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Abstract 

We present frequency- and magnetic field-dependent measurements of the complex dielectric 
permittivity ε*(f, H) of a kerosene-based ferrofluid, containing Mn0.6Fe0.4Fe2O4 nanoparticles, over 
0.8–5 GHz and static fields up to ~91 kA/m. The imaginary part, ε′′F, shows a peak at a characteristic 
frequency that shifts towards higher frequencies with increasing H, revealing a magnetic field-
dependent relaxation process, interpreted using the Maxwell–Wagner–Sillars model. 
Dielectrophoretic extraction of nanoparticles was evaluated via the squared electric field gradient, 
and a threshold,  min

2E , dependent on particle size was determined. Below that threshold, 

Brownian forces dominate, so the ferrofluid acts as a homogeneous dielectric. For this case, the 
Clausius-Mossotti factor (CM) was calculated for ferrofluid droplets in air and in water as a function 
of frequency and magnetic field. In air, CM exhibits modest but systematic magnetic field 
dependence, indicating magnetically modulated dielectric response at GHz frequencies. In contrast, 
when water is used as the reference medium, CM remains negative and essentially independent of 
H across the entire frequency range, suggesting that the high permittivity of water masks magneto-
dielectric effects in the ferrofluid. These findings provide insight into the interplay between magnetic 
field and permittivity of ferrofluids, with implications for high-frequency applications. Moreover, 
using a λ/4 antenna connected to a network analyzer, the existence of the dielectrophoretic force 
acting on a ferrofluid-impregnated textile thread, at microwave frequencies, was experimentally 
demonstrated. 

Keywords: ferrofluid; dielectric permiĴivity; Clausius-MossoĴi factor 
 

1. Introduction 

Ferrofluids are defined as stable colloidal systems of magnetic single-domain nanoparticles 
dispersed in a carrier liquid and stabilized by a surfactant coating to prevent agglomeration [1,2]. 
Ferrofluids exhibit both static and dynamic magnetic and dielectric properties, which are exploited 
in numerous technological [3,4] and biomedical [5,6] applications. 
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Dielectrophoresis is a phenomenon in which polarizable particles experience a force when 
subjected to a non-uniform electric field [7]. This force arises from the interaction between the 
particle’s dipole moment and the electric field gradient, causing particles to move toward regions of 
higher or lower field intensity, depending on their dielectric properties relative to the surrounding 
medium [7]. Due to its ability to manipulate particles without requiring labels or direct contact, 
dielectrophoresis has become a powerful tool in microfluidics [8], with applications in particle 
separation [9], characterization [10], and biomedical diagnostics [11]. 

Dielectrophoresis (DEP) can be classified based on the frequency of the applied electric field, 
which strongly influences particle response. Low-frequency DEP (< 1 MHz) primarily exploits 
particle conductivity and double-layer effects, making it ideal for manipulating cells and bacteria 
[12,13]. Radiofrequency DEP (1–100 MHz) probes both dielectric and conductive properties, enabling 
the selective separation of cells based on physiological differences [14,15]. Microwave DEP (> 100 
MHz) targets dielectric relaxation of nanoparticles and subcellular structures, allowing manipulation 
and characterization of viruses, exosomes, and other nanoscale particles [16–18]. 

Overall, the choice of frequency enables the tailoring of DEP for specific particle types and 
applications, ranging from bulk cell separation to nanoscale particle characterization, providing 
versatile tools for biomedical, analytical, and nanotechnology research. 

Applying dielectrophoresis to ferrofluids allows for the controlled reorganization and 
structuring of suspended magnetic nanoparticles, ferrofluid droplets, enabling the creation of tunable 
or “smart” fluid materials with customized physical properties. Additionally, this method permits 
selective separation or detailed characterization of nanoparticles based on their dielectric response. 
By combining dielectrophoretic manipulation with magnetic fields, it becomes possible to achieve 
both electrical and magnetic control within a single system, providing versatile options for 
microfluidic, sensing, and adaptive material applications. 

This study seeks to investigate the frequency and static magnetic field-dependent behavior of 
the Clausius-MossoĴi factor of a ferrofluid containing manganese ferrite nanoparticles, within the 
frequency range of 0.8–5 GHz and under magnetic field strengths ranging from 0 to approximately 
91 kA/m. The objective of this study is to evaluate the feasibility of the dielectrophoresis phenomenon 
of ferrofluids at microwave frequencies, bearing in mind possible technical or biomedical 
applications. 

