating the capacitors’ ability to dynamically
adjust their electrical properties in response to external magnetic fields, consistent with trends reported
in studies involving magnetodielectric composites (Andrei et al. [24]). Conversely, conductance de-
creased with increasing magnetic flux density, highlighting the magnetic field’s influence in controlling
conductive pathways within the dielectric medium, as observed by Iacobescu et al. [28]. The temporal
stability of both conductance and susceptance suggests that the capacitors maintain consistent perfor-
mance under continuous exposure to the magnetic field, essential for reliable operation in practical
applications.

Figure 6 demonstrates the variation of susceptance and conductance with magnetic flux density,
where susceptance showed a linear increase, affirming the magnetic field’s effectiveness in enhanc-
ing the dielectric properties of the capacitors, consistent with the dipolar approximation model by
Bica et al. [38]. Conversely, conductance exhibited a linear decrease with increasing magnetic flux
density, attributed to the formation of chain-like structures of microfibers under the magnetic field,
which increases the dielectric constant while reducing overall conductivity due to decreased mobility
of charge carriers. These effects have potential applications in designing tunable electronic compo-
nents, such as adaptive filters and sensors, which can benefit from dynamically adjustable electrical
properties.

The variation of viscosity with magnetic flux density, as shown in Figure 7, provides further
insights into the internal dynamics of the magnetodielectric materials. The increase in viscosity with
magnetic flux density is consistent with the aggregation of iron oxide microfibers, forming stable
structures that resist shear flow. This transformation from a Newtonian to a non-Newtonian fluid
under the influence of a magnetic field has significant implications for the mechanical stability and
performance of the capacitors. This behavior is well-documented in the rheological studies of magnetic
fluids by Wu et al. [39], where the magnetic field induces the formation of chain-like structures,
increasing the fluid’s viscosity. Additionally, the correlation between viscosity, magnetic flux density,
and conductance underscores the complex interplay between mechanical and electrical properties in
these composite materials, thereby enhancing their application potential in adaptive systems.
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The linear relationship observed between the average conductance and average susceptance with
magnetic flux density in Figure 8, confirms the predictable nature of the capacitors’ performance under
varying magnetic fields. This predictability is crucial for the practical application of these capacitors
in real-world systems, as highlighted by Zhang et al. [40], who demonstrated the importance of
stable and predictable electrical properties in the development of smart electronic components. The
time constant, which can be adjusted by changing the ratio of microfibers to SO and the magnetic
flux density, highlights the potential for fine-tuning the response time of these capacitors for specific
applications. This tunability is particularly valuable in various automation technologies, where the
magnetic control of electrical properties can be used to develop advanced systems with enhanced
performance characteristics.

5. Conclusions

In this study, we successfully fabricated electrical capacitors using cost-effective materials, specif-
ically a composite liquid synthesized from silicone oil (SO) and iron oxide microfibers (hematite,
maghemite, and magnetite) at high temperatures. The presence of hematite, a semiconductor iron
oxide with spontaneous magnetization, was pivotal in forming stable aggregates with maghemite
and magnetite nano-microparticles. These aggregates, characterized by low mass density and high
roughness, resisted sedimentation, ensuring long-term stability of the capacitors’ electrical properties.

Our findings revealed that the susceptance and electrical conductance of these capacitors remained
stable over extended periods. Unlike traditional capacitors utilizing carbonyl iron microparticles, our
capacitors demonstrated a unique behavior where electrical conductance decreased with increasing
magnetic flux density. This phenomenon is attributed to the semiconductor properties of hematite,
which differs significantly from the behavior of conventional magnetizable composite liquids where
conductance typically increases with magnetic field strength.

The dynamic viscosity of the composite liquids also increased notably in the presence of a
magnetic field, similar to classical magnetizable composites. The major advantage of our proposed
method lies in its single-phase, cost-efficient production process for these composite liquids. The linear
dependency of susceptance and conductance values observed in the developed capacitors suggests
their potential application in electrical equipment designed for testing rheological properties and in
control blocks.

The capacitors’ predictable performance under varying magnetic fields underscores their practical
applicability in real-world systems, particularly in automation technologies. The ability to fine-tune
the capacitors’ response time by adjusting the microfiber-to-SO ratio and magnetic flux density is
especially valuable. These attributes make the capacitors suitable for developing advanced systems
with enhanced performance characteristics, such as adaptive sensors and electronic components with
dynamically adjustable properties.

Our research contributes significantly to the understanding and advancement of magnetodielectric-
based capacitors, offering insights into their design and optimization for various applications in
microelectronics and sensor technologies. The theoretical model based on dipolar approximations
provided a robust framework to explain the observed phenomena, further validating our experimental
results.

