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Abstract

This work presents a multiphysical study of processes in three-dimensional plasmonic and
magneto-plasmonic nanopores. The distribution of the electromagnetic field, photothermal effects,

ion transport, and the dynamics of nanoscale objects within nanopores were investigated in detail.

The influence of nanopore geometry on the rectification of ion current, localization of plasmon
modes, and distribution of the electromagnetic field has been studied. The simulation of plasmonic
and hybrid Au/Si nanopores has been performed, and the photothermal effects arising from the

absorption of electromagnetic radiation by the metallic part of the structure have been investigated.

To analyze the enhancement of fluorescence in 3D plasmonic nanopores, we calculated the change
in the overall decay rate of dipole radiation near a metal surface. We found that there is an optimal
distance between the fluorophore and the plasmonic surface, determined by the balance between

local field enhancement and non-radiative losses.

The main part of the work is devoted to the study of a magneto-plasmonic trap for FesOs«@Au
nanoparticles in a magneto-plasmonic nanopore. A multiphysics approach was implemented,
combining calculations of the electromagnetic field distribution, optical and magnetic traps,

plasmonic heating, thermophoretic effects, and particle dynamics.

It has been shown that the stability of the capture is determined by the competition between optical
force, magnetic force, viscous resistance, and thermophoretic transport, and an increase in laser
power can lead to thermophoretic destabilization of the capture mode. These results expand our
understanding of plasmonic and magnetoplasmonic nanoporous systems and can be used in the
development of nanopore-based biosensors, nanofluidic devices, and systems for controlled

capture of nanoscale objects.
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1. Introduction
1.1 Nanopores for nanoscale transport and manipulation

Typically, when we talk about nanopores, it often refers to a nanoscale hole which is between 1
and 100 nm in size (Figure 1) !. These tiny pores, which have become a topic of great scientific
interest among many other nanoscale structures, are characterized by their primary ability to
transport nanoscale objects for applications in a wide range of fields, including the light-matter
interaction under nanoscale?, ionic current rectification’, single molecule detection?, sensing® and

many others.

Figure 1 Solid state nanopore

At the macroscopic level, fluid motion and transport of the objects are usually described by
classical hydrodynamics®. At the nanoscale, however, the situation becomes more complex: in
addition to bulk properties of the medium, a significant role is played by interactions at the
interfaces between different materials. This gives rise to distinct transport mechanisms that do not

appear in larger-scale systems.

Initially, systems resembling nanopores, were first discovered and studied in biological systems,
as they perform functions such as the selective transport of ions and molecules'. For example, the
membranes of cells, organelles, and other biological structures consist of nanoscale channels that
maintain physiological conditions, transmit signals, and perform various functional tasks'. These
naturally occurring systems are characterized by high efficiency and selectivity in transport, which

has inspired scientists to develop artificial nanopores.



Thus, nanopores are divided into two main categories (Figure 2): biological and solid-state’.
Biological nanopores are represented by protein channels in lipid membranes for selective
transport of ions and molecules®. Their notable selectivity and sensitivity contribute to their
widespread use in molecule sequencing and recognition. However, biological nanopores are also
limited by their low mechanical stability, sensitivity to external conditions, and limited control
over their geometry and properties’. The development of nanotechnologies has made it possible to

create artificial nanopores with specified geometry, materials, and functional properties.
a-hemolysin Silicon nitride
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Figure 2 Comparison of biological a-hemolysin nanopores and solid-state silicon nitride

nanopores used for nanopore sensing applications°

In opposite with biological nanopores, solid-state nanopores, as mentioned earlier, made by
nanofabrication, allow to create more customizable and manageable systems. Typically, the
materials that make up solid-state nanopores are silicon, dielectrics, and metals, and the channel
geometry is often cylindrical, but it can be any and varies depending on the purpose of using the
nanopores'!. These properties have opened up opportunities for a comprehensive study of the
effect of nanopore parameters on transport processes for the development of devices with specified

functional characteristics'?.

One of the key advantages of solid-state nanopores lies in their ability to be integrated with
additional physical effects!®>. While biological nanopores have limited functionality, solid-state
nanopores can be designed in such a way that it is possible to use more than just one mechanism

to control transport inside the channel. These mechanisms usually include electrical, optical, and



magnetic effects'*. These properties make nanopores a promising platform for the study of hybrid

nanostructures with a wide range of applications at the nanoscale.

Another main characteristic of nanopores is that the transport of investigating objects significantly
depends on the properties of the nanopore walls surface. Often, the diameter of the channel is
comparable to the characteristic lengths of interparticle interactions, therefore, the influence of
such forces as the Coulomb interaction, Van der Waals forces, as well as hydrophilic and
hydrophobic effects are critically determining'. In this case, it is extremely necessary to take into

account the complexity of interaction between the object of study inside the pore and its surface.

Transport through nanopores occurs via several fundamental mechanisms: diffusion, drift driven
by an external electric field, and convective flow!¢. However, at the nanoscale, these processes
turn out to be highly interconnected. Thus, the distribution of ion concentrations critically affects
the local electric field, which, at the same time, is a mechanism that determines the movement of
charged particles. Thus, transport in nanopores is a complex process that is sensitive to geometry,

material, and external conditions.

The charge of the nanopore surface is a key parameter that directly determines the interaction of
ions with the channel walls'” (Figure 3). It leads to the formation of an electric double layer
consisting of fixed charges on the surface of the pore and counterions compensating them in the
adjacent solution'®, Despite the fact that the thickness of the double layer (or in other words, the
Debye length) is small on a macroscopic scale, but in nanopores it can be comparable to the
channel size. These conditions significantly affect the ion distribution inside the pore and lead to

its asymmetry.



Figure 3 Model for the truncated-conical nanopore. (a) Schematic net charge distribution on the
surface with the nanopore membrane immersed in an aqueous solution (electrolyte) when a
positive bias voltage is applied. (b) Cylindrical coordinates (r, z) for the nanopore, where h is the
thickness of the membrane, 0 is the angle of the sloped sidewall, and d, is the diameter of the

smaller opening of the nanopore'”

The above-mentioned effects lead to ion selectivity, current asymmetry, and a nonlinear
dependence of conductivity on the applied voltage. One of the most well-known effects is the ionic
current rectification (ICR), which is characterized by the fact that the current passing through the
pore directly depends on the direction of the applied potential®®. The main parameters forming this
phenomenon are a combination of geometric asymmetry and an uneven distribution of charges

inside the channel?'.

Transport sensitivity within the pore can be strongly influenced by external factors, including
optical excitation*? (Figure 4). By illuminating metallic or metallized nanostructures with a certain
wavelength, it is possible to induce the excitation of localized surface plasmons, and, as is already
well known, this physical effect leads to an increase in the electromagnetic field near the pore®.
This gain, in turn, can affect both charge distribution and local temperatures due to optical

absorption.
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Figure 4 Plasmonic nanopores for single-molecule optical sensing. (a) Schematic side-view of
electrophoretically driven DNA translocation through a plasmonic nanopore detected via optical
backscattering from the plasmonic antenna. (b) DNA sensing principle. (¢) TEM image of the
plasmonic nanopore device. (d) Simulated electromagnetic field distribution for longitudinal

excitation at 785 nm?*

Optical absorption in metal layers leads to energy dissipation and intense local heating of the
structure. In nanopores, this heating is highly localized, since due to the geometry of the pores, the
maximum energy density of the field is concentrated near the edges and walls of the pore®>. An
increase or decrease in temperature critically affects the transport properties of the system,
changing the mobility of ions, the viscosity of the medium and the concentration distribution?.

Thus, temperature effects become an integral part of the description of nanofluidic processes.

These and other processes occurring in nanopores make it possible to develop new functional
devices capable of performing complex tasks of transport control, sensing and signal processing

at the level of individual particles and molecules.

One of the most popular and sought-after applications of nanopores is biosensing, where nanopores
are used as a device for detecting biomolecules, including proteins, DNA and RNA?’. The basic

principle of operation is to register the change in ICR as the molecule passes through the channel.



This makes it possible to identify individual objects, which is why nanopores are known for their

high sensitivity for medical diagnostics and biological research'.

Any discussion of DNA and RNA would be incomplete without considering DNA and RNA
sequencing, which is indeed one of the key applications of nanopores (Figure 5). Sequencing is
performed by passing a nucleic acid molecule through a nanopore, while an external electric field
is applied to the pore®®. Thus, it becomes possible to evaluate differences in the ion current signal

and detect individual nucleotides.

DNA entering a nanopore
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Figure 5 Schematic concept of the sensing mechanism for the ionic blockade current from
nanopore DNA sequencing. When a DNA molecule is driven through a nanopore, the steady
1onic current flux is blocked by the geometric exclusion due to DNA. Since this blockade
depends on a sequence of several nucleotides, the DNA translocation generates unique discrete
patterns. The original DNA sequence can be determined by deciphering the ionic current

pattern®’

Nanopores are widely used for the detection®” and analysis®! of nanoparticles and the study of their
properties. As the particle moves through the pore, the recorded electrical signal changes, making
it possible to determine the particle size, shape, and concentration®’. This property makes it
possible to use nanopores for environmental monitoring®®, analysis of colloidal systems®*, and
development of new nanomaterials*>=’. Moreover, nanopores are also used for filtration and
separation of substances®®, desalination of water®, energy storage®’, as well as nanoreactors*!,

which emphasizes their versatility and technological importance.

The most important and most attractive feature of nanopores is their size, which is often

comparable to the size of individual molecules (about a few nanometers). In this case, the transport



of molecules through the pore becomes strictly discrete: at a certain point in time, either one
molecule or none passes through the nanopore*?. This fundamental difference makes nanopores a
unique sensor, unlike macroscopic systems, where the average flow of a large number of particles

1s measured.

During the passage of a single molecule through the pore opening, there is a rapid change in the
ionic current flowing through the channel®’. These changes have a specific characteristic and are
critically dependent on the properties of the molecule (size, charge, and structure)**. This property
allows for the detection of events at the single particle/molecule level. As a result, the signal is not

averaged over an ensemble but rather reflects the behavior of a specific molecule of interest.

The high sensitivity of nanopores is caused by surface effects and interactions at the pore-wall-
fluid interface play a significant role in nanopores'. When the channel size is small enough to be
comparable to the ion screening length, even small changes in the system can lead to instantaneous
changes in transport properties. This enhances the system's response and allows for the detection

of individual events with high accuracy.

In a short summary, factors such as geometric constraints, discrete transport behavior, and high
sensitivity to local changes make nanopores suitable for single-molecule detection, which is a

major advantage and key factor in their widespread use in modern nanotechnology.
1.2 Plasmonic field confinement in nanopores
Plasmonics

The interaction of metal nanostructures with electromagnetic radiation differs substantially from
that observed in bulk materials. The main reason for this is the presence of free electron gas in
metals, which can collectively respond to an external electromagnetic field at specific frequencies
(or wavelengths)* (Figure 6). When an electromagnetic wave interacts with a metal, it drives a
collective displacement of the conduction electrons with respect to the positively charged ionic
background**. This shift results in a restoring force due to Coulomb attraction, leading to collective

oscillations in the electron density*.
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Figure 6 a) Prism coupling configuration of SPR, where a light beam impinges on a thin metallic
film deposited on a prism. P-polarized light absorbed by the surface plasmon is seen from a
minimum in the reflection spectra. b) Representation of the localized surface plasmon on

nanoparticles and absorbance spectra obtained for binding events on nanoparticles*®

The described oscillations are known as plasmons and are a consequence of the fundamental
excitation of the electronic subsystem of the metal*’. When these effects occur at a surface, they
are usually related to propagating surface plasmons*. In three-dimensional structures, however,
localized surface plasmons (LSPs) are formed, where the electromagnetic field is strongly confined
and localized near a metallic nanostructure*®. All these modes are of particular interest for
nanopores, as they collectively enable the localization of electromagnetic energy into volumes well

below the diffraction limit*.

Resonance occurring during the interaction between a metal and electromagnetic radiation implies
that, under certain conditions, energy accumulates progressively from one cycle to the next during
optical excitation’®. However, at the same time, there are mechanisms of dissipation, for example,
ohmic losses in metal and losses spent on radiation. The amplitude of the local field is determined
by the balance between accumulation and loss>®. As a result, highly localized near fields with high

spatial inhomogeneity are formed when excited by a resonant wavelength.

As a result, the main advantage of plasmon resonance is the strong amplification of the

electromagnetic field at the metal-dielectric interface (Figure 7). This amplification is caused by



the redistribution of surface charge, which is particularly pronounced in areas with high
heterogeneity or sharp transitions, such as sharp edges, vertices, and gaps and cavities between
elements®!. These areas contribute to the accumulation of induced charges, which causes the

formation of extremely high electric field gradients.

Such areas, which are characterized by a high localization of the electric field, are commonly
referred to as "hot spots">2. The main feature is that at these points the field amplitude can exceed
the incident field by several orders of magnitude. When it comes to single-molecule detection, it
is the spatial localization of the field, not just its amplitude, that determines the effectiveness of

interaction with individual molecules or particles™.
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Figure 7 Principle of plasmon-enhanced single-molecule sensing using nanoparticles. (left) Far-
field optical probing of individual nanoparticles. (middle) The plasmon resonance generates
strongly enhanced and confined local electromagnetic fields around the particles. (right) These
local fields mediate plasmon—molecule interactions, enabling single-molecule detection through
plasmon-induced molecular changes (e.g., fluorescence enhancement) or molecule-induced

plasmon changes (e.g., resonance frequency shifts)>?

Plasmon enhancement occurs in metallic nanostructures is determined by the local intensity of the
electromagnetic field, which is proportional to the square of the electric field amplitude |E|? >*. At
the same time, at certain wavelengths, according to the resonance conditions, the optical absorption
in the metal increases, the processes of elastic and inelastic scattering intensity, and the

contribution of nonlinear optical effects grows.