2. Materials and Methods 

The sample used for the measurements was a kerosene-based ferrofluid, containing mixed 
ferrite particles of the MnxFe1-xFe2O4 type (with x=0.6), having a density ρF = 1.11 g/cm3. It was 
obtained by chemical coprecipitation in aqueous solution of bivalent and trivalent iron salts with an 
excess of NH4OH; the expected composition resulted from the use of the following raw materials: 
MnSO4 · 4H2O (0.6 mol), FeSO4 · 7H2O (0.4 mol), FeCl3 with excess NH4OH [19,20]. The stabilization 
of the obtained mixed Mn-Fe ferrite particles was achieved by hydrophobization with oleic acid in 
the absence of the dispersion medium (kerosene) by heat treatment at 97 °C for 1.5 hours [20], 
followed by filtration in an aqueous medium to purify the obtained phase. Finally, the resulting 
magnetic material was dispersed in kerosene, and to remove traces of water, a slight heating above 
100 °C was performed, followed by magnetic field gradient filtration to eliminate clusters and large 
particles [20,21]. 

Using an inductive method [22], the dependence of the magnetization, M, on the magnetic field, 
H (Figure 1), of the investigated ferrofluid sample, at room temperature, was determined, resulting 
in a Langevin-type magnetization curve [1]. 
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Figure 1. Magnetization curve of the investigated ferrofluid sample. 

Based on the magneto-granulometric analysis [23] and static magnetization curve M(H) from 
Figure 1, assuming a spherical shape of the particles, the saturation magnetization of ferrofluid (Msat), 
the mean magnetic diameter of particles (dm), the particle concentration (n), and the initial 
susceptibility (χin) were determined. The following values were obtained: Msat = 16.2 kA/m; dm = 13.42 
nm; n = 4.41·1022 m-3 and χin = 0.941. 

The complex dielectric permiĴivity, ε(f, H), of the sample was measured using the open-
circuited (OC) coaxial transmission line technique [24,25], over the frequency range (f), between 0.8 
GHz and 5 GHz, and at different values of static magnetic field (H), between 0 and approximately 91 
kA/m. For this, an HP 8753C network analyzer [25] was used with a 50 Ω HewleĴ-Packard coaxial 
line, including a coaxial cell containing the ferrofluid sample. The coaxial cell was placed between 
the poles of an electromagnet, with the cell axis perpendicular to the magnetic field. 

For the experiment that proves the existence of the microwave dielectrophoretic force, we used 
a λ/4 antenna, connected with a 50 Ω coaxial cable to an Agilent FieldFox network analyzer, type 
N9923A. 

3. Results and Discussion 

The dielectrophoretic force acting on an entity (particle, cell, droplet, etc.) suspended in a 

medium with complex dielectric permiĴivity, 
*
m , is given by the relationship: 

   2*
0

3 Re2 EKrF mDEP    (1)

In relation (1), r is the radius of the entity (assumed of spherical shape), 0 , is the dielectric 

permiĴivity of vacuum, m  , is the real component of the relative complex dielectric permiĴivity of 
the entity, ω = 2πf is the angular frequency, E is the amplitude of the electric field, and K*(ω) is the 
complex Clausius-MossoĴi factor, 

 
   
   




**

**
*

2 mp

mp
K




  (2)
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In equation (2),  *
p  is the complex dielectric permiĴivity of the entity (particle, cell, droplet, 

etc.), and   *
m   is the complex dielectric permiĴivity of the environment in which the entity is 

located. 

3.1. Clausius-MossoĴi Factor of the Nanoparticles in Ferrofluid 

Before addressing any aspects of the dielectrophoretic behavior of a ferrofluid (or colloidal 
systems in general), it is essential to evaluate the dielectrophoretic force acting on an individual 
particle suspended in the carrier liquid. Such an analysis allows one to determine whether the 
ferrofluid responds to an electric field gradient as a homogeneous medium, or whether particle 
agglomeration occurs, potentially leading to local inhomogeneity or even to phase separation 
between the solid particles and the carrier liquid, as a result of the dielectroforetic force action on 
nanoparticles within the ferrofluid. 

