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Abstract: In this work, we theoretically and experimentally study the induction of electromagnetic
forces in an opal-based magnetic photonic glass, where light normally impinges onto a disordered
arrangement of SiO, spheres by the aggregation of Fe;O, nanoparticles. The working wavelength is
633 nm. Experimental evidence is presented for the force that results from forced oscillations of the
photonic structure. Finite-element method simulations and a theoretical model estimate the magnetic
force volumetric density value, peak displacement, and velocity of oscillations. The magnetic force is
of the order of 56 microN, which is approximately 500-times higher than forces induced in dielectric
optomechanical photonic crystal cavities.
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1. Introduction

Photonic crystals (PCs) are commonly made from periodic materials [1] that alter the
propagation of photons, and sometimes PCs are built up from nanostructures [2]. Light
with wavelengths that can pass through the structure are known as extended photonic
modes, which create photonic bands. Prohibited bands of specific wavelengths are known
as photonic bandgaps (PBGs). PBGs give rise to different optical phenomena, such as
high-reflectivity omnidirectional mirrors [3], Bloch oscillations [4,5], sensing [6], negative
refraction [7], and localization of photons [8]. In past years, a line of research that has begun
to be exploited is related to combining PCs with other materials to create new devices.
Redshift and polarization-sensitive PBGs can be found in one-dimensional PCs (1D-PCs)
containing hyperbolic or elliptical metamaterials [9,10]. Moreover, two-dimensional PCs
(2D-PCs) show better decoupling in light-emitting diodes [11], functioning as powerful
light sources [12,13] with high efficiency [11]. Additionally, three-dimensional PCs (3D-PCs)
have found applications in optoelectronics [14] and thermal photovoltaic cells [15].

In recent years, the influence of magnetic materials embedded in PCs on the optical
and magnetic properties of synthesized composites has been reported in many investiga-
tions. These materials, known as magnetic photonic crystals (MPCs), break time inversion
symmetry, allowing nonreciprocal effects in light propagation [16,17] and additionally
allowing light to be slowed at frequencies close to photonic band edges, enormously in-
creasing the light-matter interaction and enhancing the magneto-optical response [18-20].
Thus, MPCs have potential applications in magneto-optical devices such as isolators and
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circulators [21-24], as wideband ideal optical diodes [25], or for enhanced light-matter
interactions [26], among others.

Meanwhile, photonic crystals (PCs) exploit the periodicity in the dielectric constant
and the consequent long-range correlation; disordered structures can still strongly affect
light transport [27]. For example, in structures known as photonic glasses (PGs), which
are composed of disordered configurations of identical building blocks, the transport
velocity of light can be significantly reduced at specific wavelengths [28], and random
lasing can be controlled [29]. This PG class may generate a wide spectral range of purely
structural, angular-independent colors and could be the key to optimizing tunable photonic
materials [30]. Additionally, they are central to understanding fundamental questions
such as isotropic structural colors, random lasing, and strong light localization in three
dimensions [31].

On the other hand, the manipulation of micro-objects and biological organisms has
been achieved by utilizing radiation pressure. Optical traps have been developed based on
the force of radiation pressure that results from photon momentum transfer. These traps
include early optical levitation configurations and optical tweezers [32,33]. A micromechan-
ical resonator has been created, directly operated through radiation pressure [34]. Optical
microcavities in optomechanics utilize radiation pressure to couple light and matter, while
the optical gradient force is the driving force. The resonator displacement and laser intensity
heavily influence the strength of the optical gradient force [35,36]. Experimental evidence
has shown that photonic microcavities can undergo self-oscillations and forced oscillations
due to radiation pressure [37-39]. Radiation pressures of the order 36.67 mN/m? and forces
of 110 nN were achieved [38]; traditionally, dielectric optomechanical photonic crystal
cavities generate forces of the order of tenths of nN [40]. However, adding a magnetic
material may increase these forces, and the electromagnetic force can be demonstrated
through forced or self-oscillations.