In conclusion, the innovative use of iron oxide microfibers in a SO matrix presents a promising
avenue for developing high-performance, cost-effective capacitors. Future research should focus
on exploring the long-term stability and scalability of these capacitors in various environmental
conditions, as well as their integration into more complex electronic systems.
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Appendix A. Morphology of Iron Oxide Microfibers

The morphology of the iron oxide microfibers was obtained using an Inspect S (SEM) electron
microscope from FEI Europe B.V., Eindhoven, The Netherlands. The image of the microfibers obtained
with this microscope is shown in Figure A1(a). From this photograph, it is observed that the nano-
microfibers are composed of chained nano-microparticles. In Figure A1(b), is selected a subset of 200
nano-microparticles, marked in red, and their dimensions are measured. The size distribution of the
nano-microparticles in the microfibers is shown in Figure A1(c). A fit (red curve) with a Gaussian
function is performed, and the obtained average diameter of the microparticles in the mFe microfibers
is dm = 0.94 µm ± 0.01 µm.

(a)
0 . 5 0 0 . 7 5 1 . 0 0 1 . 2 5 1 . 5 00

2 0
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8 0

Co
unt

s

D i a m e t e r ,  ( µm )( c )
Figure A1. (a) SEM image of microfibers. (b) SEM image of microfibers together with points (red colour)
at which their thickness was measured. (c) Histogram of the thickness (diameter) of the microfibers
(light blue columns) together with a Gaussian fit (red continuous line).

Appendix B. Variation with Time of Capacitance and Resistance

The variation of the equivalent capacitance C and the equivalent resistance R of the capacitors
CECi (i = 1, 2, . . . , 4) with the duration t of their maintenance at the values B of the magnetic flux
density is graphically represented in Figures A2 and A3. The results in Figure A2 show that the
functions C = C(t)B and R = R(t)B are linear over the duration t of applying the value B, in
accordance with Equations (A16) and (A18) from Appendix E. The same figures show that as the
value of B increases, the values C0i of the equivalent electric capacitance increase with the increase in
Φi (i = 1, 2, . . . , 4), in accordance with Equation (A17) from Appendix E. Conversely, from the same
figures, it is observed that at the same values of Φi, the values Ci increase with the increase in B, in
accordance with expression Equation (A16) from Appendix E.

Figure A3 shows that the values R0i of the resistance decrease with the increase in Φi, in accordance
with Equation (A20) from Appendix E. However, at the same values of Φi and at times t, it is observed
that the values Ri (i = 1, 2, . . . , 4) increase with the increase in B of the magnetic flux density, contrary
to Equation (A19) from Appendix E.

This discrepancy is due to the hematite in the composition of the mFe microfibers. It is known that
hematite nano-microparticles polarize in the Earth’s magnetic field. By applying an external magnetic
field, the hematite nano-microparticles form chains between the magnetite nano-microparticles through
magnetic polarization. The length of these chains increases with the increase in B of the magnetic flux
density. It is known that hematite nano-microparticles are iron oxide semiconductors with much lower
electrical conductivity compared to magnetite nano-microparticles. The resulting effect is an increase

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 June 2024                   doi:10.20944/preprints202406.1360.v1

https://doi.org/10.20944/preprints202406.1360.v1


13 of 20

in the equivalent electrical resistance of the capacitors CECi with the increase in B of the magnetic flux
density, contrary to the effects observed in liquid composites based on carbonyl iron microparticles
[24,26,28].
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Figure A2. Variation with time of capacitance, at different values of magnetic flux density. (a) CEC1.
(b) CEC2. (c) CEC3. (d) CEC4.

Appendix C. Arrangement of Microfibers without and with an External Magnetic Field

In the absence of any external field, the microfibers form aggregates randomly dispersed within
the SO matrix, as shown in Figure A4(a). When an external field is applied, the aggregates are arranged
in chain-like structures, as shown in Figure A4(b).
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Figure A3. Variation with time of resistance, at different values of magnetic flux density. (a) CEC1. (b)
CEC2. (c) CEC3. (d) CEC4.

(a) (b)

Figure A4. Microfibers (orange-brown aggregates) in SO (light blue). (a) Without any external field. (b)
In the presence of a small magnetic field (about 20 mT).

Appendix D. Equation of Motion of Microfiber’s Microparticles in a Uiform Magnetic Field

In SO, the microparticles P from the iron oxide microfibers form a composite liquid, denoted as
CL. Inside CL, the microparticles P have the same diameter, equal to the average diameter dm. The
microparticles consist of iron oxides in the form of hematite, maghemite, and magnetite.