In experiments where plasmonic enhancement is used for Raman scattering, the signal intensity is

estimated as |E|* *. This is the reason why plasmonics is widely used for Raman scattering, as it



dramatically increases the sensitivity of the method, as mentioned earlier*®. As a result, this method
is often used to detect signals from individual molecules near "hot spots." This is what makes
plasmonic resonance in surface-enhanced Raman scattering in plasmonic nanostructures so

valuable for detection applications.

At the same time, in addition to the direct enhancement, there are also processes such as increased
energy absorption in the metal, which results in the dissipation of unabsorbed energy as heat,
leading to significant local heating®’. This process contributes to the formation of a thermal field

that significantly influences the dynamics of nanoscale processes.
Nanopore’s geometry

As mentioned above, any inhomogeneities or, in other words, the geometric features of the metal
structure are one of the key factors that critically affect the characteristics of the plasmonic
response and its spectral position (along with the metal material)!. In the case of nanopores, the

size of which is significantly small, even nanometer scale changes lead to noticeable changes.

The confinement effects are directly dependent on the diameter of the nanopores, thereby affecting
the spatial confinement of the field>®. As the diameter decreases, the localization of the field within
the pore and near its edges becomes stronger. This directly affects the gradients of the field, which
in turn influences the interaction of light with particles/molecules or other objects near the pore

entrance.

In addition to the nanopore diameter, the thickness of the metal layers plays an important role, as
it also determines the conditions for the excitation of plasmon modes *°. Depending on the intended
purpose, the thickness of the layers can be adjusted to ensure the localization and efficient

excitation of plasmons at specific wavelengths.

Finally, in the context of geometry, the last factor that affects the position of the plasmonic
resonance is the periodicity of the structure, which determines how far apart the nano-holes are
and how often they are spaced . In such systems, surface and localized plasmons are excited, and
their combined effects can significantly alter the position of the resonance and the distribution of
the field compared to when these effects are considered separately. The periodicity can shift the

plasmonic resonance and either enhance or degrade the plasmonic effects®!.



In this work (a nanopore with a diameter of 250 nm and a period of 550 nm, and a multilayer
structure of Au/Co/Au/SiN), the electromagnetic field was amplified by a combination of all these
mechanisms: gold as a plasmonic material, localization of the field at the edges of the pore, and

collective plasmonic interaction between the array elements.

Thus, plasmonic localized enhancement of the electromagnetic field in nanopores plays an
important role in creating systems for detecting and investigating processes at the nanoscale. Local
field amplification increases the sensitivity of optical methods, and light absorption promotes local
heating, creating a temperature gradient near hotspots. Heating directly affects properties such as
particle diffusion, medium viscosity, ion transport through nanopores, particle capture, and

magnetic field distribution.

In addition, the localized enhanced field affects the optical capture and manipulation of particles.
In combination with a certain pore geometry, it is possible to control the movement of particles.
As a result, nanopores with plasmonic properties have become a particularly attractive platform

for single-molecule detection and trapping.
Optical trapping

In the context of single molecule detection, plasmonic holes are actively used as a platform for
particle trapping”®. For example, the use of highly localized electromagnetic fields helps to trap
individual molecules and nanoparticles>® (Figure 8). Conventional optical trapping is limited by
the diffraction limit, while using plasmonic pores, forming hot spots, it is possible to directly affect

individual molecules and particles inside the nanopore®?.

The physics of plasmonic trapping is based on the effect of an optical gradient force on an object,
which occurs in a non-uniform electromagnetic field. Near the hot spots of plasmonic
nanostructures, the field intensity increases dramatically, forming an enhanced electromagnetic
field |E|2, where a force acts to capture a nanoobject with a specific value of polarizability®?. In
the dipole interaction approximation, this force is proportional to the gradient of the field intensity

Fope~V|E |2, leading to the localization of particles directly within the plasmonic hot spot®.

When considering nanopores, hot spots are usually located at the edges of the pore or between the

gaps of the metal elements®. This is often achieved using so-called bowtie antennas®. Recently it



was demonstrated that these structures focus the electromagnetic field within a nanoscale volume,
allowing for direct interaction with DNA molecules®®. As a result, plasmonic forces can compete
with electrophoretic transfer and even completely stop the translocation of a molecule through a

nanopore.
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Figure 8 Plasmonic bowtie antenna—nanopore. Electromagnetic field at bowtie antenna structure
with narrow gap (about a few nanometers) controls DNA translocation velocity, enhances optical

signal of DNA and fabricates self-aligned nanopores®*

Thus, using plasmonic nanopores, translocation can be suppressed or even stopped®. Without
plasmonic excitation, DNA moves uncontrollably at high speed through the nanopore and is
mainly determined by the applied electric field. Due to plasmonics, local optical forces attract the
molecule to the region of maximum intensity of the EM field, leading to a sharp decrease in the

speed of movement or even a potential complete stop®*.

One of the other applications of plasmon trapping is the discrete (stepwise) movement of
molecules. Working in the on and off mode of the plasmonic enhancement, like the operation of a
switch, the phases of capture and free movement of the molecule/particle alternate. In this
application, the object moves through the nanopore stepwise, with the ability to control the step,

194, This mode is

which is set by field parameters and manual modulation of the laser signa
especially important for sequencing, as it allows for sequential exposure of different sections of

the molecule in the detection zone.



Unlike conventional optical traps, in plasmonic nanopores it is possible to trap the
molecule/particle directly near the surface of the pore, in the area where the EM field is maximally
amplified. The formation of such nanocavities, where the particle is trapped between the metal
layers of the structure, contributes to the achievement of extreme field amplification, which

significantly increases the sensitivity of optical methods such as fluorescence®® or SERS®¢7,

Plasmonic trapping using nanopores has many advantages. Firstly, it increases the molecule's
residence time in the detection region, which is critically important for improving the signal-to-
noise ratio®. Secondly, the molecule/particle is localized in a certain predictable area of the field,
increasing the reproducibility of measurements. Finally, due to the enhanced field in hot spots, the
optical signal from the molecule is amplified several times, allowing the implementation of single-

molecule spectroscopy methods>®.

As it was mentioned earlier, illumination of plasmonic materials is often accompanied by effects
as heating and thermophoresis®-"’. The absorption of light in metal layers leads to temperature
gradients that can affect the movement of molecules and particles. Sometimes it helps to strengthen
the trapping, while in other cases it leads to additional stochastic movement’!. Thus, the behavior

of the system is dictated not only by optical forces, but also by thermohydrodynamic processes.

Despite the abundance of benefits, plasmon trapping has a number of limitations. Thermal
fluctuations are so significant that they limit the capture efficiency, especially for small particles
and molecules. Moreover, a highly intense EM field can lead to structural changes in biomolecules
and intense heating of the medium, which is crucial for biomolecules. Nevertheless, varying the
parameters of the geometry of the nanostructures and optical excitation makes it possible to

optimize the system and reduce undesirable effects, realizing stable trapping at the nanoscale.

1.3 Ionic current rectification in nanopores

The ion transport at the macroscale and microscale differs fundamentally in that the nanoscale hole
through which the ion flow passes is often comparable in size to the scale of interionic interactions
or the Debye length, that is, the length at which the electric field is shielded due to the effect of
redistribution of surrounding ions’?. An important role is played by the surface charge, as well as
the electric double layer (EDL) formed on the walls of the nanopore when the electrolyte interacts

with the charged surface of the pore, and this leads to such an interesting phenomenon as ion



current rectification (ICR)’2. ICR is a direct consequence of the asymmetric current response to

the applied voltage to the nanopore.

During measurements, ICR looks like a nonlinear and asymmetrical volt-ampere characteristic
I(V), often similar to what occurs when measuring I(V) of a semiconductor diode’*. In other words,
the current passing through the nanopore behaves differently at a positive voltage of a certain
amplitude from the current at a negative voltage, but with the same amplitude’*. The main
condition determining the degree of rectification is the asymmetry of the nanochannel in the

system in combination with EDL on the walls” (Figure 9).
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Figure 9 The diagram of (a) homogeneous charged conical nanochannel, (b) non-homogeneous

charged cylindrical nanochannel and (c) coupling asymmetric charged nanochannel”®

Thus, the degree of rectification (RR) is determined by the ratio of the measured current at a

positively applied voltage to the current measured at a negative one:

_ I forward

RR = Loward (1)

I reversed

As can be seen from Figure 9, for symmetrical cylindrical nanopores, the degree of rectification is
usually about 1. Strongly asymmetric pores (for example, conical ones) exhibit values in the range

of 10-1007°.



The description of ionic current in nanopores, where ions are provided in a solution of electrolytes
in the volume of the nanopore, is standardly described by the Poisson-Nernst-Planck (PNP) and
Navier-Stokes (NS) equations’’. These equations describe the electric potential, the flow of ions
and liquids in the system. The solution of this system of equations allows to see the distribution of

ions inside the nanopore, as well as to determine the degree of rectification of ionic current.

- z;F -
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In these equations ﬁ denotes as the ion flux, D; is the diffusion coefficient, ¢; is the ion
concentration, z; is the ion valence, F is Hy the Faraday constant, R is the universal gas constant,
T is the temperature, ¢ is the potential, € is the dielectric constant of medium, p is the fluid density,

u is the viscosity of electrolyte solution and i is the fluid velocity, p is the pressure’®.

As mentioned earlier, EDL is critical when it comes to ICR. The surface-charged walls of the
nanopore attract counterions and repel ions of the same sign as those on the pore walls, resulting
in a redistribution of charges near the pore walls. This leads to a highly concentrated distribution

of ions near the pore walls, which differs significantly from the bulk solution.

In addition to the surface charge, an asymmetry condition is required, which is achieved by
forming a certain geometry (for example, a conical pore), or by forming an inhomogeneous charge

distribution. Often, the shape of the pores is conical, since its radius varies along the length, which



directly leads to a spatially inhomogeneous distribution of the electric field and ion concentration”

(Figure 10).
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Figure 10 Linear I(V) behavior is found in cylindrical nanopores, even if they bear surface

charge, but diode-like I(V) behavior is found in charged conical nanopores’

The physical phenomenon of ICR can be described by a model of ion accumulation and
depletion®®. Thus, if a conical nanopore with a negative charge and a KCl electrolyte solution is
considering, when a negative voltage is applied to the inner electrode, the cations move inside the
pore, while the anions begin to move in the opposite direction. With negatively charged walls, the
anions are repelled and their movement is suppressed. In this case, cations accumulate inside the
pore, and the total ion concentration increases, increasing the conductivity and increasing the

current, respectively’’.

By changing the voltage polarity, the ion distribution and rectification change. When the applied
voltage is positive, the cations tend to leave the channel, and the anions, on the contrary, try to
enter it, but at the same time experience resistance from the walls®'. As a result, the channel is
depleted of charge carriers, which means a decrease in conductivity and a decrease in current,
respectively. Thus, the same system can be counted to work in two modes. One of the modes leads
to charge accumulation and is highly conductive, and the other to depletion, which gives an

asymmetry in the volt-ampere characteristics®’.



Thus, the accumulation and depletion modes affect not only the electric current, but also the
associated transfer processes. A change in the charge concentration leads to a modification of the
electroosmotic flow formed during the movement of ions in the electric double layer®?. Thus, the
hydrodynamic response of the system depends on the ion transport mode, thereby enhancing the

asymmetry of behavior during voltage polarity reversal.

Another factor that significantly influences the behavior of the system is temperature. Since the
ion distribution in the EDL depends on the balance of thermal motion and electrostatic interaction,
the temperature gradient can change the ion distribution®. First of all, this affects ion mobility,
diffusion coefficient, and EDL thickness, changing the conductivity of the nanopore®*. For
example, in the accumulation mode, an increase in temperature contributes to faster ion transfer,
and in the depletion mode, temperature contributes to a decrease in the amount of charge carrier

concentration and a greater sensitivity of the system to thermal fluctuations.

Thus, ICR in nanopores is formed mainly due to the surface charge of the channel and its geometry,
ion distribution, and the surrounding electric field. As a result, the local conductivity of the pore
changes due to the redistribution of charge carriers, which facilitates the transition between high

and low conductivity modes when the voltage is reversed.
1.4 Magnetic trapping in nanopores

As mentioned earlier, plasmonic nanopores, characterized by high localization of the EM field due
to the excitation of surface plasmons, exhibit extreme field amplification and are a powerful tool
for single-molecule spectroscopy, detection, and analysis of biomolecules. However, despite their
numerous advantages, a significant limitation remains the lack of control over particle dynamics.
For example, molecules and nanoparticles pass through the channel so quickly that the interaction

time with the amplified EM field is limited, resulting in reduced measurement accuracy>®.

Due to this, much interest has been devoted to the development of possible methods for controlling
the motion of particles near nanopores. One of the most promising methods is magnetic field
control, as it is not affected by EDL and is effective even in highly concentrated electrolyte
solutions. Another significant advantage over optical methods is that magnetic forces do not

require high-intensity fields and do not directly affect the motion of ions. The magnetic force



implements a force effect without significantly changing the thermodynamic state of the system,

providing a more controlled effect on the particles®.

Another benefit of this trapping method is its scalability for magnetic control. Magnetic fields can
be easily set by external sources, and external changes in the experimental conditions do not
require modification of the nanostructure, whereas in plasmonic systems, the trapping conditions
are explicitly defined by the geometry and illumination conditions. This allows for real-time

reconfiguration of the trapping and transport conditions®.

Finally, the main advantage of magnetic control is that this method can be easily and effectively
combined with other physical mechanisms (electrical and optical). Thus, in hybrid systems, the
magnetic field is usually used as a mechanism for stabilizing the position of a particle, and the
optical field for its non-natural detection and excitation. This separation of functions helps to create

more controlled multiphysical platforms for biosensing.

From a physical point of view, the magnetic trapping force is determined by the magnetic energy
gradient®. For particles with an induced magnetic moment, the force is proportional to the gradient
of the square of the magnetic induction, which leads to the attraction of the particle in the region
with a maximum value of B2. In cases with optical forces, where the capture is directly related to
the field intensity |E|?, the magnetic capture force is determined by the spatial heterogeneity of
the magnetic field®’. Therefore, the main condition for effective control of particle capture is the

formation of strong local gradients.