In this article, we researched experimentally the induction of electromagnetic forces in
magnetic photonic glasses (MPGs) based on SiO; artificial opals [41-46] infiltrated with
Fe304 superparamagnetic nanoparticles (NPs). Theoretically, the mean force present in

our system is magnetic. Its volumetric density is given by j? =V (A_)I : E), where M is

the magnetization, and B is the magnetic flux density. The fabrication process of the
magnetic glass is simpler than using other materials. For instance, if porous silicon is
used, it requires creating it out of crystalline silicon first and then infiltrating it with
magnetic nanoparticles. In our present case, only one step is necessary. The MPGs were
obtained using the co-assembly method [47], which previously has been employed by
some of us [48,49]. However, MPCs consisting of 5iO, spheres embedded with Fe3O,
superparamagnetic NPs can also be obtained [50]. Since the exact formulation of the force
exerted by electromagnetic fields within media remains controversial and unclear [51,52],
to gain insight into the induction of electromagnetic force on the MPGs, we directed laser
light with a wavelength of 633 nm perpendicularly onto beam shape MPGs. Experimental
evidence demonstrates the electromagnetic force generated when the MPGs undergo forced
oscillations. We quantified maximum displacement and velocity of 7.9 ym and 3.42 mm/s,
respectively, for an external frequency of 69 Hz. Using Finite-Element Method (FEM)
simulations, we calculated the maximum displacement caused by the magnetic force. We
then analyzed a dynamic model for forced mechanical oscillations of the MPGs. We found
that MPG materials can significantly enhance the magnetic forces in these structures, which
builds upon our previous research results. Our research can enhance the comprehension
of magnetic forces in MPGs, propose possible uses in controlling micro-objects through
radiation pressure, and create opportunities for additional advancements. For example,
in energy harvesters, by utilizing sunlight in place of a laser, the oscillations of the MPG
generate voltages in a coil, which can then be stored.

The present work is organized as follows. In Section 2, we describe the materials and
methods. We present the experimental details to fabricate the MPGs, their characterization,
the mechanical oscillation measurements, the FEM simulation parameters for the maximum
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oscillation amplitude, and the theoretical model for mechanical oscillations. In Section 3, we
present all the results, including the samples’ structural, optical, and magnetic properties.
The experimental measurements of the MPGs’ oscillations are compared with the theoretical
model for forced mechanical oscillations. In Section 4, we discuss all the results. Lastly, we
provide concluding remarks and outline our future work in Section 5.

2. Materials and Methods
2.1. Preparation of MPGs

The process described by Sanchez et al. [53] was used to synthesize the magnetite NPs
and SiO, spheres. MPG films were obtained according to the procedure reported by Cong
et al. [47]. These were prepared using a glass substrate of dimensions 10 x 25 x 1.5 mm?3, which
was treated previously to create a clean and hydrophilic surface. It was dipped vertically into a
30 mL beaker containing 15 mL of the colloidal suspension of SiO, spheres (0.080 g in 15 mL
deoxygenated deionized water) and 1 mL of a suspension of Fe304 NPs (0.4004 g in 30 mL
deoxygenated deionized water) at a temperature of 80 °C for eight hours in a drying oven. After
the evaporation of water, a disordered arrangement of SiO, spheres was obtained due to the
aggregation of NPs Fe3O,, which formed clusters.

2.2. MPGs Characterization

Scanning Electron Microscopy (JSM IT300, Peabody, MA, USA) was used to analyze
the films of SiO; based artificial opals and MPGs deposited on glass substrates. We
found that the opal matrix is made up of SiO, spheres with diameters within 275 4+ 10 nm
range. The spheres’ sizes followed a Gaussian distribution. A cross-section analysis of
an MPG beam provided a view of the random arrangement of the spheres due to the
aggregation of Fe304 NPs. The NPs are predominantly spherical and have an average
size of 20 £4 nm. Magnetic properties were investigated using a Dyna Cool-9 with a
vibrating sample magnetometer (VSM) module (Quantum Design, San Diego, CA, USA).
This technique obtained a diameter of 19 £ 1 nm for the Fe3O4 NPs inside our sample,
which is in excellent agreement with SEM results. An ultraviolet-visible-near-infrared
spectrophotometer (Black Comet, Tampa, FL, USA) was utilized to obtain the specular
reflection spectra from the MPGs. The reflection is measured at normal incidence with a
0.22 NA and cone angle of 25.4 degrees optical fiber. The optical resolution is less than 1
nm with a 25 um slit.