The liquid CL is introduced into a cylinder made of textolite, with bases formed by copper
electrodes. This assembly is referred to as a cylindrical electric capacitor, denoted as CEC. At time
t = 0 s, the CEC capacitor is introduced in a uniform magnetic field. At this point (see Figure A4a),
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the microparticles P transform into magnetic dipoles. The magnetic dipoles m are oriented along
the direction of the Oz axis, which is identical to the direction of the magnetic flux density vector B.
The dipoles m interact with each other, forming aggregates in the shape of columns (Figure A4b).
These columns are uniformly distributed in the SO. The projection of the magnetic moment m on the
direction of the Oz axis is given by [24,28]:

m =
πd3

mB
2µ0

, (A1)

where dm is the average diameter, B is the magnetic flux density, and µ0 is the magnetic constant of
the vacuum. At the initial moment (t = 0 s), the distance δi (i = 1, 2, 3, 4) between two identical and
neighboring magnetic dipoles m is the same in each column. The distances δi for the composite liquids
in Table (1) are calculated using the expression [24,28]:

δi =
dm
3
√

Φi
, i = 1, 2, 3, 4, (A2)

where dm is the average diameter of the dipoles m, and Φi is the volume fraction of the microparticles
P in the composite liquids.

Along the Oz axis, there is a magnetic interaction between two neighboring and identical dipoles.
The intensity Fmz of the dipolar magnetic interaction projected along the Oz axis is given by [24,28]:

Fmzi = −3πµ0m2

4πz4
i

, (A3)

where m is the magnetic dipole moment and zi is the distance between the centers of mass of the
magnetic dipoles at a time t > 0 s from the application of B. From Equations (A2) and (A3), we obtain
the expression for the intensity of the interaction between two neighboring and identical dipoles in the
presence of the magnetic flux density:

Fmzi = −3πd6
mB2

16µ0z4
i

, (A4)

The microparticles P in each microfiber are at distances zi ≈ dm. Then, Equation (A4) becomes:

Fmzmaxi
= −3πd6

mB2

16µ0
, (A5)

The negative sign in Equation (A5) indicates that the microparticles P attract each other.
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Figure A5. Model of a cross-sectional view of the CEC, without (a) and with (b) a magnetic field. P -
iron oxide microparticles, SO - silicone oil, Cu - copper plates, D - diameter of CEC, h0 - height of CEC,
B and m - magnetic flux density vector, and respectively, dipolar electric moment, δi and zi - distances
between center of masses of microparticles P within the CL, Oz - coordinate axis.

In the time interval dt, the distance between the centers of mass of two identical and neighboring
dipoles m decreases by an absolute value dz. From the composite liquid CLi, the action of Fmzi is
opposed by a resistance force Frzi . The resistance force is the Stokes force, given by:

Frzi = 3πηidm
dzi
dt

, (A6)

where ηi is the dynamic viscosity of the CLi in the magnetic field at an arbitrary time t.
At an arbitrary moment t, a dynamic equilibrium is established, which mathematically is ex-

pressed by the equality of the two forces. Thus, we obtain the equation of motion of the dipoles m in
the liquids CLi in a magnetic field:

dzi
dt

+
3πd2

mB2

16ηiµ0
= 0, (A7)

At the moment of application of B (t = 0 s), the distance between the centers of mass of the
solid microparticles in the CLi is δi, and at the moment of dynamic equilibrium (t > 0 s), the distance
between the same centers of mass is zi < δi. Using these conditions, we integrate Equation (A7), and
in the obtained result, we introduce Equation (A2) to obtain:

zi =
dm
3
√

Φi

(
1 −

Φ1/3
i B2

16µ0ηi
t

)
, (A8)

Equation (A8) represents the equation of motion of the dipoles m in CLi in a magnetic field at an
arbitrary moment t. It is observed from Equation (A7) that the motion of the dipoles m in the liquids
CLi in a magnetic field is uniform. The distance between the centers of mass of the dipoles m, for a
fixed value of the diameter dm and the volume fraction of microparticles, is significantly dependent on
the values of B of the magnetic flux density.

Appendix E. Electrical Capacitance and Resistance of CECs

The results obtained in Figures A2 and A3 lead us to conclude that capacitors made with the
dielectric liquids CLi (i = 1, 2, . . . , 4) have an equivalent electrical circuit consisting of a resistor Ri
connected in parallel with a capacitor Ci. Using the model from Figure A5, we determine here the
analytical expressions for the equivalent electrical resistance and capacitance.
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First, we consider that the maximum number, n1i of dipoles m in each chain is estimated by the
relation:

n1i =
h0

dm
, (A9)

where h0 and dm are the distance between the copper electrodes of the capacitors CEC and the average
diameter of the dipoles m.The number Ni of magnetic dipoles m in the liquids CLi is estimated by the
relation [24,28]:

Ni =
ΦiV
VP

, (A10)

where VP is the volume of an average particle. For V = 0.25D2h0 and VP = πd3
m

6 , substituted in
Equation (A10), we obtain:

Ni =
3ΦiD2h0

2d3
m

. (A11)

Using Equations (A8) and (A10), we obtain the number of columns, n2i , in the volume of the
liquids CLi as follows:

n2i =
Ni
n1i

=
3ΦiD2

2d2
m

, (A12)

Each pair of two dipoles in each chain present in the liquids CLi forms a microelectric resistor
Rzi , connected electrically in parallel with a microelectric capacitor Czi . We consider the microresistor
to be linear and the microcapacitor to be equivalent to a planar one. Then, the resistance Rzi of the
microresistors can be approximated by the relation Rzi = zi/(σiS) and the capacitance Czi of the
microcapacitors by the relation Czi = ϵ0ϵ′iS/zi, where σi and ϵ′i are the electrical conductivity and
relative dielectric permittivity of the liquids CLi in the magnetic field, ϵ0 is the dielectric permittivity
of the vacuum, S is the contact surface area between the dipoles m, and zi is the distance between the
magnetic dipoles at a time t > 0 s. For S = πd2

m and the expression of zi in Equation A7 introduced
into the expressions for Czi and Rzi , we obtain:

Czi =
πd2

mϵ0ϵ′i
zi

=
π 3
√

Φidmϵ0ϵ′i

1 − Φ1/3
i B2

16µ0ηi
t

, (A13)

and

Rzi =
zi

σiπd2
m

=
1

πdmσi
3
√

Φi

(
1 −

Φ1/3
i B2

16µ0ηi
t

)
, (A14)

The capacitors Czi in the chains of magnetic dipoles are connected in series, and their number is
n1i ≫ 1. Then, the capacitance Cz1i

of a chain of capacitors is estimated by the relation:

Cz1i
=

Czi

n1i

=
πd2

mϵ0ϵ′i
3
√

Φi

h0

(
1 − Φ1/3

i B2

16µ0ηi
t
) , (A15)

The capacitors Cz1i
are connected in parallel through the copper foil of the capacitors CECi

(i = 1, 2, . . . , 4) in the magnetic field. Then, the equivalent capacitance Ci of the cylindrical capacitors
is given by:

Ci = n2i Cz1i
=

3πD2ϵ0ϵ′iΦ
4/3
i

2h0

(
1 − Φ1/3

i B2

16µ0ηi
t
) =

C0i

1 − Φ1/3
i B2

16µ0ηi
t
, (A16)

where C0i is the initial capacitance of the capacitors CECi.
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The value of C0i is calculated using the relation:

C0i =
3πD2ϵ0ϵ′iΦ

4/3
i

2h0
, (A17)

The equivalent resistance of a chain of magnetic dipoles, in number n1i ≫ 1, is formed by the
sum of the resistances in each chain of magnetic dipoles, and is given by:

Rz1i
= n1i Rzi =

h0

σiπd2
m

3
√

Φi

(
1 −

Φ1/3
i B2

16µ0ηi
t

)
, (A18)

The resistances Rz1i
(i = 1, 2, . . . , 4) are connected in parallel through the copper foil of the capacitors

CECi in the magnetic field. Then, the equivalent resistance Ri of the capacitors is estimated by the
relation:

Ri =
Rz1i

n2i

=
2h0

3πD2σiΦ
4/3
i

(
1 −

Φ1/3
i B2

16µ0ηi
t

)
= R0i

(
1 −

Φ1/3
i B2

16µ0ηi
t

)
, (A19)

where R0i are the initial equivalent electrical resistances of the capacitors CECi. The value of R0i is
calculated using the relation:

R0i =
2h0

3πD2σiΦ
4/3
i

. (A20)

Appendix F. Susceptance and Conductance of CECs

The susceptance Bi and electrical conductance G1 of the capacitors CECi are defined by the
following relations:

Bi = 2π f Ci =
2π f C0i

1 − Φ1/3
i B2

16µ0ηi
t
=

B0i

1 − Φ1/3
i B2

16µ0ηi
t
, (A21)

where B0i is the initial susceptance of the capacitors CECi and f is the frequency of the alternating
electric field.

The value of B0i is defined by the expression:

B0i =
3π2 f D2ϵ0ϵ′iΦ

4/3
i

h0
. (A22)

The conductance Gi of the capacitors CECi is defined by the relation:

Gi =
1
Ri

=
G0i

1 − Φ1/3
i B2

16µ0ηi
t
, (A23)

where G0i is the initial conductance of the capacitors CECi, and is defined by the expression:

G0i =
3πD2σiΦ

4/3
i

2h0
. (A24)
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