For example, a similar effect can be achieved by integrating ferromagnetic materials directly into
the nanopore structure. Thus, it was shown that a thin cobalt layer in a multilayer Au/Co/Au
structure leads to the formation of a magnetic field gradient, and regions with high magnetic energy
density appear at the edges of the pore®® (Figure 11). These areas act as nanoscale magnetic traps,
spots where potentially the particle can be trapped with high precision. Calculations confirm that
in such systems the magnetic field gradients reach values of 10® T/m, which contributes to the
occurrence of forces up to tens of piconewtons for very small particles of the order of 10 nm®,
Such values significantly exceed the forces acting on nanoparticles in hybrid magneto-plasmonic

traps, opening up the possibility of trapping particles near the nanopore.



Figure 11 Left panel: geometry of the proposed experiment: a nanopore made of Au[5 nm]/Co[5
nm]/Au[100 nm] immersed in water is illuminated with a laser at 780 nm. A magnetic core—shell
(Fe2O*-Au) nanoparticle is trapped due to the efficient force induced by the magnetic building
block after the application of a static magnetic field H. Right panel: zoom on the nanoparticle-

nanopore gap (magneto-plasmonic nanocavity)®®

One of the main advantages of magnetic trapping compared to other methods is the ability to
dynamically control particles. By changing the external magnetic field, the distribution of
magnetization in the ferromagnetic layer can be controlled, allowing for the movement of local
minima in the magnetic potential. This technique enables the manipulation of particle motion along
the pore boundary or the alternation of retention and release®. This functionality is particularly
useful for controlled interactions between particles and localized regions of enhanced field.

In addition to particle trapping and retention, magnetic nanopores have a number of other

applications in the context of particle trapping.
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Figure 12 Applications of magnetic trapping in nanopores

As it can be seen from Figure 12, magnetic traps can slow down the movement of particles or
(possibly) stop them near the pore, reducing the speed at which particles pass through the pore.
This property provides more time for the particle to interact with the detection region, which has
a significant impact on sequencing and optical spectroscopy studies. Fixing the particle in a well-
defined region, where the localization of the electromagnetic field is maximized, helps to
effectively measure the particle with the highest accuracy. By keeping the particle close to the
walls of the nanopore, it creates nanocavities, where the electromagnetic field is strongly amplified

due to plasmonic interactions.

Since the particles are magnetically susceptible, it is possible to selectively affect particles with
different magnetic properties. This opens up possibilities for selecting, filtering, and targeted
particle management in multicomponent systems. For anisotropic particles (such as Janus
particles), the magnetic field can be used not only for translational motion, but also for controlling
the particle's orientation®®. This is important for systems where the physical properties depend on
the particle's orientation relative to the field or surface. By combining magnetic trapping with
optical heating, it is possible to vary the temperature locally, affecting not only the magnetic
properties but also the dynamics of particles through changes in the viscosity of the medium,
diffusion, magnetic properties of materials, and controlling the temperature, which is crucial for

biological molecules®’.



In the context of hybrid magneto-plasmon trapping, magnetoplasmic structures and Janus particles
are of particular interest, in which particles with directional magnetic-optical properties can be
created by combining materials®. Such systems provide multiphysical control, where the magnetic
force is responsible for positioning and capturing, and the optical force is responsible for signal
excitation and detection, additionally creating hot spots in certain places of interest of the
nanostructure. Combining these effects is an essential step in the creation of new nanoplatforms

capable of adaptively exploring biomolecular detection®.

The effectiveness of magnetic trapping depends on a number of factors. The first thing that
critically affects the magnetization is thermal fluctuations. It is known that the magnetic field can
affect the efficiency of particle trapping®. This is especially important to consider for very small
particle sizes, where thermal effects critically affect the stability of capture. It is equally important
to note that in hybrid magneto-plasmon systems, the temperature critically affects the
magnetization, since the higher the temperature, the weaker the magnetization’!. However, by
varying the heating conditions, it is possible to control the temperature increase, preventing

degradation of the system properties during measurements.

When the physics of the magnetic capture process is considered, particles with an induced
magnetic moment are usually considered, which is determined by their magnetic susceptibility and

the value of magnetic induction®?. The magnetic moment is defined as

m=VyH (6)

where V is the volume of the particle, y is the magnetic susceptibility, and H is the magnetic field.
This expression describes the particle's susceptibility to a magnetic field through the polarization
of its internal structure. The external magnetic field causes a redistribution of magnetic moments

within the particle, resulting in an effective dipole.

To encourage the particle to move, the magnetic field must be inhomogeneous. In this case, we

talk about the magnetophoretic force, which is directed towards increasing the magnetic energy.



In the simplest approximation, this force is proportional to the gradient of the square of the

magnetic induction®*:

F, ~ == VB? (7)

In simple words, this expression means that the particle tends to go to the region of a strong
magnetic field”. This occurs because the energy of the interaction of the magnetic dipole with the
field is proportional to B2, and the force is determined by the spatial variation of this energy. Thus,
as mentioned above, it is the field gradient that determines the possibility of particle movement

and trapping.

The formation of significant gradients in hybrid nanopores is possible due to a certain geometry
and the use of materials with magnetic properties. Near the edges and corners, there are regions
where the field changes rapidly in space, resulting in high values of VB2. This makes nanopores
an effective tool for magnetic traps that can capture particles with sizes ranging from a few to tens

of nanometers.

In the context of nanopores, it is usually assumed that the particle is moving in a liquid. Therefore,
in addition to the magnetic force, the particle is also affected by thermal fluctuations due to
Brownian motion and, of course, the flow rate. Brownian motion is associated with the thermal
energy kgT and can lead to random movement of the particle. The viscosity of the medium in
which the particle is located can limit the speed of movement, and the dynamics are described by

a balance between force and resistance.

Thus, the magnetic energy of a particle in a field is described as

~EBZ

U, ~
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Thus, the efficiency of trapping is determined by the magnitude of the magnetic field, the geometry

of the particle, and its magnetic susceptibility.



In practice, it is often more difficult to trap small particles than large particles. Since the magnetic
energy is proportional to the volume of the particle, reducing its size also reduces the force and
depth of the potential well. However, in the case of thermal effects, the thermal energy remains
constant, which can lead to the dominance of Brownian motion. This means that significant

magnetic field gradients are required to compensate for thermal fluctuations.

An important limitation is the distance from the potential trap to the magnetic field source. The
gradients of the magnetic field rapidly decrease as it moves away from the magnetic element. This
means that the effective range of the magnetic trap is limited and localized near the field source.
In nanopores, the geometry must be designed in such a way that capture is only possible near the

edges.

There are other factors that can limit the particle's movement in the pore, such as geometric
constraints. While these constraints help to keep the particle near the high-gradient region of the
field, they also increase the hydrodynamic resistance and can alter the particle's trajectory.
Therefore, the trapping behavior is influenced not only by the magnitude of the magnetic force but

also by the complex interactions with the channel geometry.

Thus, magnetic trapping in nanopores is possible and is the result of an interaction between the
directional action of magnetic forces and thermal motion. The effectiveness of this interaction is
determined by a combination of parameters, including the magnetic properties of the particle, the
magnitude and gradient of the field, temperature, and geometry. This makes magnetic trapping a
controllable method, but it also requires a specific approach for effective operation at the

nanoscale.
1.5 Temperature-dependent magnetism in hybrid nanopores

Ferromagnetic materials such as iron, cobalt, nickel, etc., are characterized by a strong dependence
of their magnetization on temperature and affect single molecule detection in hybrid plasmon-
magnetic nanopores’ %, As mentioned earlier, local optical heating caused by plasmon absorption
in metal layers at a resonant wavelength leads to a change in the magnetic state of the
ferromagnetic component. This directly affects the distribution of the magnetic field and its

gradients, which determine the forces acting on the particles near the nanopore.



The magnetization of ferromagnetic materials is characterized by the collective orientation of the
magnetic moments of electrons®’. In this case, each atom contributes to the total magnetic moment,
and the emergence of macroscopic magnetization is facilitated by moments oriented mostly in the
same direction®®. The low temperature contributes to the orientation of the spins, where they are
maximally consistent, and the magnetization, in turn, reaches a value close to saturation®®.
However, an increase in temperature leads to thermal fluctuations, which lead to a deviation of the
magnetic moments from their usual equilibrium direction at low temperatures. Such deviations are

collective in nature and lead to a change in the orientation of the spins®®.

Sometimes, very small deviations of individual magnetic moments reduce their projection onto the
direction of collective magnetization’®. The macroscopic magnetization, being the sum of these
projections, decreases under the influence of the effect of a large number of small deviations®”.
Thus, the magnitude of the magnetic moment of individual atoms remains almost unchanged, and

the degree of their coordinated orientation decreases.

The deviations increase with increasing temperature, which gradually leads to a monotonous
decrease in magnetization”. It is worth noting that at a given temperature range (significantly
lower than the Curie temperature), the ferromagnetic order is preserved, but the magnetic moments
are less aligned, which is observed in a decrease in the macroscopic magnetic response”. As a
result, the magnetization becomes temperature-dependent M (T'), decreasing monotonously as it
increases. In the range of temperatures significantly lower than the Curie temperature, this

behavior can be described within the framework of Bloch's law'%:

M(T) = M, (1 - ,BT%) )

where [ is determined by the properties of the material. Thus, the main mechanism says the

number of thermally excited spin waves increases with increasing temperature!®.

Thus, temperature fluctuations affect the magnetization by smoothly disrupting the consistent
orientation of the spins'®!. This is especially critical for nanostructures, as such changes affect local

magnetic fields and related forces.



In thin ferromagnetic films, surface and interface effects enhance the magnetization's sensitivity
to temperature changes. Because a large proportion of atoms are located near the edges, thermal
vibrations can more easily disrupt spin alignment compared to bulk materials. Nevertheless, even
in ultra-thin films, moderate heating to temperatures below the Curie point does not cause a fast
and dramatic loss of magnetization. The system maintains its ferromagnetic state, and the resulting

changes in local magnetic fields and magnetic force distributions remain relatively constrained.

In hybrid magneto-plasmonic nanopores, optical heating mainly occurs due to plasmonic
absorption in the noble metal layers. In this case, the ferromagnetic layer is indirectly heated by
heat transfer through the multilayer structure. Even if this process increases the local temperature
near the nanopores, the final temperatures are typically much lower than the Curie temperature of
cobalt (or other similar ferromagnetic materials). This means that the magnetic field gradients that
facilitate particle capture and manipulation are largely preserved. In this case, moderate plasmonic-
induced heating may slightly alter the magnetic response, but it does not critically suppress the

system's ability to magnetic trapping.
1.6 Motivation for hybrid magneto-plasmonic nanopores

Particle control in a nanopore is very well exploring nowadays and is only becoming more
interesting. Nowadays, external fields are actively used to control the transport of particles and
molecules not only in the pore, but in general they have found wide application. In the context of
nanopores, the most common and effective approaches are based on using plasmonic and magnetic
forces®®. Each of these approaches is characterized by fundamentally different physical
mechanisms. While plasmonic structures localize and amplify the electromagnetic field in areas
sometimes even shorter than the wavelength, magnetic systems, under the influence of an external
field, form magnetic field gradients that allow the particle to be trapped!®?. Each of these methods
has its own advantages and disadvantages, which must be taken into account. Thus, for more
effective trapping, the obvious step is to combine them into hybrid platforms that includes these
two methods simultaneously using their advantages to the maximum and trying to offset the

disadvantages.

Due to their plasmonic properties, metal nanostructures provide extreme amplification of the

electromagnetic field near the metal surface. In this way, localized regions with high field intensity



are formed in nanopores, in which significant electric field gradients occur'®. These gradients
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affect the polarizability of particles and molecules ™. As mentioned earlier, field amplification is

indispensable in experimental optical measurements such as fluorescence and Raman scattering,

which has already shown plasmonic nanopores to be a powerful detection tool!**,

At the same time, plasmon amplification is always characterized by the inevitable absorption of

energy in the metal and losses leading to local heating!®

. Heating is heterogeneous and mainly
concentrated near the areas of the maximum field. As a result, temperature gradients affect all
properties of the medium, including viscosity, diffusion, and electrical conductivity'%. It should
also not be excluded from consideration that temperature effects can lead to additional forces, such
as thermophoresis, which complicates particle dynamics and makes the system less

predictable!?7-1%%,

Magnetic methods, in turn, are characterized by a controlled control mechanism that does not
require high powers and does not depend much on the properties of the structure. If the system
under study contains a solution of electrolytes, then the magnetic field is not shielded by the
electrolyte and practically does not depend on its properties, which is a great advantage in
nanofluidics. Magnetic forces arise in inhomogeneous fields and are directed along the magnetic
energy gradient, which makes it possible to form stable traps by setting the necessary properties
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to direct the field in the needed direction™. Magnetic trapping itself is not accompanied by

significant heating, which, combined with optical methods, does not complicate the system.

Like optical traps, magnetic traps also have their limitations. The effectiveness of magnetic
trapping is determined by the magnitude of the field gradient and the magnetic properties of the
particle’'’. As mentioned earlier, small particles may not have sufficient ability to overcome
thermal fluctuations or be controlled by magnetic force, which limits the scope of such methods'!".
Moreover, magnetic traps are usually less localized than plasmonic hot spots, which reduces the

spatial resolution of the control.

Thus, combining plasmonic and magnetic methods, it is possible to create hybrid platforms with a
number of advantages and minimizing disadvantages. Due to plasmonics, it is possible to achieve

strong localization of the field, as well as high sensitivity, but inevitably lead to heating. Magnetic



trapping is controllable, but limited in magnitude of forces and spatial resolution. By combining

these methods into one system, it becomes possible to take advantage of each approach.