Let us consider a manganese ferrite nanoparticle with a typical radius for nanoparticles in a 

ferrofluid, 𝑟 = 5 nm [1], suspended in kerosene ( 2m  ). The relative dielectric permiĴivity of 
manganese ferrite is on the order of hundreds at low frequencies, and decreases to values on the 
order of tens at frequencies around the kiloherĵ range [26]. 

When the particle permiĴivity is very high, the real part of the Clausius–MossoĴi factor 
approaches unity. In the case of micro- or nano-electrodes, extremely high electric field gradients can 

be achieved (such as 
32172 /10 mVE    in the reference [27]), and assuming the idealized 

maximum value of Re[𝐾*] = 1, the resulting dielectrophoretic force for this field gradient is 
approximately 1.4 × 10−18 N. 

The Brownian force can be estimated using equation (3) [28], based on the assumption that the 
thermal energy kBT is at least equal to the mechanical work required to displace the particle by a 
distance corresponding to its radius. Therefore, at room temperature (T = 300 K), one gets 

NFB
13108  . 

r

Tk
F B
B   (3)

By comparing the dielectrophoretic force, which acts on a nanoparticle, with the Brownian force, 

it results that an electric field gradient, 
32172 /10 mVE   (as in reference [27]) cannot produce 

agglomerations of nanoparticles in a ferrofluid, and its homogeneity cannot be affected by the 
dielectroforetic force. 

For a particle with the radius, 𝑟, located in kerosene ( 2m ), and for the idealized maximum 
limit, Re[𝐾*] = 1, from equations (2) and (3), it follows that for the dielectrophoretic force to be greater 
than the Brownian force, at room temperature, the squared electric field gradient should fulfill the 
condition: 

   min
2

*
0

4
2

Re2
E

Kr

Tk
E

m

B 





 (4)

Figure 2 shows the theoretical dependence of  min
2E  on the radius of a manganese ferrite 

particle in kerosene, computed at room temperature and under the assumption of idealized 
maximum limit, Re[𝐾*] = 1. This figure delineates the range of the squared electric field gradient, 

2E , values for which the dielectrophoretic force, DEPF  acting on a particle of radius, r, surpasses 

the Brownian force acting on the same particle, BF  . Also, from Figure 2, it can be seen that 
nanoparticle aggregates could be extracted from the ferrofluid, under practically achievable field 
gradient conditions. 
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Figure 2. Theoretical dependence of  min
2E  on the radius of a manganese ferrite particle in kerosene. 

For non-aggregated nanoparticles, which have a typical radius, 𝑟 = 5 nm, located in kerosene (
2m ), it follows that for the dielectrophoretic force to be greater than the Brownian force, at room 

temperature, the squared electric field gradient should be 
32222 /106 mVE  . Such a gradient 

value is very high and can be obtained with nano-tips, which have gaps between them of the order 
of tens of nanometers at most, but also, a possible achievement through e-beam lithography [29]. 

Otherwise, with thicker electrodes and a larger distance between them, the ferrofluid behaves 
as a homogeneous system, in the absence of other factors that would spoil the local homogeneity, 
because the dielectrophoretic force is smaller than the Brownian force acting on the individual 
nanoparticles dispersed in the carrier liquid of the ferrofluid. Under these conditions, the effective 
dielectric permiĴivity of the ferrofluid, as a homogeneous sample, is significant for dielectrophoresis 
experiments with ferrofluids. 

3.2. Frequency and Magnetic Field Dependence of the Dielectric PermiĴivity of Ferrofluid 

Figure 3 shows the experimental frequency dependence of the components F   and F   of the 
complex dielectric permiĴivity over the frequency range (0.8 - 5) GHz for different values of the 
magnetic field, H, ranging from 0 to 91 kA/m. 

 
Figure 3. The frequency dependence of components of the complex dielectric permiĴivity at different values, H, 
of the magnetic field. 
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From Figure 3, it is observed that for a constant value, H, of the magnetic field, the real 

component F    decreases over the entire frequency range from 0.8 GHz to 5 GHz, whilst for a 

constant frequency f, the component F   gradually increases with increasing field H. 

