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1. Introduction

During the past decades the emergence of rapid development in micro/nano
fabrication has led to scaling down of electromechanical systems into
submicron length scales. This opens new areas for the application of the
Casimir forces, since they could inevitably play role in the operation of
micro/nano systems. These devices have sufficiently large surface areas and
gaps small enough for the Casimir force even to pull components together
leading to permanent adhesion, a phenomenon known as stiction. And this
malfunction is in many cases unavoidable for the dynamical stability of
micro/nano electromechanical systems (MEMS/NEMS) such as sensors,
micro switches, actuators. Hence, a comprehensive knowledge about the
magnitude and direction of the Casimir force can provide strong insight into
the design and architecture of MEMS/NEMS. The Casimir force, which
originates from perturbations of fluctuating electromagnetic (EM) fields, was
discovered in 1948 by the Dutch physicist Hendrick Casimir. This is a
quantum mechanical attractive force between two parallel, neutral, and
perfectly conducting flat plates and without considering thermal fluctuations
(T=0 K). In 1950’s, Evgeny Lifshitz and co-workers proposed the general
theory for the Casimir force between parallel flat plates made of real dielectric
materials. For this purpose, it was utilized the fluctuation— dissipation theorem
to relate the dissipative properties of the plates (optical absorption by many
microscopic dipoles) and EM fluctuations.

2. Methodology
In this study, the Casimir force in a three-layer microsystem at room
temperature between parallel plates made of gold, silicon carbide, and silica,
free from any roughness, is examined using Lifshitz theory to consider the
impact of the different optical properties. According to this theory, the effect
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of optical properties on the force magnitude is expressed through the dielectric
function and magnetic permeability of the system components. Calculations
were performed for distances ranging from 50 to 500 nanometers between the
plates. The intermediate layer, consisting of a magnetic fluid formed from the
carrier liquid and magnetic nanoparticles, was assumed. These nanoparticles
possess the significant property of inherent magnetic permeability. The
permittivity €¢(i§,) of the ferrofluid can be obtained from the Rayleigh
formula.

e (IE ) — Sm(izn)sc(izn)(l + (I)) + 28% (izn)(l B CD)
e em (&) (1 — @) + £c(i82)(2 + D)
Where, €, (i§,) is the dielectric permittivity of the magnetic nanoparticles,
ec(i&,) is the dielectric permittivity of the carrier liquid, and @ is the volume
fraction of magnetic nanoparticles. The magnetic permeability of ferrofluid is
the other effective factor in the magnitude of the Casimir force via the
Maxwell boundary conditions. At room temperature, the magnetic
permeability decreases fast and reaches 1 before the first Matsubara
frequency. As a result, the magnetic properties affect the Casimir force only
through the zero-frequency term. Therefore, the magnetic permeability of the
ferrofluid obtains the form.
2m2d M2D3
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Where, M; is the saturation magnetization per unit volume, which is
considered to be 3 x 10° A/m for the magnetic nanoparticles under
consideration. D is the diameter of the magnetic nanoparticles, and the
temperature T is considered to be T = 300 K. To investigate the effect of the
magnetic fluid on the magnitude of the Casimir force, the study first
considered increasing the concentration of nanoparticles at a fixed diameter,
followed by increasing the diameter of the nanoparticles at a fixed
concentration. The Casimir force for the specified distance range with
different plate materials was discussed and examined.

3. Results and Discussion
By changing the optical properties of the plates from a good conductor (gold)
to a poor conductor (silica), the magnitude of the Casimir force decreases
sharply, and this decrease is even greater if the gap between the plates is filled
with a liquid layer (kerosene). By adding Fe;O4 ferromagnetic nanoparticles
to kerosene in the middle layer, a magnetic fluid is formed. Fe;Os
ferromagnetic nanoparticles have inherent magnetic permeability. The
presence of nanoparticles in the middle layer causes more waves to be
generated, so the chance of high-intensity standing waves that can remain
stationary in the middle increases, resulting in a decrease in the Casimir force.
Permeability is proportional to concentration, so the difference between p at
large distances becomes more pronounced. It can be seen that increasing p of
the ferrofluid will lead to an increase in the Casimir force. As the diameter
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increases, since the concentration is constant, the number of nanoparticles
decreases and the intensity of the wave produced in the middle layer
decreases, resulting in an increase in the pressure difference outside and
between the plates and an increase in the force. This is weaker at short
distances, but at long distances, with the increase in the effect of p, this issue
is clearly visible. Therefore, at a given distance between the plates, the amount
of force becomes the same as when the crocin interlayer is considered. In fact,
nanoparticles with a critical diameter could not cause a change in the
magnitude of the Casimir force.

4. Conclusion

The results indicate that as the concentration of nanoparticles at a fixed
diameter increases, the dielectric function of the magnetic fluid increases,
affecting the reduction of the force. Additionally, at a fixed concentration, an
increase in the diameter of the nanoparticles significantly impacts the increase
of the Casimir force. Considering a larger diameter at a fixed concentration
leads to a reduction in the number of nanoparticles, consequently increasing
the force. An interesting effect observed in three-layer systems with a
magnetic fluid intermediate layer is that at a fixed distance between the plates,
adding magnetic nanoparticles of a specific diameter to the carrier fluid at a
certain concentration has no effect on the Casimir force between the plates
compared to when the intermediate layer is kerosene. Therefore, it can be said
that the results of this study could significantly assist microsystems that
require the generation of magnetic effects without altering their stable
dynamic range and, consequently, the magnitude of the Casimir force. It also
provides opportunities for precise control of the Casimir force in three-layer
systems with a magnetic fluid intermediate layer, which could be utilized in
the next generation of microdevices based on ferrofluids.

Keywords: Casimir Force, Optical Properties, Lifshitz Theory, Ferrofluid,
Magnetic Nanoparticle.
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Fig. 1 The imaginary part of the dielectric function for Au vs. ration §/§ (where &

is the first Matsubara frequency).
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Fig. 2 The imaginary part of the dielectric function ration §/§,
(where &; is the first Matsubara frequency). The materials are indicated.
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Fig. 4 Reduction factor vs distance at room temperature is shown (a) vacuum is
considered as intermediate layer of MEMS, (b) the intermediate layer of Au-based
MEMS is indicated, and (c) the intermediate layer of Au-based MEMS
is kerosene of ferro fluid at concentration of 0.09.
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Fig. 5 The imaginary part of the dielectric function of ferrofluid at various
concentration vs the imaginary frequency.
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Fig. 6 Reduction factor vs distance between the plates made of (a) gold, and (b)
silica.

Ferrofluid at various concentration is considered as intermediate layer.
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Fig. 7 Reduction factor vs distance between the plates made of (a) gold and (b)
silica. Ferrofluid at concentration of 0.02 with various diameter of the nanoparticle
is considered as intermediate layer.
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Fig. 8 Reduction factor vs distance between silica plates at room temperature.
Ferrofluid at concentration of 0.02 with various diameter of the nanoparticle is
considered as intermediate layer.
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Fig. 9 Magnitude of the critical diameter of nanoparticles vs the distance
between the plates made of (a) silica and (b) silicon carbide. ferrofluid at
various concentration is considered as intermediate layer.
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Fig. 10 Magnitude of the critical diameter of nanoparticles vs the distance.

Ferrofluid at concentration of 0.02 is considered as intermediate layer in MEMS. the
material is indicated.
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