Even this combination has its drawbacks. Plasmonic excitation, leading to local heating, affects
the magnetic properties of ferromagnetic materials, which, as previously described, are sensitive
to temperature. The magnetization of the ferromagnetic layer decreases with increasing
temperature, leading to a decrease in the intensity of magnetic field gradients and a decrease in the
probability of particle trapping!!2. Thus, there is a possibility that plasmon heating can weaken

magnetic trapping.

To summarize, the main stumbling block in the described system is the complex interaction
between several physical processes. The amplification of the electromagnetic field increases the
optical strength and sensitivity of the system. And the resulting heating changes the magnetic
properties of the material and, consequently, the magnetic forces and, additionally, causes some
thermophoretic effects. As a result, the behavior of the system is determined by the balance

between field amplification, thermal effects, and magnetic response.

Thus, the main scientific question is the behavior of the system in the simultaneous presence of a
strong localized field, significant heating and a magnetic layer? First of all, it is necessary to
understand how temperature changes affect the magnetic field and its gradients, and how this
affects the forces acting on the particles. All this implies considering the system as a single

multiphysical object in which optical, thermal and magnetic processes are closely related.

It is necessary to consider the totality of all forces acting on the system. Firstly, the main
contribution is made by optical forces proportional to the gradient E?, and magnetic forces are
determined by the gradient BZ. In addition to these forces, drag force acts on the system, which is
always taken into account when considering fluid flow and trapping. If necessary, such forces as

thermophoresis and hydrodynamic effects can be considered. Thus, the trapping force looks like

Ftrap = Fopt + Fmagn + Fdrag + Fthermoph (10)

It is especially important to take into account the geometry of the structure, in which forces will
not compete, trying to trap the particle in different spots. Proper geometry selection ensures

trapping of the particle in places where the optical enhancement coincides with the maximum



magnetic field gradient, ensuring the maximum possible capture efficiency®. It is also important
to select the particle that is affected by the forces. It is necessary to consider the plasmonic
component at the same time, which means that the particle must contain a metal part, but also not

to forget about the magnetic one. Core-shell or Janus particles are excellent for such purposes.

It is worth noting that considering such a system together provides many advantages, since most
of the works devoted to plasmonic and magnetic nanopores or magneto-plasmonic nanopores
usually consider the mentioned physical mechanisms of particle trapping separately. For
plasmonic systems, the main focus is on calculating the distribution of the electromagnetic field
and its amplification, while for magnetic systems, attention is focused on calculating the
distribution of magnetic induction, its square and gradient. At the same time, the structure is
considered as a purely static system in which the multiphysical interaction is greatly simplified or

completely ignored.

In real experiments, the laser power significantly affects the local temperature in the plasmonic
hot-spots, resulting in pronounced temperature gradients in the surrounding fluid!!*!!*, Although
the increase in temperature does not significantly affect the magnetic field distribution itself, it

significantly influences the particle dynamics through thermophoretic drift and local fluid flows.

By increasing the laser power, plasmonic heating can induce thermophoretic motion, which
literally pushes the particles out of the trapping region''®. In this case, the trapping efficiency is
determined not only by optical and magnetic forces, but also by the competition between
conservative trapping mechanisms and thermally induced transport. Therefore, models that do not
account for thermal effects may overestimate the stability of trapping and the efficiency of particle

capture compared to the actual behavior of the system.

Thus, the existing approach based on a separate consideration of optical, thermal, and magnetic
effects is insufficient to describe hybrid plasmon-magnetic nanopore systems. Ignoring
thermophoretic transport and temperature-induced flows limits the interpretation of experimental

results and complicates the optimization of nanopore structure.

In this regard, there is a need for a more comprehensive multiphysics description that takes into

account the relationship between optical heating, thermophoretic transport, and trapping dynamics.



Incorporating thermal effects into the model allows for a more accurate assessment of the impact
of laser heating on particle trajectories, trapping stability, and capture efficiency. This approach is
essential for understanding the behavior of hybrid nanopore systems and for developing nanopores

with tailored functional properties.
1.7 Objectives of the Thesis
Main research objective

The main objective of this work is to develop and implement a comprehensive multiphysics
modeling framework for hybrid plasmonic—magnetic nanopores using COMSOL Multiphysics,
enabling the analysis of coupled electromagnetic, thermal, magnetic, and particle transport
phenomena, and to quantify how their interplay governs nanoscale trapping and transport

processes.
Research tasks

1. Electromagnetic field enhancement and optically induced heating in plasmonic nanopores

(Au/Co/Au-SiN)

e To compute the spatial distribution of the electromagnetic field in multilayer plasmonic

nanopores and evaluate the resulting field enhancement under optical excitation.

e To quantify optical absorption in metallic layers and determine the resulting temperature
distribution, including spatial gradients and maximum temperature increase, as a function

of geometry and illumination conditions.
2. Magnetic response of the hybrid structure

e To incorporate magnetization M(T) of the ferromagnetic layer and analyze its impact on

the magnetic field distribution.

e To evaluate how thermally induced changes in magnetization modify the magnetic flux

density.

3. Particle trapping and trajectory analysis under combined forces



e To model particle dynamics in the nanopore environment under the combined influence of

magnetic, optical, and thermal effects.

e To compute trapping potentials, evaluate the balance between magnetic forces and thermal
fluctuations, and simulate particle trajectories to determine capture conditions, stability of

trapping, and transport behavior.
4. Ionic current rectification (ICR) and electromagnetic field enhancement in 3D nanopores

e To investigate electromagnetic field enhancement in three-dimensional nanopores without

magnetic components.

e To analyze ionic current rectification (ICR) and its modulation by local electric fields and
temperature distribution, treating this subsystem independently from the hybrid

plasmonic—magnetic framework.

2. Methods and modeling workflow

In this work, all calculations were performed using the COMSOL Multiphysics software!!®, which
is based on the finite element method for solving multiphysics-related problems. This software
allows for simultaneous calculation of electromagnetic, thermal, magnetic, and transport
processes, making it an indispensable tool for modeling the physical processes of hybrid plasmon-
magnetic nanopores. This chapter provides a description of the calculations, boundary conditions,

mesh generation, and more.
2.1 Electromagnetic field simulations

Geometry

Chapter 3 is devoted to the study of the optical properties of a hybrid Au/Co/Au/SiNx (5/5/100/100
nm thickness) nanopore array with a hole diameter of 250 nm and a periodicity of 550 nm. The
3D geometry is presented in the form of a simulated box (10 um) containing the multilayer system

under study (Figure 13).
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Figure 13 Schematic representation of Au/Co/Au/SiNx nanopore system

The hole passes through the entire structure, forming a through-channel. The simulation was
performed for a single elementary cell with periodic boundary conditions in the plane of the

structure.

All the simulations were calculated in water. Standard parameters were used: thermal conductivity,
density, heat capacity, and viscosity corresponded to reference values (which are contained in the

Comsol library''®). The heat transfer coefficient with the liquid for further temperature calculations

varied from 0 to 500 W/(m*K).

The electromagnetic field was calculated in the Electromagnetic Waves, Frequency Domain
physics module. To calculate the transmission spectrum, the spectral range was set from 400 to
1000 nm, while all other calculations of the EM field amplification were performed at a wavelength
of 780 nm as a plane wave propagating along the x-axis. This wavelength was chosen based on
the maximum plasmonic resonances in the structure, as determined by the transmission spectrum

calculation.

The Electromagnetic Waves, Frequency Domain section solves Maxwell's equations:



Vx (u1VXE) — k2¢,E =0 (11)

where E is electric field vector, V X is curl operator, p, is relative magnetic permeability, &, is
relative permittivity, k, is wave vector (ko = 2mf /c). Optical properties are determined by the
dielectric constant ¢, for metals (Au, Co) and take into account absorption at different
wavelengths. At the upper and lower boundaries, scattering conditions or PML (perfectly matched

layers) were applied (Figure 13) to prevent unwanted reflections.

To calculate the locally enhanced field E? in a nanopore, the parameter was considered as:

2
Ecalculated

EZ_

= (12)
E gack ground

This parameter characterizes the degree of field amplification compared to the field specified as

background.
2.2 Heat generation
Optical absorption and heat generation

The absorption of electromagnetic energy in metals inevitably leads to the generation of heat,

which is described by the expression:
1 2
Q= Ewsolm(sr) | E | (13)

where Q is power dissipation density, w is angular frequency, &, is devoted to permittivity in
vacuum, Im(¢,) is imaginary part of the relative permittivity (responsible for for losses), | E | is

magnitude of the electric field

The main contribution to heating comes from gold, as it is responsible for plasmon excitation. The

generated heat spreads throughout the structure, including the cobalt layer.



Heat transfer modeling
To correctly calculate the temperature distribution, the heat conduction equation was solved in the
Heat Transfer in Solids and Fluids physics section:

V-(kVT)+Q =0 (14)
where V- is divergence operator, k is thermal conductivity, VT is temperature gradient, T is
temperature, Q is volumetric heat source (power density).

The incident radiation power varied from 0.5 to 5 mW, concentrated in a 20-pm-diameter beam,

which set the boundary conditions for the intensity.
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Figure 14 Heat boundary conditions

The temperature value corresponding to the ambient temperature was set at the upper and lower

boundaries of the simulated box to ensure proper heat exchange.

The Heat Transfer in Solids and Fluids section was multiphysically coupled to the
Electromagnetic Waves, Frequency Domain section, as the energy loss data in gold was used to

calculate the temperature. This resulted in a spatially heterogeneous temperature distribution, T.



2.3 Magnetic field distribution
Magnetic field modeling

The magnetic field was calculated in the Magnetic Fields (No Currents) interface. In the model,
cobalt was used as a material with magnetic properties. The magnetization was set to

approximately 0.1 T, and the distribution of B, B? and VB? were calculated.

It has been shown that a change in temperature does not lead to a significant change in the

magnetization of the system, which is important for studying the properties of hybrid nanopores.
2.4 Magneto-plasmonic core-shell nanoparticles

Magneto-plasmonic trapping was performed using core-shell magnetic-plasmonic nanoparticles,
which consist of a magnetic core FesO4 and a gold shell Au. These particles were chosen due to

their widespread application in nanosensing!!”. Three characteristic particle sizes were considered:

14 nm, 50 nm, and 100 nm, with shell thicknesses of 2 nm, 10 nm, and 20 nm, respectively'!’.

This geometry reflects small, medium, and large particles that can potentially be used for
nanotrapping, as they combine the magnetic properties of the core with the plasmonic properties

of the metal shell.
Geometrical characteristics

The total radius of the particle R and the core radius were defined as:

Reore = R — tspen (15)

where tpq;; 15 shell thickness.

Particle volume:

V =—=nR3 (16)



Core volume:

Veore = _ﬂRé}ore (17)

Shell volume:

Vshet =V — Veore (18)

Effective particle density

The effective particle density was determined as:

peff = pcorchore ';pshellvshell (19)

where p.ore = 5200 kg/m3 is density of FesOu, pspen; = 19300 kg/m3 is density of Au.
Thus, calculated densities values for three nanoparticles are:

14 nm: p =~ 9500 kg/m>

50 nm: p ~ 14800 kg/m°

100 nm: p ~ 14800 kg/m*

Magnetic properties of nanoparticles

The magnetic properties of particles are determined primarily by the particle core Fe;O4. The
effective magnetic susceptibility was used for nanoparticles Y, corresponding to

superparamagnetic behavior:

¥ ~01-1.



Then relative magnetic permeability:

ur=1+y (20)
In the calculations it was assumed u, = 1.5 — 2, which corresponds to nanoscale magnetic
particles.

The magnetic force acting on a particle is determined by the magnetophoretic mechanism:
Fay = 5—VB? (21)

Optical properties and polarizability

The optical response of particles is determined by the gold shell that supports localized plasmonic
resonances. In the dipole approximation, the optical force is expressed through the polarizability

of the particle:
1
Fope = > Re(a)V | E |2 (22)

Polarizability of a spherical particle:

& — Em

a = 4meyR3
&+ 2y,

(23)

where €, is effective dielectric function of the particle, &, is dielectric constant of the environment.

For core—shell particles, the effective polarizability is determined by the contribution of the shell
and the core, but for the calculation and due to the complex multiphysics settings in Comsol, the
contribution of the gold shell dominates, so the polarizability of the particles was simplified to

consider the polarizability of the gold particle.



2.5 Magneto-plasmonic particle trapping
Drag force and fluid interaction

This section describes a numerical model of the motion of magnetoplasmon particles in a liquid

under the influence of magnetic, optical, and viscous forces.

The motion of particles in a fluid was considered as a multiphysics system in the Newtonian
approximation mode. In this case, the inertial forces were not neglected, and the particle motion

was defined as Eq.10:
Ftotal = Fmag + Fopt + Ftherm + Fdrag

Brownian motion was not taken into account in this model, as the main goal was to analyze the
deterministic trajectories of particles under the influence of external fields. Its influence is

discussed at the level of estimation through thermal energy kgT.
Forces implementation in Particle Tracing for Fluid Flow

Particle Tracing for Fluid Flow physics section was used to calculate the forces that affect the

capture and trajectory of particles.

The magnetic force was set in the same interface using the built-in Magnetophoretic Force module,
and was defined as a force proportional to the gradient of the square of the magnetic field. The
magnetic field was pre-calculated in Magnetic Fields (No Currents) section and multiphysically

coupled with this section.

Due to the technical features of the software, the optical force was connected separately through
the External Force node after the preliminary calculation of the electromagnetic field. It was
determined in the dipole approximation (Eq. 22) using the particle's polarizability and the gradient

of the square of the electric field.

The components of the external force were specified as coordinates:



=— 24
E, 2Re(a) % (24)
F—lR()alE|2 (25)
v =3 e(a 3y
; _1R d1E|? (26)

Thermophoretic effects

First of all, the temperature distribution in the system is determined by the heating of the gold
layers (due to their plasmonic properties) with different power densities of laser radiation at a
wavelength of 780 nm in the nanopore. Thus, an increase in power contributes to an increase in

temperature and an increase in its gradients in the simulated box.