We tested forced oscillations using the same experimental setup found elsewhere [37-39].
We used a laser Doppler vibrometer (VibroMet 500V MetroLaser, Irvine, CA, USA) to
measure mechanical oscillations. In our experiments, the light-induced electromagnetic
forces, consequently the MPG, oscillated at 69 Hz. The working wavelength A = 633 nm
of a He-Ne laser, with a power of 43 mW and a point size of approximately 1.65 mm?.
A chopper acted as an on-and-off switch for the pumping He-Ne laser. The laser light
impinged over the MPG with the help of a first surface reflection mirror. The vibrometer
measured the mechanical oscillations, and the analog measurements were converted into
digital and captured on a computer for further analysis.

2.3. FEM Numerical Simulations

We utilized full-wave finite element simulations with the help of FEMLAB 3.0 (Burling-
ton, MA, USA), a commonly used simulation software in different engineering and scientific
research fields. This software allows for single-physics and fully coupled multiphysics
modeling potentialities, model management, and user-friendly tools that make it easy to
create simulation applications. For the current study, we estimated the highest volumet-
ric electromagnetic force density and input its value into the Plane Stress mode of the
Structural Mechanical Module. The objective was to compute the maximum displacement
induced by the magnetic force on a beam made of MPGs. The geometry we utilized is
depicted in Figure 1. It consists of an MPG beam having 2 mm length, 825 um width, and
10.47 um thickness. All simulation parameters are displayed in Table 1.
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Figure 1. The geometry represents the magnetic glass studied here. It consists of an MPG beam of
2 mm length, 825 um width, and 10.47 um thickness. The incident light travels in the x-direction.

Table 1. The parameters for simulation that were employed in the Femlab 3.0 software are related to
the Plane Stress application, which can be located within the Structural Mechanics Module.

Geometry Material Properties Constraints Application Mode Parameters
and Loads

Length of the beam: 2 mm. The beam is considered The left end Default element type:

Width of the beam: 825 um linear and elastic with the is fixed but the right end Lagrange—Quadratic.

Thickness of the beam: 10.47 pm.
The volume of the beam: 17.3 x1012 m3,

following properties:
Young’s modulus: 55.34 GPa.

end is free and
subjected to a distributed

Analysis type: Static

Density: 2030.67 kg/m?®. load W per m®.

Mesh Parameters

Solver Parameters

Mesh size: Normal.
Number of degrees
of freedom: 205,124.
Number of Mesh
points: 27,154.
Number of triangular
elements: 48,256.
Triangle base length:
2.2 pm.

Triangle height: 1 um.
Number of boundary
elements: 6048.
Number of vertex
elements: 8.
Minimum element
quality: 0.7056.
Element area ratio: 0.8030.

Analysis: Harmonic propagation
Solver: Stationary.

Linear system solver:

Direct (UMFPACK).

Relative tolerance: 10°

Maximum number of iterations: 25.

2.4. Mechanical Oscillations Theoretical Model

When illuminated, the MPG beam behaves as an oscillating system. It generates
forced oscillations like a pendulum in a medium with viscous friction subject to a constant
force [37,54,55]. The differential equation of this dynamical system is:

JT < t < (ngoree + )T,
(nforce +j)T <t < (]"’ 1)T/
j:Or"'rnl (1)

X+ 2hx + w(z)x :<11xmax>T/
i+ 2ht + wix =0,

where (axmax) T = (Fxmax) 1/ Mbeams Mbeam i the beam mass, and (Fypax) 7 is the maximum
electromagnetic force, & is a damping coefficient, wy is the system’s natural frequency, n¢opce
defines the duty cycle (fraction of the period where the force is on), j is the number of cycles
that the force is on and off, and T is the forced oscillation period. (Fymax)7 can be obtained
from theory or computer simulations, T, #¢yyce, and Mpeam are known parameters from the
experiment, and / is a fitting parameter.
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The natural frequency wy is obtained using a clamped beam configuration shown
in Figure 1. For that geometry, the MPGs system’s inherent frequency is determined by
wy = a3\/Et2/12ppeam L4, where ap = 1.875 is related to the boundary conditions, E is
Young’s modulus, t is the beam thickness, L is the beam length and ppean, is the volumetric
mass density [56]. The Young’s modulus and volumetric mass density are obtained by a
volumetric average of the MPG’s components: silicon dioxide, magnetite, and air. Their
values are displayed in Table 1.