Regarding the variation with frequency of F  , it is observed that within the range (0.8 – 2) GHz, 

it gradually decreases with increasing field H, after which within the range (2.5 - 5) GHz, F   exhibits 
both increases and decreases with increasing H. Also, from Figure 3, it is observed that the component 
F   shows a maximum at a frequency fmax that moves from 2.65 GHz to 4.70 GHz with increasing H 

from 0 to 90.66 kA/m, which indicates the existence of a dielectric relaxation process, correlated with 
the polarization of the ferrofluid particles in the presence of the electric microwave field. This 
relaxation process corresponds to the Maxwell-Wagner-Sillars polarization phenomenon, also 

known as interfacial polarization [30,31]. Such behavior of the F    and F    components is 
influenced by the shape of the particles and the orientation of the electric dipoles in the direction of 
the electric field [30,31], as well as by the particle agglomerations induced by the magnetic field. At 
the same time, the electric dipole moment of the particles in the presence of the magnetic field changes 
compared to the electric dipole moment of the particles in the absence of the magnetic field, which 
will determine the increase or decrease of the components of the complex dielectric permiĴivity in 
different frequency or magnetic field domains [31] (see Figure 3). 

A theoretical explanation of the frequency and static magnetic field dependence of the complex 
dielectric permiĴivity can be made based on the theoretical model in reference [31]. In this theoretical 
model [31], a colloidal system consisting of magnetic ellipsoids dispersed in a liquid medium is 
considered, and the dielectric permiĴivity of the system is given by the Maxwell-Wagner-Sillars 
model. 

The analysis of the theoretical dependencies of F    and F    shows that an increase in the 

eccentricity of the ellipsoids leads to an increase in the permiĴivity, F  , of the colloidal system, and 

an increase in the electrical conductivity of the ellipsoids leads to a shift of the maximum of F   
towards higher frequencies. 

In the case of ferrofluids, the agglomeration of magnetic nanoparticles into small aggregates, 
formed by several particles (which behave in the carrier liquid as a large particle) can be done under 
the action of a static magnetic field applied to the ferrofluid. On the other hand, through the 
magnetoresistive tunneling effect, the electrical resistance between two magnetic particles decreases 
as their magnetic moments align. Thus, by applying a magnetic field, the occurrence of aggregates of 
a few particles is equivalent to increasing the eccentricity of the particles in the colloidal system. At 
the same time, the electrical conductivity of such an aggregate increases through the tunnel 

magnetoresistive effect. So, the increase in the real component of the permiĴivity, F  , and the shift 

to higher frequencies of the maximum of F   with increase in magnetic field (as seen in Figure 3) is 
due to the formation of nanoparticle aggregates in the ferrofluid, as well as to the tunnel 
magnetoresistive effect inside such an aggregate of a few nanoparticles. 

3.3. Clausius-MossoĴi Factor of the Ferrofluid in Air 

The Clausius-MossoĴi complex factor for a droplet of ferrofluid in air is: 

2

1
*

*






F

F
FAK


  (5)

Using the complex form for the dielectric permiĴivity of ferrofluid, after performing some 
calculations, the expressions of the real (K'FA) and imaginary (K"FA) components of the Clausius-
MossoĴi complex factor result in: 
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2
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




FFF

FFF
FAK


  (6)
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3
22 




FFF

F
FAK


  (7)

Using the experimental values of F   and F  , from Figure 3, by means of equations (6) and (7), 
the K'FA and K"FA components of the Clausius-MossoĴi complex factor were determined. Their 
frequency and magnetic field dependence are shown in Figure 4. From Figure 4, it can be observed 
that the frequency dependence of the K'FA and K"FA components of the Clausius–MossoĴi complex 
factor is similar to the dependencies of the components of the complex dielectric permiĴivity from 
Figure 3. Since air has a relative dielectric permiĴivity equal to unity, variations in the Clausius-
MossoĴi factor are directly related to changes in the permiĴivity of the ferrofluid itself. It is also 
observed from Figure 4 that Re[KFA] is positive; therefore, the dielectrophoretic force is positive, and 
the ferrofluid droplet located in air is aĴracted toward regions of higher electric field intensity. 