The thermophoretic force due to temperature gradients acting on a particle can be written as:

F,, x —VT (27)

This force promotes the directional movement of particles from areas of higher temperature to

areas of lower temperature.

Thus, the temperature gradient is directly related to plasmon excitation, as the absorption of
electromagnetic radiation determines the local heating. By increasing the laser power, the
temperature field changes, but the EM field has a more significant effect on trapping under the

considered conditions.
Viscous drag and fluid interaction

The motion of particles in a liquid characterized by viscous resistance is described by Stokes' law:



F4rqg = 6TNRY (28)

where 7 is dynamic viscosity of the liquid, R is particle radius, v is a velocity of liquid.

In the conditions under consideration, the liquid is initially stationary and its velocity is equal to
0. In this regime, inertial effects are negligible, and the particle's motion is determined by the

balance of the forces acting on it.

Viscous drag has a significant impact when considering the motion of objects in a liquid. Viscosity
can limit their speed, altering their motion. Unlike magnetic and optical forces that determine the
direction of motion, drag force does not affect the equilibrium position, but it can determine the

speed at which the trapping region is reached.
Important approximations

In the Comsol software, in the Particle Tracing in section, the particle is not present in geometry
as a physical object, but is modeled within the point-particle approximation, where dimensions are

not explicitly taken into account, and the influence of fields is calculated at fixed points in space.

This approach is justified by the fact that the characteristic sizes of the particles under
consideration (10-100 nm) are significantly smaller than the spatial scales of changes in the
magnetic and optical fields. In this case, the particle can be considered as a point dipole, and the
forces acting on it are determined by the values of the fields and their gradients at the particle's

position.

In addition, this approach makes it possible to significantly simplify the computational task, since
it does not require recalculation of fields when moving a particle and eliminates the need to take

into account the inverse effect of the particle on the field distribution.

The approximation used introduces a number of limitations. The following are the effects that are

not considered in the simulated system:

 the final particle size and interaction with the nanopore walls;



e hydrodynamic effects near walls;

o the effect of a particle on the distribution of electromagnetic and magnetic fields;
o nonlinear effects under high fields;

e Brownian motion of the particle.

In particular, the point-dipole approximation is expected to be least accurate for the largest particle
(100 nm in diameter), since its size approaches the characteristic length scale over which the
plasmonic near-field decays near the gold surface, based on the field distributions shown in Figure
18. For a particle of this size, a substantial fraction of its volume can experience a field magnitude
appreciably different from the value evaluated at a single point (its center), and the particle's own
presence may locally perturb the field distribution to a degree the model does not capture. For the
smaller particles (14 nm and 50 nm), whose dimensions remain small relative to this decay length,

the point-particle approximation is expected to hold more accurately.

Brownian motion was deliberately excluded from this model. Including it would require a
stochastic (Langevin) approach to particle dynamics, with multiple independent realizations
calculated for each combination of particle size and laser power to obtain statistically significant
trapping probabilities. This approach would add computational overhead to the already complex
four-way coupling between electromagnetic, thermal, magnetic, and particle tracing physics. The
deterministic model used here was chosen as a necessary first step: it characterizes the location of
traps, potential wells, and the competition between forces. Within this model, a computed
trajectory remaining in a trap should be understood as demonstrating the absence of a net
deterministic force ejecting the particle from the trap, rather than as a guarantee of stability with

respect to real thermal fluctuations.
Interpretation of trapping time

Within the framework of this calculation, the characteristic time for which the particle reaches the
trap is determined. However, it is important to note that calculated time is not equal to the trapping

time!



There are a number of factors that are not taken into account in these calculations, affecting the

real dynamics:
e Brownian motion;
o random fluctuations in the liquid;
e particle-surface interaction;
o adhesive effects.

As a result, the resulting time characterizes the deterministic motion of a particle under the action

of forces and can be considered as a characteristic drift time, rather than as a trapping time.
Time stepping and numerical considerations

The particle trajectories were calculated during the time integration. The time step should be

chosen in such a way that it determines the correctness and stability of the calculation.

For example, a too large time step can cause the trajectory to lose its shape, miss areas where the
force gradients change rapidly, incorrectly determine the capture point, and finally cause the

particle to pass through an opening.

In a situation where the step is very small, computational costs increase without a significant gain

in accuracy.

In this work, the time step was selected from 107 to 10 seconds, to correctly resolve the regions
with maximum field gradients near the nanopore walls. To verify the correctness of the calculation,
a convergence analysis was performed on the time grid, where reducing the step size did not

significantly change the trajectories.
Workflow description
The full computational process is implemented as a sequential multiphysics chain:

1. Calculation of the electromagnetic field



Calculation of absorption and heat generation
Calculation of temperature distribution

Calculation of temperature-dependent magnetization
Magnetic field calculation

Determination of forces

Particle trajectory calculation

Electromagnetic Simulation (Optics)
1 * Solve Maxwell's equations
« Obtain | E|? distribution

« Calculate optical absorption

v

Heat Transfer Simulation
2  Heat source from optical absorption
* Solve heat equation

* Obtain temperature distribution T'(x, y, z)

v

Magnetic Field Simulation

3 * Magnetization M(T) (temperature dependent)
* Solve magnetostatics

« Obtain magnetic field B and B>

v

Force Calculation

» Magnetic force: V B? (magnetophoretic)
4 * Optical force: V | E|? (via polarizability)
¢ Thermophoretic force: VT

 Drag force (Stokes)

v

Particle Tracing for Fluid Flow
* Magnetophoretic force (built-in)

5 * Optical force (External Force)
* Thermophoretic force

+ Drag force (Stokes drag)

Solve particle motion:
Frotal = Fmag iy Fopt +Fh= Fdrag

v

Results
6  Particle trajectories
« Trapping behavior

+ Dependence on particle size and laser power

Figure 15 Modeling workflow



2.6 Ionic current rectification calculations

An analysis of ion transport in 3D nanopores composed of dielectric materials was performed to
calculate rectification. The structures described are 3D nanopores fabricated from materials such
as aluminum and silicon and were considered separately from the hybrid nanopore described
above. The purpose of this calculation was to investigate the effect of ionic current rectification
(ICR) and its relationship to the pore geometry, electric field distribution, and local environmental

conditions.

The simulations were performed in COMSOL Multiphysics using the Electrostatics and Transport
of Diluted Species interfaces, which allowed for the coupled solution of the Poisson—Nernst—

Planck equations (Eq. 2, 3, 4, 5).

V=V, C=C,

Surface charge
density

=0 C=C,

Figure 16 Boundary conditions for ICR estimation in 3D nanopores

The boundary axisymmetric conditions (as shown on Figure 16) for ICR modeling standardly
include a fixed potential at the input and output of the nanopore (the upper and lower boundaries
of the box) to model the system's current-voltage characteristics. The calculated distributions of
ion concentration and electrical potential allow for the calculation of the total ion current through
the pore. The analysis was performed for opposite polarities of the applied voltage, which is a
standard approach for evaluating rectification characterized by the asymmetry of currents under

different polarities:



_I(=V)
r"IQ+V)

(29)

It should be emphasized that this section was considered independently of the hybrid plasmon-
magnetic system. That is, magnetic and optical effects were not included in the ion transport model,
but these results are important for the behavior of nanopores in general, as they demonstrate how

the electromagnetic field and geometry can affect transport processes at the nanoscale.
Numerical implementation, mesh strategy and convergence

To ensure detailed accuracy of calculations, an adaptive finite element grid with local thickening
in areas where strong gradients of physical quantities are expected was used in all physical

modules. In particular, the maximum grid thickening was implemented:
e near the edges of the nanopore,
o at metal-dielectric interfaces,
o in the ferromagnetic layer (Co), where magnetic field gradients are formed,
o in all the areas with tiny dimensions.

The minimum grid element size in extremely small regions was 0.1-2 nm for accurate calculations
near narrow geometric regions. A coarser grid was used in the fluid volume and away from the

structure to optimize computational resources.

The validation of the results was carried out as a mesh convergence study. The grid was
consistently reduced until the change in key values was less than 2-3%. This ensured the numerical

stability of the results and their independence from discretization.



3. Electromagnetic Field Enhancement in Plasmonic Nanopores

Optical absorption in hybrid magneto-plasmonic nanopores is determined by the distribution of
the EM field and is a source of structure heating. This section discusses the effect of radiation on
the spectral characteristics of a hybrid pore in the presence and absence of a particle, as well as the

enhancement of the EM field and the spatial distribution of temperature.
3.1 Optical response and transmission spectra

Before proceeding to the direct particle trapping, it is necessary to determine the areas where hot
spots are formed and how the particle interacts with the hybrid nanopore. Therefore, the first step
is to analyze the plasmonic properties of the nanopore array, determine the resonant wavelength
at which the field is amplified, evaluate the field enhancement in the presence of a particle at
different distances from the nanopore walls and without the particle, and finally, calculate the

temperature inside the pore for subsequent use in the context of magnetic fields.

The transmission spectrum of an array of hybrid nanopores (with a diameter of 250 nm and a pitch
of 550 nm) was calculated in the wavelength range of 400-1000 nm, which covers the visible and
near-infrared regions. This calculation was performed without the presence of a particle, in order

to accurately assess the intrinsic resonance characteristics of the system.
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Figure 17 Transmission spectrum of bare hybrid nanopore (D=250 nm, P=550 nm)

As can be seen from Figure 17, the transmission spectrum shows pronounced resonances at

wavelengths of 780 nm and 960 nm, indicating the excitation of plasmons in the gold layer. In this



case, the spectrum of a three-layer structure with a period of 550 nm and a hole diameter of 250
nm is formed due to the extraordinary transmission effect, which occurs when light passes through
an array of holes. Since the non-perforated metal layer does not directly transmit light, the
periodicity of the pores allows for the excitation of surface plasmon waves, which are re-emitted

at the exit of the holes, creating transmission maxima.

For further calculations of temperature distribution and evaluation of EM field amplification, a
wavelength corresponding to 780 nm was selected®®, as this wavelength is successfully used in
experiments involving fluorescence and Raman spectroscopy (which are also actively used in

experiments with solid-state nanopores).
3.2 Electromagnetic field distribution at resonance wavelength

At the resonant wavelength, the spatial amplification of the EM field |E|*was estimated without
the presence of a particle, as the assessment of how much the field is amplified at a given location

can indicate the potential capture of a particle at that point.
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Figure 18 EM field enhancement % in bare hybrid nanopore distribution in XY and XZ planes
0

(D=250 nm, P=550 nm)

This distribution of the EM field intensity near the nanopore is determined by the boundary
conditions at the Au/Co and Au/SiN interfaces. Near the edges of the nanopore, the maximum
values of |E|? are localized at the edge of the hole and along its walls, forming a region with a

highly localized EM field.



The excitation occurs with the electric field oriented along the x-axis, which is why the field
charges are distributed asymmetrically, resulting in an asymmetry in the spatial distribution of

|E|? and an enhancement of the field in specific regions.
3.3 Effect of particle on optical response

The introduction of a magnetic core—shell (Fe2O3-Au) particle near the nanopore inevitably leads
to a change in the distribution of the EM field and, as a result, to visible changes in the spectrum.
In the original system, the distribution of the field was primarily determined by the geometry of
the pore and the optical properties of the materials, but the presence of the particle creates a local
perturbation in the dielectric medium. It is assumed that the particle has already been attracted to
the walls of the nanopore by the optical force, which simplifies the task and calculation of the

optical response, as if the particle had already been trapped.

Implementation of the particle causes it to interact with the walls of the nanopore, especially in
areas where there are metal layers. This interaction is reflected in the transmission spectrum as a
shift in the resonant wavelength and a change in the intensity of the resonance compared to the
nanopore alone. The magnitude of the shift (how much the maximum is displaced) is determined
by the distance of interaction between the particle and the surface. Typically, the closer the particle
is to the walls of the pore, the greater its impact on the local field and, consequently, on the spectral

response.

To evaluate the contribution of a particle in the system under consideration, particles with
diameters of 14, 50, and 100 nm were selected. This allows us to study the optical response of the
system, as the size of the particle directly determines its polarizability and, consequently, its
interaction with the electromagnetic field. As the particle size decreases, the perturbation caused
by its small volume becomes less significant. Consequently, the spectral characteristics remain

relatively unchanged (Figure 19).

As the particle diameter increases, it can significantly redistribute the field near the surface,
causing more pronounced shifts in the resonance peaks or changes in their shape. For particles

with a diameter of 100 nm, the interaction becomes even stronger, as the local conditions for



excitation of plasmon modes also change due to the particle size. In this case, the spectrum can

significantly change.

It is also worth paying attention to the magnetic properties. An increase in the core diameter can
lead to an increase in magnetization and, consequently, an increase in interaction with the magnetic
field. Thus, particles of different sizes have different magnetic moments and react differently to

magnetic gradients.

Figure 19 shows the transmission spectra of a hybrid nanopore, which demonstrate a complex
dependence on two main parameters: the size of the particle (14, 50, and 100 nm) and the distance
between the particle and the surface (0.5, 5, and 10 nm). Firstly, it is worth noting that two
characteristic regions can be identified for all cases: a region with a weak response in the short-
wavelength part (400—700 nm) and resonant peaks in the long-wavelength range (750—1000 nm).
The resonances correspond to the excitation of plasmonic modes, which arise due to the specific
geometry of the nanopore with a gold plasmonic layer particle. Without the particle, the position

and shape of the resonances are solely determined by the structural parameters.
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Figure 19 Transmission spectra of a hybrid nanopore in the presence of nanoparticles at different

distances from the nanopore wall

By changing the gap, we can see that increasing the distance between the particle and the surface
leads to a change in the transmission spectrum and a change in the shape of its maxima. At small
distances (0.5 nm), the position of the maxima does not change significantly, but their intensity
does. When a particle is introduced into the system, it interacts with the optical response of the
pore, resulting in a response from the particle's dipole. For a particle with a diameter of 14 nm at
a distance of 0.5 nm, the transmission spectrum remains relatively unchanged. However, for a
particle with a diameter of 50 nm, there is a partial redistribution of energy, resulting in a decrease

in the intensity of the peaks. For a particle with a diameter of 100 nm, the interaction becomes



even stronger, leading to the formation of new collective states. In this case, the energy is
redistributed unevenly, suppressing the 780 nm resonance and enhancing the next longer-

wavelength resonance.