3. Results
3.1. Scanning Electron Microscopy

Figure 2a shows a superficial (111) plane of the SiO;, opal before the infill is grown.
The (111) family planes are parallel to the glass substrate. The opal has good uniformity.
However, the natural structure of opals is far short of an ideal FCC lattice due to some
defects like sphere vacancies and dislocations. Figure 2b shows an MPG composed of
Si0; spheres and infiltrated Fe3O4 NPs. As observed in Figure 2¢,d, the lattice is distorted,
resulting in a disordered arrangement of spheres. The local inhomogeneity increased
during deposition, diminishing the composite’s crystalline structure; what causes the
disorder? Unlike in reference [48], the NPs are not coated with a tetramethylammonium
hydroxide (TMAOH). TMAOH acts as a surfactant to Fe304 NPs by absorbing the cationic
species in the surface OH groups, thus creating a net repulsion between them. This means
that strong electrostatic attractions between Fe3O4 NPs cannot be prevented; hence, the
appearance of agglomerations whereby the disorder is created.

260 280 5 300,
Particle diameter(nm)

~
b
e
S
2
»
»
©
<
=
2
=
E

Figure 2. SEM image of an opal matrix composed of 275 £ 10 nm diameter SiO; spheres, before (a)
and after (b) infiltration with Fe3O4 NPs. The size distribution histogram of spheres on the SiO; opal
is shown in the inset. Panel (c¢) SEM image of a cross-section of an MPG beam where the random
arrangement of the spheres is observed. Panel (d) shows an amplification of panel (c) and reveals
that the aggregation of Fe3O4 NPs causes the disorder in the bulk.

Figure 3 shows an MPG beam with a length ranging from 1500 to 2000 um and
10.47 pum thickness. The beam was built using adhesive tape applied over the MPG sample
and lifted immediately. In this way, the beam is clamped at one end and free at the other.
The clamped part is placed on the glass substrate. Superficial linear cracks formed by
expansion during MPG’s formation and drying of the wet structure can be observed. Over
short distances, they often follow the crystallographic directions in opals [57].
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Figure 3. SEM image of an MPG beam, with a length of 1500-2000 um and a thickness of 10.47 um.

3.2. Magnetic Characterization

Magnetization measurements were conducted to study the magnetic behavior of the
MPGs. The measurements were taken at room temperature and as a function of the applied
magnetic field. Figure 4 shows the results; the absence of hysteresis and remanent magne-
tization indicates that the infiltrated magnetic NPs are in a superparamagnetic state [58].
The saturation magnetization value of the sample was 4.8 emu/g. This value was then
normalized to the saturation magnetization for the bare Fe304 NPs (found to be 53 emu/g),
and the FesO4 NPs concentration resulted in 9.05 wt %. Since the sample total mass is
mr = 6.7 x 1073 g, then mge,0, = 6.06 ¥ 1074 g, and msjo, = 6.09 x 1073 g. The Langevin
function fitted the experimental data of magnetic particles” superparamagnetic behavior.

M(H/T) = My|coth(MomH /kgT) — (kyT/MomH)], @)

where M) is the saturation magnetization in emu/g, m is individual particles’ mass (in
grams), and kp is Boltzmann'’s constant. If we consider My and m as fitting parameters,
the values My = 4.8 emu/g and m = 180 x 1071 g are calculated at room temperature
for the MPG. Taking into account the density of magnetite (ore,0,) as 5.046 g/ cm’, a
diameter of 19 & 1 nm was obtained for the Fe304 NPs, which is in excellent agreement
with SME results.

6 L
4 L
—~ 2 o
2
g of
2
= -2F /
i
-4f ey ]
-0.4-0.2 0.0 0.2 0.4
-6f H(T)
-40 -20 0 20 40

Magnetic Field(kOe)

Figure 4. MPG magnetization hysteresis loops at 300 K with 9.05 wt % of Fe3O,. The average
SiO; sphere size is D = 275 nm. The inset shows the linear dependence of magnetization for low
magnetic fields. The dark blue graph represents the forward direction, and the light blue represents
the backward direction. The value of the slopeis  —1 ~ 0.2.
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To determine the real-valued permeability p of the MPGs, we first calculate their
densities using the expression:

Pbeam = f5i0,05i0, + fFe;0,0Fe;04 + (1 — fsi0, — fFe;0,)Pairs 3)

where pgi0, = 2.65 g/cm®.