 
Figure 4. Frequency dependence of the components (K′FA) and (K′′FA) of the Clausius-MossoĴi complex factor of 
the ferrofluid sample in air, for different values, H, of the magnetic field. 

As illustrated in Figure 4 and further detailed in Figure 5, the real part of the Clausius–MossoĴi 
factor, K'FA, shows only a weak dependence on the applied magnetic field at frequencies up to 2 GHz. 
In contrast, a stronger sensitivity to the magnetic field is observed in the higher frequency range of 2 
GHz – 4 GHz. 
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Figure 5. Relative variation of the real component of the Clausius-MossoĴi factor of ferrofluid in air (K′FA) as a 
function of the magnetic field (H). 

This behavior indicates the presence of the magneto-dielectric coupling in this frequency range, 
which can be aĴributed to the magnetic-field sensitivity of the Maxwell–Wagner–Sillars relaxation 
process [31]. In the ferrofluid sample, this relaxation mechanism is evidenced by dielectric relaxation 
maxima occurring approximately within the 2 GHz – 5 GHz frequency range (see Figure 3). So, we 
may conclude that the presence of the magnetic field does not considerably improve the 
dielectrophoresis of ferrofluid droplets in air. 

3.4. Clausius-MossoĴi Factor of the Ferrofluid in Distilled Water 

Another configuration that could be relevant for practical applications involves a mixture of 
water and ferrofluid droplets. To evaluate the Clausius–MossoĴi factor in this case, we also measured 
the frequency dependence of the complex dielectric permiĴivity of distilled water at room 
temperature. Figure 6 presents this dependence over the same frequency range as that used for the 
ferrofluid measurements. As shown in Figure 6, the real part of the complex dielectric permiĴivity of 
water is close to 80 and decreases slightly with increasing frequency. In contrast, the imaginary part 
increases with frequency, approaching the characteristic maximum of distilled water, which occurs 
at approximately 20 GHz [32]. The magnitude of this imaginary component is therefore non-
negligible and must be taken into account when calculating the Clausius–MossoĴi factor for a 
ferrofluid droplet suspended in water. 
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Figure 6. Frequency dependence of the components of the complex dielectric permiĴivity of distilled water. 

The Clausius-MossoĴi complex factor for a droplet of ferrofluid in distilled water is: 

**

**

2 WF

WF
FWK








  (8)

Here, 
*
F   is the complex dielectric permiĴivity of the ferrofluid and 

*
W   is the complex 

dielectric permiĴivity of water. Using the experimental values of 
*
F  and 

*
W , by means of equation 

(8), the K'FW and K"FW components of the Clausius-MossoĴi complex factor of ferrofluid droplet in 
water were determined. Their frequency and magnetic field dependence are shown in Figure 7. 

 

Figure 7. Frequency dependence of the components (K′FW) and (K′′FW) of the Clausius-MossoĴi complex factor 
of the ferrofluid sample in distilled water, for different values, H, of the magnetic field. 

It is observed from Figure 7 that Re[KFW] is negative; therefore, the dielectrophoretic force is 
negative, and the ferrofluid droplet located in water is repelled from the regions of higher electric 
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field intensity. With respect to the influence of the magnetic field on the components of the Clausius–
MossoĴi factor, Figure 7 demonstrates that neither the real part, K'FW, nor the imaginary part, K"FW, 
exhibits a significant dependence on the applied magnetic field, H. This behavior can be aĴributed to 
the substantially higher permiĴivity of water relative to that of the ferrofluid. As a result, the 
Clausius–MossoĴi factor for a ferrofluid dispersed in water is predominantly governed by the 
permiĴivity of the surrounding water medium, which is essentially insensitive to variations in the 
magnetic field. 