As a plasmonic material, gold is prone to radiation losses under the influence of radiation,
especially with an increase in diameter. The larger the particle, the more effectively the incident
radiation is scattered, removing some of the energy from the localized modes of the nanopore. This
further contributes to the reduction of the amplitude of individual resonance peaks and changes in
their shape. In other words, the observed change in the amplitude of the peaks is also influenced

by the internal redistribution of energy within the system and its partial scattering.

It is very important to note the role of the particle's surface size relative to the pore region where
the interaction occurs. For example, a particle with a diameter of 100 nm almost completely covers
the pore. In the case of a very small gap, the field is further amplified in this region. For a large
particle, this effect becomes particularly strong, affecting the behavior of the entire system. As a
result, it partially suppresses the initial resonance of the nanopore and changes the intensity

distribution of the peaks in the spectrum.

As the distance between the particle and the surface increases to 5 nm, the interaction becomes
significantly weaker, which is directly reflected in the transmission spectra (except for the 100 nm
particle). This is because the localized EM field rapidly weakens as the distance between the
particle and the surface increases, meaning that the particle is no longer in the highly localized
field region. As a result, the particle's influence on the system decreases, and the spectrum
gradually approaches the original case without the particle (as seen in the alignment with the dotted

curve).

As mentioned earlier, for particles with a size of 50 nm, this manifests itself in a less pronounced
deformation of the resonance peaks, where the particle and the pore behave more independently

of each other.

Although for a particle with a diameter of 100 nm, the effect of the particle on the transmission
spectrum is still present, it becomes less dominant. As the particle moves away, the resonances

partially recover, and their amplitude becomes closer to the spectral characteristics without the



particle. Thus, increasing the gap leads to a transition from a strong interaction regime to a weak

perturbation regime, where the particle's influence is limited.

Thus, in the cases under consideration, the maximum differences are achieved in the "large particle
+ small gap" mode. This confirms that the key factor is not only the presence of a particle, but also

the degree of its optical coupling with the surface.

To summarize this section, the calculated spectra show that the system is sensitive to local changes
in the dielectric environment. The particle changes the charge distribution on the metal surface,
thereby altering the excitation conditions for plasmon modes. At small distances between the
particle and the surface, the field is confined in a narrow gap, resulting in increased interaction and
a shift in the resonance. As the distance increases, this interaction weakens, and the system
gradually returns to its original state. Similarly, increasing the size of the particle enhances its
contribution to the redistribution of the field by increasing its polarizability. While the influence
of small particles is noticeable when the gap between the particle and the pore wall is small, for
large particles, even as the gap increases, the resonance peaks remain shifted and modified in
shape. Thus, unlike small particles, whose influence quickly dissipates as the distance increases, a

large particle alters the optical response of the system over a wider range of distances.
3.4 Field enhancement in the presence of a particle

As mentioned earlier, the changes shown in the transmission spectra when a particle enters a
nanopore are directly related to the redistribution of the electromagnetic field near the nanopore
due to the interaction of the particle with the pore walls. The distribution of |E[*2 allows us to

understand where these changes are localized and what physical mechanisms are behind them.

Figures 20-23 show that the introduction of a particle leads to a redistribution of the EM field near
the pore surface. For a small particle (14 nm), even due to its small diameter, we can see a strong
localization of the field on the side facing the particle. As previously shown in the transmission
spectra, the field is most concentrated between the particle and the surface when the gap is small
(0.5 nm). Although the interaction and amplification between the pore and the particle is very
strong, and the localization of the field is also strong, it does not lead to a significant change in the

spectrum. As the gap increases to 5 and 10 nm, the localization weakens, and the field becomes



more symmetrical, gradually returning to the distribution characteristic of a pore without a particle.

This is consistent with the fact that the particle's influence on the spectrum decreases in this case.
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Figure 20 EM field distribution % of the pore with 14 nm NP under 780 nm laser excitation
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For medium-sized particles (50 nm) (Figure 21), the behavior becomes more pronounced.
Compared to the 14 nm particle, the medium-sized particle interacts more deeply with the field
localization region. In the case of a small gap, it can be seen that the EM field begins to redistribute
along the entire boundary of the particle-surface interaction. This indicates that the particle is in a
state of high interaction with the pore, resulting in a weakened EM field within the pore and an
enhanced field near the particle. As the distance increases (5 and 10 nm), the maximum
enhancement decreases, but it still remains visibly enhanced around the particle. Despite the

weakening of the interaction, the EM field remains enhanced.

For a particle with a diameter of 100 nm (Figure 22), in the case of a small gap, the maximum
amplification factor reaches the same order of magnitude, but the amplified EM field is completely
concentrated in the interaction region between the particle and the surface, while the EM field in
the pore is significantly weakened. In this case, we can talk about the redistribution of energy in
the entire system. As the gap increases to 5 and 10 nm, the maximum amplification values
decrease, but it can be observed that the region of highly localized field remains shifted towards
the particle. Thus, even as the distance increases, the large particle continues to determine the

spatial distribution of the field.
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Figure 22 EM field distribution % of the pore with 100 nm NP under 780 nm laser excitation
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The results of the EM field distribution show that the maximum amplification factor depends
primarily on the gap size, and the particle acts as a tool for controlling the scale of this
amplification. Small particles, despite their small size, create a strong but localized amplification,
while large particles can redistribute the EM field within the channel. This is well correlated with
the changes in the transmission spectra (Figure 17). Local amplification has a limited effect on the

shifts of the resonance peaks, while the redistribution of the field causes changes in the resonant

modes.
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Thus, it is the spatial distribution of the enhancement that largely determines the behavior of the
system, rather than just its magnitude. These regions of local enhancement directly determine the
distribution of heat generation and, therefore, will play a crucial role in shaping the temperature

field and subsequent multiphysics effects.
3.5 Temperature distribution in hybrid nanopores

In hybrid nanopores, EM energy absorption occurs predominantly in the metal layers, which are
also characterized by strong thermal losses, while the cobalt layer does not significantly contribute
to heating, as it is mainly heated by thermal conduction. Thus, the geometry of the structure
determines the spatial distribution of heating, while the variable radiation power determines how

much the particle and the hybrid pore heat up.

The temperature distribution under 780 nm radiation was studied with a power density ranging
from 160 to 1590 W/cm?. As shown in Figure 23, the temperature distribution under radiation in
a nanopore without a particle is formed by optical absorption. In the absence of a particle, the
temperature increases smoothly with increasing laser power, but the spatial distribution remains
the same, with a maximum at the geometry where the pore opening is concentrated, and then the

temperature decreases linearly with distance from the center.
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Figure 23 Dependence of temperature inside the bare nanopore (without a nanoparticle) on laser

power density

The key result to understand is that the temperature increases linearly with the laser power density:

as the intensity increases from 159 to 1592 W/cm?, the maximum temperature increases from 30°C



to 60 °C. The shape of the profile remains constant, indicating a stationary heat transfer regime
that is also determined by the geometry and other physical properties of the system, which affect

the redistribution of energy, while the power determines the amplitude of heat transfer.

With the introduction of a particle in the simulated system, the temperature distribution changes,
but mostly with an increase in the particle diameter (Figure 24). Similar to the effects described
above, the particle's influence on temperature is not an exception, as it alters the local distribution
of |E|? and, consequently, the distribution of the heat source. However, compared to the
electromagnetic field, temperature is more sensitive to changes, as thermal conductivity smooths
out local irregularities. As a result, the position and size of the particle lead to noticeable variations

in the maximum temperature and profile shape.
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Figure 24 Dependence of temperature inside the nanopore in the presence of a nanoparticle, as a

function of particle diameter and gap distance, on laser power density

For small particles with a diameter of 14 nm (Figure 24 a), the temperature distribution is barely
different from the case of a nanopore without a particle (Figure 23). Even with a small gap (0.5

nm), despite the strong local field enhancement up to 10%, the effect on temperature is limited.

Small particles have a negligible effect on the integral heat generation, and the temperature is
mostly determined by the pore geometry rather than the presence of the particle. As the gap
increases (Figure 24 b-c), there is almost no difference, indicating that small particles play a minor

role in shaping the thermal field.



More pronounced changes can be observed for particles with a diameter of 50 nm (Figure 24 d-f).
At a gap of 0.5 nm, the temperature increases by approximately 5 degrees compared to the case
without a particle. This is due to the fact that the particle itself is larger in area and interacts with
a more significant region of the field, increasing the overall effective interaction volume where
absorption occurs. As the gap increases, the temperature decreases, which correlates with a
decrease in electromagnetic interaction. In this case, the difference with a system without a particle

1s almost not noticeable.

As it was shown in the case with transmission spectra, particles with a diameter of 100 nm show
the most distinct behavior compared to particles of small and medium diameter (Figure 24 g-1). In
this case, the temperature distribution differs qualitatively from all previous cases. With a small
gap and a large particle diameter, the maximum temperature does not increase, but rather decreases
significantly. This is primarily due to the fact that a large particle contributes to the distribution of
energy in such a way that it is highly localized in a narrow interaction region and partially reduced

within the pore itself. As a result, the overall absorption in the system decreases.
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As the interaction distance increases from 5 to 10 nm, the temperature decreases significantly
(almost by 45 degrees) compared to smaller particles. This is likely due to the reduced localization
of the field in the pore region and the increased localization of the particle, which reduces the
efficiency of heating. As a result, the large particle does not enhance heating but rather may

suppress it by redistributing energy.

The obtained temperature distributions showed that there is a fundamental difference in spatial
scales between the localization of the electromagnetic field and the formation of the temperature
profile. The electromagnetic field, which is amplified by the plasmonic response, rapidly decays
at distances of the order of tens of nanometers from the surface. At the same time, the temperature
still depends on the local heat source, but it also strongly depends on the heat transfer to the
surrounding environment, forming a broad distribution that reaches hundreds of nanometers or
more. Moreover, it was found that even a highly localized field amplification does not necessarily
lead to a proportional increase in temperature, as the contribution to heating is determined not only
by the maximum |E|?, but also by the volume of the region where energy is absorbed, as well as

the geometry of the nanopore itself.
3.6 Conclusion

In this section, the optical properties of hybrid magneto-plasmonic nanopore have been considered,
the distribution of the electromagnetic field inside the pore with and without a particle, and the
distribution of temperature. This allows us to gain a comprehensive understanding of the
mechanisms of energy localization and redistribution in the system in the presence of a particle for
further calculations. It has been shown that the properties discussed are determined not so much
by the magnitude of the local field amplification, but rather by the spatial distribution formed by
the geometry of the structure and the materials it is made of. We have also examined how the

electromagnetic distribution is converted into thermal energy.

The results show that the interaction of a particle with the pore walls can vary from weak to strong,
depending on the particle size and distance from the surface. Moreover, despite the observed
changes in the EM field distribution and transmission spectrum, the particle's influence on the
temperature field is relatively minor. Even when the EM field is highly localized (with a distance

of less than 5 nm between the particle and the pore wall), the temperature profile remains similar



to that of a hybrid pore without a particle, especially for smaller particles. This is because the
temperature in this system is primarily determined by the nanopore and its geometry, rather than

by the local maxima of |E|?.

The calculated results are fundamentally important, as they show that in the system under
consideration, the presence of a particle does not lead to dramatic changes in the temperature
distribution, despite the strong local redistribution of the electromagnetic field. This is particularly
useful when transitioning to magnetic trapping simulations, where the system is simplified to use
the temperature distribution calculated for a structure without a particle, without compromising
physical accuracy. This simplifies the task by eliminating the need to consider the particle's inverse

effect on the thermal field, which can be challenging to implement in real-world settings.

The calculated results show that plasmonic nanopores are highly sensitive to local changes in the
dielectric environment, which can be observed through the optical response even for particles with
small diameters. This makes such structures attractive for single molecule detection, where the
detection system must be sensitive to even small disturbances. It is important to note that the
distribution is relatively stable, as the temperature can be controlled based on the radiation used or

adapted to suit the needs of the system without critically affecting the objects being studied.

For further calculations of the magnetic field and its effect on trapping, one of the important factors
is the dependence of magnetization on temperature. Since it has been established that the
temperature in the system is primarily determined by the geometry of the nanopore and the
radiation power, rather than by the presence of a particle, this allows us to consider the magnetic
distribution as a function of external parameters. On the other hand, this means that the magnetic
field and its gradients can be calculated with and without the particle, and then used to analyze the

forces acting on the particle.

The spatial inhomogeneity of temperature also affects the inhomogeneity of magnetization,
creating magnetic field gradients. These gradients determine the magnetophoretic forces that
interact with the particle during trapping. Thus, plasmonic heating serves as a tool for controlling

the magnetic field through temperature changes, in addition to directly generating magnetic forces.



The particles themselves have different magnetic moments depending on their size. In the trapping
problem, it is the properties of the particle (size and magnetic moment) that determine its response
to a given magnetic field, while the field itself is generated independently of the particle. This
separation of roles allows us to consider the system in a simplified setting, where the field is

predefined and the particle is a passive object moving within the field.

So far, it has been established that the multiphysics is divided into several stages: calculating the
optical and temperature fields without a particle, determining the magnetic response, and then

trapping the particle.