The volume fractions for fsi0,, fFe;0,, and fair can be approximated using Archimede’s
principle. Before the introduction of Fe3O4 NPs the total volume is V1 = mg;o, / (0.74 psio, ),
where we used the filling factor fsio, = 0.74 corresponding to a compact structure of
spheres. After Fe3Oy infiltration there is a volume expansion and the new volume Vg
is given by Vr + V;, where V; equals mge,0,/psio0,- Finally, the volume fractions are
fsio, = msio,/ (0si0,VTA), fFe;0, = MFe;0,/ (OFe;0,V71A), and fair = 1 — fsio, — fre;0,-
Substituting all the needed experimental values the fractions are fsi0, = 0.69, fre;0, = 0.04,
and f,iy = 0.27. We use ppeam to rescale the magnetization measurements in emu/ cm’.
So, by applying the conversion 795.7 emu/cm? = 1 Tesla and calculating H in Teslas, the
measured slope value is 4 — 1= M/H =~ 0.2. The inset of Figure 4 illustrates the linear
dependence of magnetization for a low applied magnetic field, indicating the value of
that slope.

3.3. Optical Characterization

Figure 5 shows the reflection spectra of the as-prepared opals (dashed line) and MPGs
that contain Fe30, NPs. Before the infiltration of Fe30, NPs, the presence of the observed
band in the reflection spectra is attributable to Bragg diffraction from the (111) planes
of the face-centered-cubic (fcc) opal lattice. We can estimate the average diameter of the
Si0; spheres by calculating the position of the extremum of the diffraction line A1;; using
Bragg’s formula [59], given by:

Mu1 = 2d111\/€opals 4)

where d117 = v/2/3 D is the interplanar distance within the opal, D is the average diameter
of the SiO; spheres, and €., is the opal’s average dielectric constant

€opal = fsio,€si0, + (1 — fsi0,)€airs (5)

For an opal structure, the filling factor fsio, = 0.74 corresponding to a compact ffc lattice
and the dielectric constants esjo, of the SiO, spheres have values of 2.13 [60]. Air dielectric
constant €,i; equals one. For A1 ~ 600 nm, the average diameter of the SiO; spheres was
found to be 275 nm, in agreement with measurements taken from SEM images.

100F ;
----- Theoretical
80F--- Experimentalé
—— MPGs
60}

b
40f

Reflectance %

20F

400 500 600 700 800 900
Wavelength(nm)

Figure 5. It presents the reflection spectra of an opal and MPG. The dashed line shows the reflection
of a bare opal with a sphere size of D = 275 nm; the highest peak is attributable to Bragg diffraction
from the (111) planes of the face-centered-cubic (fcc) opal-SiO; based lattice. The solid line shows
the reflection of the MPG having 4% of Fe3O4. The dotted line represents the theoretical reflection
spectrum from the (111) planes.
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Equation (5) represents a higher bound for any effective dielectric constant for a
medium with two components. The Weiner bounds provide one practical analytical
constraint for the effective dielectric constant of a general photonic crystal, as in [61].
Specifically, for a two-material composite, each effective dielectric constant €, is bounded by

(fer +faey") " < < (frer + foca), ©

where f1 and f, are the volume fractions of the materials with dielectric constants €; and e;.

Equation (5) gives a value of 1.84; however, if we used a different effective medium
approximation like Bruggeman [62], we obtained a value of 1.79 or Looyenga [63] gives
1.78, which is not that far from the Equation (5) value.

The optical losses deserve a comment. Since the cone angle is 25.4 degrees, any
scattered light within that angle can be detected. Theoretically (Figure 5 dotted line), at
600 nm, the absorption losses for SiO, are negligible, but experimentally, there is a loss
of about 40% of the optical power due to scattering. The 700 and 800 nm peaks might
correspond to light coupling to diffraction bands presenting a low dispersion [64]. It has
been forecasted [65] that within the frequency range where these bands exist, the photonic
crystal operates (with regards to its optical response at normal incidence) as a medium
with an effective refractive index, resulting in high reflectivity.