3.5. Proving the Existence of Dielectrophoretic Force in the Microwave Field 

To demonstrate the presence of dielectrophoretic forces in the microwave frequency range, we 
conducted a qualitative experiment using a quarter-wavelength (λ/4) antenna connected to a network 
analyzer via a 50 Ω coaxial cable. Figures 8(a) and 8(b) show the experimental setup and a detailed 
view of the antenna, respectively. For a quarter-wavelength (λ/4) antenna, the electric field reaches 
its maximum at the antenna tip. To further enhance the electric field intensity, a thin wire with a 
diameter of 150 µm was soldered to the end of the antenna (see Figure 8 (b)). The total length of the 
antenna was 5 cm. In order to find the tuning frequency of the cable-antenna system, we measured 
the frequency dependence of the S11 parameter, and the result is shown in Figure 9, from which it 
can be seen that the tuning frequency is at 1.66 GHz. 

  
a) (b) 

Figure 8. Pictures of the experimental arrangement for proving the microwave dielectrophoresis force: general 
view (a) and details with the antenna and pendulum (b). 
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Figure 9. Frequency dependence of the reflection coefficient of the cable-antenna system. 

At the frequency corresponding to the minimum of the reflection coefficient (S11), the antenna 
operates in resonant mode. In this case, the electromagnetic field distribution along a λ/4 antenna 
exhibits a maximum of the electric field at the free end of the antenna. Since the network analyzer 
performs measurements over a user-defined frequency range, and taking into account the resonant 
frequency of the cable–antenna system, the scan range was narrowed to (1.6 – 1.7) GHz, in order to 
emphasize the dielectrophoretic force in the vicinity of the resonance. 

Near the free end of the antenna, a pendulum consisting of a textile thread was positioned (see 
Figure 8(b)). The lower end of the thread was first immersed in the ferrofluid and subsequently 
brought close to the antenna tip together with its support, until the thread adhered to the antenna 
end. The support was then carefully withdrawn, while ensuring that the thread remained aĴached 
to the antenna. The support was further displaced until the thread detached from the antenna tip. 
After allowing the thread to reach its equilibrium position, the horizontal displacement between the 
thread and the antenna tip was measured as d = 0.5 cm (see Figure 10). 

 
Figure 10. Frequency dependence of the reflection coefficient of the cable-antenna system. 

Given the thread length, L = 12 cm, and its mass, m = 19 mg, the horizontal force—aĴributed to 
the dielectrophoretic effect—required to balance the gravitational force and maintain the thread end 
at a horizontal displacement, d, from the vertical was estimated to be F = 3.9·10-6 N. 

4. Conclusions 

The real, F   and imaginary, F   components of the complex dielectric permiĴivity, over the 
frequency range (0.8 – 5) GHz and at different values of a static magnetic field, H, between 
approximately (0-91) kA/m, for a kerosene-based ferrofluid sample, with Mn-Fe nanoparticles, were 

determined. The results show that F   has a maximum at a frequency fmax that increases from 2.65 
GHz to 4.70 GHz with increasing H from 0 to 90.66 kA/m, indicating the presence of a magnetic field-
dependent dielectric relaxation process, associated with the Maxwell-Wagner-Sillars polarization 
phenomenon, or interfacial polarization. 

We investigated the feasibility of extracting nanoparticles from ferrofluids via dielectrophoresis 

by analyzing the squared electric field gradient (
2E ). For gradients below the threshold of  min

2E

, the dielectrophoretic force is weaker than the Brownian force. Consequently, under these conditions, 
and in the absence of additional factors that might induce local nanoparticle aggregation, the 
ferrofluid can be considered a homogeneous dielectric from the dielectrophoretic point of view. 

Based on the F   and F   components of the complex dielectric permiĴivity of the ferrofluid, 
and the components of the complex dielectric permiĴivity of distilled water, the effect of the magnetic 
field, H, on the Clausius-MossoĴi complex factor, K*(f, H), at different microwave frequencies was 
analyzed, for two cases: ferrofluid droplets in air and ferrofluid droplets in distilled water. 
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In air, the Clausius-MossoĴi factor shows a modest yet reliable dependence on the magnetic 
field, reflecting a magnetically modulated dielectric response at GHz frequencies. By contrast, when 
water serves as the reference medium, the Clausius-MossoĴi factor remains negative and largely 
unaffected by H across the studied frequency range, indicating that water’s high permiĴivity 
suppresses the magneto-dielectric effect of ferrofluids. 

Using a λ/4 antenna connected to a network analyzer, the resonant frequency of the cable-
antenna system was determined. Around this resonant frequency, the dielectrophoretic force acting 
on the end of a textile thread, after it was immersed in ferrofluid, was evaluated. This demonstrates 
the existence of the dielectrophoretic force at microwave frequencies. 
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