4. MULTIPHYSICS MODELING OF MAGNETO-PLASMONIC TRAPPING OF
CORE-SHELL NANOPARTICLES IN A PLASMONIC NANOPORE

4.1 Introduction

The ability to not only detect, but also control or, in other words, manipulate the transport of
nanoscale objects is one of the key challenges in research related not only to nanopores, but also
to other nanoscale biosensing and lab-on-chip systems''®!". In particular, nanopores, which are
the primary focus of this work, have the potential to perform single-molecule analysis, as well as
control the transport of nanoparticles and locally manipulate objects within sub-wavelength

volumes.

Hybrid magneto-plasmonic nanopores, as already discussed in Chapter 3, are capable of strongly
localizing the electromagnetic field near the nanopore edge and walls by exciting localized and
surface plasmonic modes. This is due to the formation of plasmonic hotspots, which contribute to
high field gradients and, consequently, optical gradient forces. This is an ideal starting point for
trapping nanoparticles in a hybrid nanopore. The specific geometry of the nanopore further
enhances the spatial confinement of the field and allows for the localization of the trapping region

within a confined nanofluidic volume.

Optical trapping is famous for its high efficiency, but there are a number of limitations'?°. For large
particles (100 nm or more), the influence of Brownian motion and viscous drag increases.
Increasing the laser power not only enhances optical confinement, but also leads to increased

plasmonic heating and thermal gradients, which can destabilize the trapping.

One of the solutions to overcome the limitations and increase the trapping capability is the use of
magneto-plasmonic systems, where the optical and magnetic properties together can effectively
control nanoscale objects. This work focuses on FesOs@Au core—shell nanoparticles, where the
magnetic properties are provided by the FesO4 core with the ability to attract particles over long
distances, while the gold shell (as gold is known to be an ideal plasmonic material) provides strong

EM field confinement when interacting with the nanopore walls due to the localized near-field.

In such systems, trapping depends not only on the optical and magnetic forces acting on the

particle, but also on viscous drag and thermally induced transport, which can change the course of



the process. For example, thermophoretic drift, which occurs due to strong local plasmonic

heating, can induce trapping destabilization and particle escape from the hotspot region.

Nowadays, the experimental study of such systems is also known as a non-trivial task, as the direct
simultaneous analysis of electromagnetic fields, magnetic fields, temperature gradients, and
nanoparticle dynamics requires significant effort and specialized equipment. Therefore, the study
of magneto-plasmonic trapping requires the use of multiphysics modeling, which combines
electromagnetic simulations, magnetic field calculations, heat transfer modeling, and particle
tracing dynamics to predict the possible behavior of the system and assist in the interpretation of

the results.

In this chapter, a comprehensive multiphysics simulation of magneto-plasmonic trapping of
FesO4@Au core—shell nanoparticles in a plasmonic nanopore is performed. The optical and
magnetic trapping forces, thermophoretic effects, trajectories of nanoparticles, and the influence

of particle size and laser power on trapping capabilities are investigated.
4.2 Description of the multiphysical model
Geometry and materials

The hybrid magneto-plasmonic structure is a 250 nm nanopore array in a multilayer Au/Co/Au/SiN
membrane with a 250 nm period. The environment is assumed to be water, where the flow and

speed are not controlled externally.

FesOs@Au core—shell nanoparticles of three sizes were selected as trapping objects based on

published data and their potential for trapping:
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Figure 26 Core-shell nanoparticles

The gold shell provides plasmonic properties, while the magnetic core of FesOa determines the
magnetophoretic response of the particle. More details about nanoparticles can be found in Chapter

2.
Forces acting on a particle

The particle's motion was taken into account when considering several physical forces (Eq. 10):

Ftotal = Fopt + Fmagn + Ftherm + Fdrag

Assumptions during calculations

As mentioned in the Methods and Workflow section, in this work, the particle was considered
during the calculations as a point-particle approximation, where it is represented as a point object
moving in pre-calculated fields that define the trapping conditions. This approach is justified by

the features of the software.
Moreover, due to this assumption the following effects were not considered:

o partilcle's influence on surrounding electric and magnetic fields;



o Brownian motion;
o hydrodynamic wall effects;
o possible interparticle interactions.

First, the electromagnetic field distribution was calculated based on the laser power to determine
the location of hot spots and the temperature gradient. Then, the magnetic field distribution was
calculated based on the temperature dependence of the magnetic properties. The resulting fields
were used to calculate the optical, magnetic, and thermophoretic forces acting on the particle. More
information on the calculations and boundary conditions can be found in the Methods and

Workflow section.
4.3 Spatial localization of traps
Localization of plasmonic “hot spots”

When the hybrid magneto-plasmonic structure is optically excited by electromagnetic radiation,
highly localized plasmonic modes are created near the edges of the pore, as shown in Chapter 3.

As aresult, a highly localized EM field is created near the edges of the nanopore, as can be seen
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in Figure 28.
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(D=250 nm, P=550 nm). Reproduced from Figure 18 (Section 3.2):

It is at the plasmonic hotspots that the maximum field gradients occur, which determine the

localization of the optical trapping forces.



Spatial distribution of the magnetic field

Like the EM field, the magnetic field also demonstrates localization near the nanopore walls

(Figure 29), but in a different region corresponding to the cobalt layer.
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Figure 28 Distribution of the magnetic flux density norm |B| in the plasmonic nanopore region

As can be seen in Figure 29, the maximum values of |B| spatially overlap with the plasmonic
hotspot regions (Figure 28), which potentially makes the combined action of optical and magnetic

trapping a strong mechanism for particles trapping.
Spatial localization of trapping-related field gradients in the nanopore region

To examine the spatial localization of the trapping mechanisms in more detail, the distributions of
the electromagnetic and magnetic fields were calculated along the central z-axis of the nanopore,
and special attention was paid to analyzing the distributions of the corresponding field gradients
along a line located as close as possible to the edge of the nanopore (coordinates x = —124,y =
0), since the optical trapping force and the magnetophoretic force are determined by spatial

gradients | E |? and B2.

Figure 30 shows the distributions of B2, | E |2, and their spatial derivatives along the central axis

of the nanopore and the line close to the edge of the pore.
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Figure 29 Electric and magentic field gradients in different nanopore regions

The analysis of the distributions d (| E 1?)/dz and d(B?)/dz once again shows that in this region
that the maximum trapping-driving gradients occur, which determine the optical and
magnetophoretic trapping forces. As the distance from the edges of the nanopore increases, the

field gradients decrease more rapidly, thereby reducing the trapping efficiency.

The overlapping of electromagnetic and magnetic fields at the edges of the nanopore forms a stable

trapping region for FesOs@Au core—shell nanoparticles.
Potential energy landscape

To quantify trapping capabilities, it is necessary to evaluate the potential energy, which is primarily
determined by optical and magnetic trapping mechanisms. This analysis of the potential energy
landscape allows for the identification of the spatial localization of the trapping region, where the
depth of the trap, as well as the size of the particle and the intensity of the laser radiation, critically
influence the trapping conditions. As in the previous section, these values were calculated in

different areas of the nanopore (in the center and at the edges of the nanopore).



In this work, the magnetic and optical components of the potential energy were calculated
separately for each particle, as well as for different laser powers. The magnetic potential was
determined by the distribution of the magnetic field within the nanopore region, while the optical

potential was calculated based on the spatial distribution of the electric near-field intensity.

Figure 31 shows the magnetic trapping potential distributions for particles of different diameters.
Figures 32-34 show the optical trapping potentials for particles with diameters of 14, 50, and 100

nm at different laser powers (the potential energy calculated for all power densities is listed in SI).
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Figure 33 Optical potential for 100 nm NP

The obtained results clearly demonstrate that the magnetic potential contributes to a larger long-
range region that forms an attractive region near the nanopore entrance. Moreover, as the particle
diameter increases, the trapping potential deepens significantly due to the volumetric scaling of

the magnetophoretic interaction.



If we compare the smallest (14 nm) and the largest (100 nm) particles, the magnetic trapping
potential remains relatively weak for the smallest particle, while a significantly deeper potential

well is formed for the larger particle, providing stable magnetic confinement.

In Figures 32-34, the optical potential is distributed in such a way that its more localized trapping
nature is visible. Compared to magnetic trapping, the optical potential is concentrated more near
the walls of the nanopore with a gold layer and is characterized by a sharp decrease in potential

energy at the layer transition region.

The bigger the laser power becomes, the more consistent the optical trapping potential becomes
for all particle sizes. It is also worth noting that the most pronounced increase in the depth of the
potential well is observed for larger particles due to the increase in the effective polarizability of

the particles.

Another size dependent parameter that is important to mention is that an increase in size not only
contributes to an increase in the depth of the trapping potential, but also to an increase in the spatial
localization of the trapping region. For example, for a 100 nm particle, deeper potential wells are

formed for both magnetic and optical trapping.

For all the particles considered, the trapping potential tends to be more localized in the nanopore
edge region (x = 124 nm) compared to the central region of the nanopore (x = 0 nm). This further
highlights the role of plasmonic effects (both local and collective) in shaping the stable trapping

region.

The obtained results prove that magnetic and optical attraction, acting together, can form a stable
trapping region near the nanopore edge. At the same time, the depth of the trapping potential is

determined by both the particle size and the laser power.
4.4 Magnetic trapping dynamics

Before considering the trajectories of particles affected by optical radiation of different powers,
the regime without laser radiation (trapping is affected only by magnetic fields) was initially
investigated. In this case, the motion of particles is determined exclusively by magnetophoretic

attraction.



The calculations were performed using the Particle Tracing for Fluid Flow module, taking into
account the combined effects of magnetophoretic and drag forces. The initial coordinates of the
particle release were set at the top of the computational domain, close to the entrance to the
nanopore (-75,0,300), to reduce the calculation time, as it is assumed that the particle has already

reached this region.

The trapping trajectories of FesOs@Au core—shell nanoparticles were calculated taking into
account their different diameters in a magnetic field. Magnetic, optical, viscous, and

thermophoretic forces were considered in the simulations (Figure 30).
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Figure 34 Trajectories magnetic forces

From Figure 35 it can be seen that, first, the trajectories of particles of different diameters have a
similar trajectory and are directed towards the same trapping region, which is located near the edge
of the nanopore to the left of the center. As previously mentioned, the magnitude of the magnetic
force acting on the particles depends on the particle size, but the resulting data can be interpreted
correctly and is determined by the specific distribution of force fields in the system, as well as the

features of the software itself.



As shown in Figures 32-34, the distribution of forces is determined by the geometry of the
nanopore structure and the distribution of local electromagnetic fields near the nanopore. At the
same time, parameters such as the position of the plasmonic hotspot and the regions of maximum
magnetic gradient are distributed in the pore independently of the size of the particles (since the
interaction of the particles with the pore walls is not taken into account when calculating the
trajectories). This means that the direction of the resulting force at each point in space remains

almost constant.

Thus, it can be concluded that despite the particle diameter, the force field is directed and oriented
towards the same trapping region. Changing the particle size during the calculation does not affect

the shape of the trajectory, but it does affect the dynamic characteristics of the motion:
o speed of movement;
o trapping time;
o trapping stability;
o thermophoretic drift sensitivity.

It follows that an increase in the size of a particle leads to an increase in its velocity as it approaches
the trapping-region. Accordingly, larger particles reach the trap more quickly and may exhibit

more stable trapping.

The invariance of the spatial trajectory can be explained by the fact that the trap locations are
determined by the geometry of the pore itself, which remains constant for all particles, while the

size of the particle determines the efficiency and dynamics of capture.

Another important factor that determines the trajectory is the flow rate of water, which is equal to
0 in this work. Therefore, when considering the system without taking into account optical forces,
we can say that in a simplified modeling system, the trajectories of particles are determined more

by the geometry and properties of the nanopore than by the properties of the particle itself.

Moreover, small particles are strongly influenced by thermophoretic drift and Brownian motion,

which can lead to destabilization trapping at high laser powers, as will be discussed later.



4.5 Magneto-plasmonic trapping dynamics

To analyze the trapping of particles involving both magnetic and optical forces, we performed

simulations of the trajectories of Fes;Os«@Au core—shell nanoparticles in the interface of viscous

drag and thermophoretic effects resulting from the plasmonic heating of the magneto-plasmonic

nanopore. The simulations were provided for different values of the laser power density (all

simulations can be found in the SI section) to investigate the impact of photothermal effects on the

trapping of particles near the nanopore walls.

The initial coordinates of the particles were set in the same way as in Section 4.4.

Figures 36-38 show the trajectories of nanoparticles obtained by the combined action of optical

and magnetic trapping mechanisms.
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Figure 37 Trajectories for 100 nm NP

As can be seen from Figures 36-38, when optical force is added, the trajectories of the particles
change significantly. The resulting plasmonic hot spots and highly localized EM fields at the edges
of the nanopore form a trapping region near the nanopore walls, which contributes to a greater

deviation of the trajectories towards the plasmonic hotspot.

The most pronounced effect of plasmonic effects is observed for the smallest particle with a
diameter of 14 nm (Figure 33). As a result, the particle is more susceptible to photo-thermal effects
under the influence of magnetic and optical forces. It has been shown that the thermally induced
transport increases with the density of laser radiation. As the power increases, the metal layers of
the nanopore heat up, leading to temperature gradients that cause thermophoretic drift. Due to the
very small size of the particle and the relatively weak magnetic confinement, these particles are

highly susceptible to thermophoretic destabilization.

At the same time, for larger particles (50 nm and 100 nm) (Figures 36-37), a more stable trapping
behavior can be clearly observed. In this case, the magnetic force acts as a stable mechanism for
particle retention, while the optical trapping enhances the localization of nanoparticles near the
nanopore edge with increasing laser power. For these particles, factors such as their size and the
magnitude of the force allow magneto-optical forces to dominate over thermophoretic transport

even at elevated laser powers.



As in the previous section, it can be noted that for particles of 50 and 100 nm, the shape of the
trajectories is almost identical. This is potentially attributable to the absence of externally
controlled fluid flow in the model, and the particle's motion is primarily determined by the
distribution of forces and the specific geometry of the nanopore. Under these conditions, the
differences between the particles manifest themselves in terms of trapping stability, localization

strength, and sensitivity to thermophoretic effects.