On the other hand, it can be observed that after infiltration of Fe304 NPs, the position
of the maximum reflection experiences a redshift. The presence of disorder throughout
the MPGs causes the attenuation of propagating light. Therefore, the reflection spectrum
becomes less intense and asymmetric and may even broaden spectrally. To determine the
average dielectric constant of the MPGs, we used the volume fractions calculated before
and Looyenga’s effective medium approximation as:

_ 1/3 1/3 3
€beam = (f5i0,€510, T fFe;04€F0;0, +fair€;i43) , 7)

where the magnetite dielectric constant epe,0, = 5.56 [66,67] is used. Then, a value of
€peam = 1.86 is obtained.

3.4. Mechanical Oscillations Measurements

The information on the experimental setup used to measure the oscillations of the
beam based on an MPG is depicted in Figure 6. The laser light passes through the chopper
and is reflected using a mirror to impinge perpendicularly on the sample. The laser Doppler
vibrometer measures the oscillations, and the software interface provides data that includes
the maximum displacement and velocity and the velocity time series, Fourier spectrum,
and mean frequency.

Figure 7 shows the experimental results of oscillation measurements. The bare opal
showed no significative and stable displacement (20 nm) at 140 Hz. However, there was
no clear evidence of the oscillations for 69 Hz or any other explored frequency. On the
contrary, the MPG oscillated significantly for a driven frequency of 69 Hz. Figure 7a shows
the experimental results for the velocity time series, while Figure 7b displays its power
spectral density (PSD). Figure 7c illustrates the maximum oscillation amplitude, velocity,
and acceleration measured by the laser Doppler vibrometer. We found the maximum values
for the displacement xp and velocity vp to be xp = 7.90 um and vp = 3.42 mm/s at 69 Hz.
Additionally, the appearance of a second harmonic is observed. However, at 138 Hz, the
sample did not show stable oscillations.
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Chopper

He-Ne
Laser

magnetic
photonic glass

Laser Doppler
vibrometer

Vibrometer

Computer

Figure 6. The equipment arrangement for measuring forced oscillations can be observed in the
image. The setup includes components such as the He-Ne laser, mechanical chopper, MPG, laser
Doppler vibrometer, vibrometer interface, and a computer. The chopper serves as a switch to

control the pumping He-Ne laser. A first surface reflection mirror directs the laser light onto the
MPG. Electromagnetic forces induced by the laser light cause the MPG material to oscillate at a
frequency of 69 Hz, and the mechanical oscillations are measured using a laser Doppler vibrometer.

The analog measurements are then converted into digital format and recorded on a computer for

additional analysis.

Velocity (mm/s)
&

-10 |
_15_
0.00 0.05 0.10 0.15
Time(s
3.5F (®)
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Figure 7. Forced oscillations experimental data at 69 Hz frequency. The data include a velocity time

series (a) and its power spectral density plot (b), representing power distribution across different

frequencies. Panel (c) shows the maximum displacement, velocity, and acceleration values.
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3.5. FEM Numerical Simulations

The numerical simulations of the vibrating MPG are considered to interpret its induced
magnetic force. Figure 8 displays the maximum oscillation amplitude. The simulation
utilizes a distributed volumetric force density of —2 x 10° N/m?. The minus sign for the
force density is to consider that the electromagnetic wave impinges on top of the beam
in the x-direction. The simulation resulted in a value of 8.02 um, close to the measured
value of 7.9 um. From the maximum amplitude oscillation, we can infer the maximum
oscillation velocity, which has a value of 3.43 mm/s. The value is close to the measured
value of 3.42 mm/s.

X
Length=2 mm
| _ Thickness=10.47m
e T . Maximum oscillation
ot PN 3 amplitude 8.02 um
@ y
z

Figure 8. Maximum oscillation amplitude simulation. The force density is distributed volumetrically,
and its magnitude is —2 x 10° N/m3. The simulation is being done to determine the maximum
amplitude of oscillation that can be achieved. The simulation result value of 8.02 pum is close to the
measured value of 7.9 um.

3.6. Mechanical Oscillations Theoretical Model

To estimate the maximum induced acceleration (ayuax ) to the MPG, we used the
maximum value of the induced electromagnetic force that equals the product of the volu-
metric force density times the MPG’s volume or (—2 x 10°) x (1.73 x 1071%) N or —35 uN.
Using the MPG'’s volumetric mass density of 2030.67 kg/m?, and the MPG’s volume of
1.73 x 10~ m3 again, the mass #p,ean is calculated to be 3.513 x 10~ kg. Therefore, the
value for (aymax) 7 is 935.33 m/ s2. The value for wy is 13,856.2 rad /s, we used the experi-
mental value 1. = 0.53, and the damping coefficient # we found follows h/wy = 8. With
these values, we simulated Equation (1) using Mathematica (Wolfram Research, Cham-
paign, USA), and the best fit for the maximum displacement, velocity uses the value of
1.6{axmax ) for the acceleration. Consequently, the estimated maximum value of the in-
duced electromagnetic force is 56 uN. Since the FEM simulation does not consider any
damping loss, it underestimates the value of such a force.

Figure 9 displays the simulated displacement and velocity time series, along with
their PSD, which correlates well with the experimental measurements (refer to Figure 7).
We added a zero-mean random noise to the simulated velocity time series to account for
uncontrollable vibration effects.
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Figure 9. Forced-oscillation theoretical results for a frequency of 69 Hz. (a) Theoretical displacement
time series. (b) Theoretical velocity time series and its (c) power spectral density.

4. Discussion

5i0,-Fe304-based magnetic photonic glasses were synthesized, and films were pre-
pared using a co-assembly method. Scanning Electron Microscopy (SEM) confirmed the
glass’s uniformity and structure. However, the lattice was distorted, resulting in a disor-
dered arrangement of SiO; spheres when infiltrated with Fe3O4 NPs. Magnetic characteriza-
tion demonstrated superparamagnetic behavior with increasing saturation magnetization,
confirming the glass’s magnetic properties. Optical characterization revealed a redshift
in the reflection spectra after Fe;O; infiltration. Moreover, the lattice distortion made the
reflectance less intense and broadened.

Forced oscillation experiments at 69 Hz revealed significant displacement (7.9 pum)
and velocity (3.42 mm/s) for the MPGs, demonstrating their responsiveness to external
frequencies. The experimental setup and measurements were detailed, highlighting using
a laser Doppler vibrometer for accurate displacement and velocity data.

The study utilized FEM simulations to estimate the volumetric electromagnetic force
density, and the theoretical model refined its value. The model aligned well with exper-
imental results, with the maximum oscillation amplitude and velocity closely matching
the measured values. The theoretical model’s parameters were estimated based on ex-
perimental data and simulations, supporting the validity of the theoretical framework.
The simulated velocity time series and their power spectral density aligned well with
experimental measurements, validating the theoretical predictions.

The combined experimental, numerical, and theoretical approach comprehensively
shows the electromagnetic forces in MPG materials. This is our first attempt at achieving
that force increment using magnetic dielectric materials. The nature of the mean force

present in our system is magnetic, whose volumetric density is given by f =V (1\71 ‘B )

where M is the magnetization, and B is the magnetic flux density.

5. Conclusions

This study focused on the induction of electromagnetic forces in MPG materials,
particularly in a three-dimensional arrangement of SiO, spheres infiltrated with Fe3O4 NPs,
considering light at 633 nm. In the past, the electromagnetic force could be increased by
working with dielectric materials at a resonance state (localized photonic mode). Radiation
pressures of the order 36.67 mN/ m? and forces of 110 nN were achieved [38]; traditionally,
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dielectric optomechanical photonic crystal cavities generate electromagnetic forces of the
order of tenths of nN [40]. However, by adding a magnetic material, these forces can be
increased 500-fold, as we have shown here. It is worth noting that the magnetic material
helps improve the radiation pressure and stabilizes the structure mechanically. When
Fe;0y is inside the SiO, matrix, it remains stable for several hours, as demonstrated in our
previous experiments with a dielectric material [37].

In the future, we need to maximize the gradient of M - B, which implies using magnetic
materials with higher magnetization and better geometrical designs that enhance the
electromagnetic interactions. This study could expand the understanding of magnetic
forces in MPGs, suggest potential applications in manipulating micro-objects through
radiation pressure, and open avenues for further innovations. For example, by using
sunlight instead of a laser in energy harvesters, the MPG oscillations induce voltages in a
coil, and the energy can be stored.
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