The results show that the trapping dynamics in a magneto-plasmonic nanopore is determined by a
complex competition between optical confinement, magnetic attraction, and thermally induced
transport. The particle size plays a key role in determining the stability of trapping and the

sensitivity of nanoparticles to photo-thermal destabilization.
4.6 Forces analysis

To understand the mechanisms of particle trapping and the trajectories shown in Section 4.5, a
detailed analysis of magnetic, optical, and thermophoretic forces was performed for three particles

and different laser powers.

Figure 39 shows the distributions of magnetophoretic, optical, and thermophoretic forces along

the nanopore axis and near the pore walls.



14 nm, x=0 nm 14 nm, x =124 nm

0.01 100 F
~ 0.005 F — L
= = 50
= =
8 0 ] 0
[=] [=]
L 0005F L 50
0,01 . . . . . 100, . . . .
-400 -200 0 200 400 -400 200 0 200 400
z (nm) z (nm)
50 nm, x=0nrz, 25 O@a G 2000 50 nm, x = 124 nm
02 T T 7 ™ T T T T
Z 01 {1 2000} ‘
= =
g o g ¢
(s} [=]
W01 2000 f
0.2 . R . 3 4000 . . . . .
-400 -200 0 200 400 -400 200 0 200 400
z (nm) z (nm)
100 nm, x =0 nm «10% 100 nm, x = 124 nm
2 . . : . S " . -
~ 1} ~ 1t
= z 1
= =)
g o 8 0
o (o]
el w -1
2 n " " 1 " -2 L " n " n "
-400 -200 0 200 400 -400 200 0 200 400
z (nm) z (nm)

Figure 38 Magnetic force for different particles

Figure 39 shows the distributions of magnetic force for 14, 50, and 100 nm particles. The graphs
show that the magnetophoretic force is localized near the nanopore edge, where the magnetic field
gradients are highest. The order of the magnetic force for all particles remains approximately the
same and differs little, although the magnetic force increases with the size of the particle. For the

smallest particle, the magnetic force is relatively small due to the very small volume of the particle.

For 50 nm particles, we can already observe a significant increase in the magnetic force. In this
case, we can say that the magnetic force is already capable of causing a stable directional

movement of the particle towards the traps in the pore.

As expected, the strongest magnetic force is observed for 100 nm particles. The increase in
magnetic force is due to the volumetric scaling of magnetophoretic interaction, and as a result,
larger particles are capable of more stable magnetic confinement, which leads to a pronounced

deviation of the particle trajectory towards the edges of the pore.
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Figure 39 Optical forces near the nanopore wall

Figure 40 shows the optical force distributions for different particle sizes and laser powers at the

center and edges of the pore.

Thus, the optical force is characterized by significantly stronger spatial localization near the
nanopore edge, in contrast to the magnetic force. As expected, the maximum values are
concentrated in the plasmonic hotspot region, where extreme gradients of electric field intensity

occur.

It is observed that for all particles, regardless of size, an increase in laser power leads to an increase

in optical power, as plasmonic near-field localization is simultaneously enhanced.

The weakest optical force is shown for 14 nm particles. Even though the optical trapping is
enhanced by increasing the laser power, small particles remain the most sensitive to destabilizing
thermal effects due to the comparatively weak conservative trapping. The largest optical force is

observed for particles with a diameter of 100 nm. An increase in effective polarizability leads to a



significant enhancement of optical interaction and the formation of a highly localized trapping

region.
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Figure 40 Optical forces in the middle of the pore

It 1s also must be noted a significant difference in the values of the optical force in the center of
the nanopore and near its walls (Figure 40 and 41). In the center of the nanopore, the optical force
is distributed more evenly and has comparatively weak gradients, while the main maximum is

achieved near the nanopore edge due to the spatial localization of plasmonic hotspots.

This explains the observed localization of particle trajectories near the nanopore edge, as shown
in the previous figures. The particles are deflected towards the region of maximum field gradient,

where the optical trapping force reaches its highest values.
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Figure 41 Thermophoretic forces near the nanopore wall

Figure 42 shows the distributions of thermophoretic force near the nanopore wall for different laser

powers.

From the graphs, it can be seen that the thermophoretic force increases as expected with increasing
laser power due to plasmonic heating and the increase in temperature gradients near the nanopore
edge. For 14 nm particles, the thermal effect is the most significant compared to other forces. The
small size of the particle and the strong thermophoretic transport cause the particle to be pushed
out of the pore due to the strong temperature gradient. This effect explains the drastic change in
the trajectory of a 14 nm particle as the laser power is increased (Figure 33). The increased
thermophoretic drift leads to additional vertical displacement of the trajectories and partial

destabilization of trapping near the hotspot region.

For larger particles of 50 nm or more, the influence of the thermal gradient remains significant,

but the optical and magnetic forces still overcome this obstacle and the particle remains trapped.



4.7 Discussion

Numerical multiphysics calculations show that trapping Fe:Os@Au core—shell nanoparticles in a
hybrid magneto-plasmonic nanopore is the result of a complex interaction between several
physical processes, including electromagnetic, magnetic, and thermal effects. Unlike systems
where particles are trapped using either optical or magnetic forces, where the localization of the
trap is primarily determined by the gradients of the electromagnetic or magnetic field, in the hybrid
system under consideration, trapping is the result of a combined effect of magnetophoretic

transport and highly localized optical confinement.

The results of the electromagnetic field calculations indicated not only the localization of
plasmonic hot spots, but also the formation of highly localized fields at the edges of the pore,
where the maximum values of | E |? and the corresponding field gradients, which affect the optical
force, occur. In the case of the optical force, it is these regions that determine the position of the
trap and form the trapping area. The analysis of the distributions of d(| E |?)/dz showed that the
optical force is quite strong at the edges of the pore and rapidly decays as it moves away from the

nanopore.

Unlike the optical force, the magnetophoretic force has a wider range of action, performing a
transport function, and ensures the capture of particles from distant regions to the trap site. Thus,
magnetic and optical trapping perform two different but important and fundamental functions: the
magnetic field is responsible for transport, while the highly localized EM field localizes the particle

in the plasmon hot spot region.

The consideration of three types of particles with different diameters (14, 50, and 100 nm) allowed
us to evaluate the dependence of the capture capability on the size of the nanoparticles. As the
particle diameter increases, both the magnetic interaction and the optical retention increase, as the
forces scale with the increase or decrease in particle size. While the particle size is the primary
factor in the magnetic force, the polarizability of the particle is the determining factor in the optical
force. Therefore, a 100 nm particle will exhibit the most stable and predictable localization, where

the deepest potential wells of retention.



For particles of small diameters, the conservative forces of confinement are much weaker, which
makes these particles less resistant to thermal effects. By increasing the laser power, not only does
the optical force and the ability to capture increase, but it also causes a strong local heating of the
metal layers of the pore, resulting in a strong temperature gradient and, consequently, a change in

the trajectories of small particles due to increased thermophoretic transport.

The obtained temperature distributions, in agreement with the EM field distribution maps, showed
that the maximum heating is localized near the region of highly localized EM fields. Although the
maximum temperature values are not very high, they are sufficient to create temperature gradients

and thermophoretic drift, especially in the case of small nanoparticles.

The results of the calculations show that the power of the laser radiation has a dual effect on the
stability of the capture, depending on the diameter of the particle. At low powers, optical capture
may not be sufficient to capture nanoparticles, while at high powers, thermal destabilization
mechanisms may dominate, depending on the size of the particle. Therefore, stable capture is a
result of careful planning and consideration of all the physical properties of the system under study,
where a properly selected radiation source provides sufficient capture forces to overcome the

thermophoretic contribution.

It is important to note that in the performed calculations, the electromagnetic and thermal fields
were calculated without taking into account the interaction with the nanoparticles themselves,
which directly affect the field distribution. Within the framework of the point particle
approximation, the nanoparticles were considered as material points moving in pre-calculated

force fields.

Meanwhile, in a real system, the presence of a nanoparticle inside a nanopore close to its walls can
change the local electromagnetic response of the system. It was also estimated in Chapter 3 that
Core-shell particles of FesOs@Au can further enhance the local field due to the plasmonic
interaction between the edge of the nanopore and the gold shell of the nanoparticle. As a result,
there is an additional enhancement of the local field, a redistribution of the optical confinement
forces, and a change in temperature due to the plasmonic properties of the particle. Thus, large

nanoparticles can significantly affect the local temperature distribution, redistributing the



temperature within the pore. The gold shell of FesOs@Au, with its plasmonic properties, acts as

an additional local heating source. In real experiments, this can lead to:

additional local heating;

changes in temperature gradients;

enhancement of thermophoretic transport;

changes in the viscosity of the medium.

Most probably these effects are most pronounced for larger particles, as their size becomes
comparable to the size of the region near the nanopore, where strong EM field gradients are
concentrated. Under these conditions, the trapped particle can redistribute electromagnetic fields

by participating in plasmonic interactions with the nanopore.

Another limitation of the model may be the lack of consideration of Brownian motion. For
nanoparticles, especially those of small diameters, thermal fluctuations have a critical impact on
the retention dynamics. This may be particularly evident for particles with a diameter of 14 nm, as
the potential wells of the trap remain relatively shallow. In real experiments, Brownian diffusion
leads to the chaotic displacement of nanoparticles within the trap region, significantly reducing the

retention time and, in critical cases, causing the particle to escape from the trap.

In addition, the model did not consider the flow of the liquid. On the one hand, this helps to see
the trajectories of the particles under the influence of the forces determined by the geometry of the
nanopore, but on the other hand, in real nanofluid systems, convection, electroosmotic flow, and

local thermally induced fluid motion can significantly change the dynamics of particle transport.

However, despite these limitations, the calculations allowed us to see the main physical
mechanisms that determine magneto-plasmonic trapping in nanopores, as well as to track and

analyze the role of particle size, laser power, and thermal effects in shaping the stability of

trapping.

The obtained results demonstrate the potential of magneto-plasmonic nanopores for controlling

the transport of nanoobjects and their localization in traps, selective capture, biosensing, single-



particle analysis, and nanofluidic applications, with the ability to adjust and control parameters for

transport mechanisms.

Further research can be focused on accounting for the redistribution of the nanoparticle-induced
field, particle-field interactions, Brownian dynamics, hydrodynamic transport, and collective
effects during the simultaneous confinement of multiple nanoparticles in plasmonic nanopore

systems.
4.8 Conclusions

In this chapter, the multiphysics magneto-plasmonic trapping of Fe:Os«@Au core—shell
nanoparticles in a hybrid magneto-plasmonic nanopore was simulated. It was demonstrated that
the particle trapping is determined by both magnetophoretic transport and the localized EM field

and temperature gradient caused by plasmonic heating.

It has been found that an increase in the diameter of the trapped particles leads to an increase in
the probability of particle capture and retention, while for small nanoparticles, the probability of
capture is strongly influenced by thermophoretic transport. It has been shown that an increase in
the laser power density both enhances optical trapping and promotes plasmonic heating, creating

a competition between trapping forces and thermal destabilization.



5. Three-Dimensional Nanopores for ICR and EM field confinement
5.1 Introduction

Unlike the well-studied 2D nanopores, three-dimensional nanopores are currently of particular
interest for nanofluidics, plasmonic nanophotonics, and biosensor systems, as nanopores provide
an opportunity to control electrical, ionic, optical, and thermal processes in subwavelength
volumes'?""'?2, Unlike 2D structures, the three-dimensional geometry of a nanopore exhibits
pronounced spatial localization of physical fields in the aperture region, thereby enabling the

controlled transport of nanoscale objects within a confined volume.

Plasmonic nanopores are usually of particular interest, as the metallic coating of the nanopores
excites localized surface plasmons. As a result, regions of highly amplified localized
electromagnetic fields are formed at the edges of the nanopore. This localization of high-intensity
fields contributes to the creation of high gradients, which determine the optical response of the
system and also affect local heating and, consequently, interactions with molecules and

nanoparticles.

This chapter focuses on numerical calculations and the relationship between the geometry of a
three-dimensional nanopore and the distribution of physical fields within the pore. The 3D shape
of a nanopore directly affects ion transport, electromagnetic field localization, temperature
distribution, and most importantly, the efficiency of optical amplification. Therefore, numerical

simulations are an essential tool for studying such systems.
5.2 Modeling workflow
Nanopore’s geometry

In the calculations, the geometry of the Al2O3 and SiO2 nanopores under consideration is described
as three-dimensional cone-shaped nanopores with wall shapes that are characterized as concave,
straight, and convex. This shape was chosen based on experimental data. The SEM images of the

3D nanopores (Figure 43) were used to account for and replicate the geometry for the calculations.



Figure 42 Electron microscopy analysis of metal oxide nanopores with different shapes. SEM

micrographs of Al>O3 nanopores with concave (a), straight (b), and convex (c) edge profiles

The geometry of the structure is determined by the half-angle of the cone in the aperture region of
the nanopore. Thus, various profiles with angles ranging from 15° to 80° were investigated, as this

allows for the study of the influence of nanopore shape on the spatial distribution of physical fields.

The diameter of the narrowest pore opening varied from a few nanometers to tens of nanometers,

while the channel length was characterized by a length of 1 micrometer.

For modeling ion transport, calculations were performed in 2D axisymmetric, while for calculating
the EM field enhancement and temperature distribution in plasmonic nanopores, calculations were

performed in 3D.
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Figure 43 Geometry and mesh of modelling system in COMSOL'%?



The use of different geometric profiles allows us to understand the effect of nanopore shape on the

distribution of electric field, temperature gradients, and transport properties of the system.
5.3 Modeling of ICR in 3D nanopores

The numerical simulations of ionic transport through the nanopore were provided using COMSOL
Multiphysics software. The size of the simulation boxes (Figure 44) are 1200800 nm for straight,
convex and concave Al,Os3 and SiO; nanopores. The reservoirs are filled with water solution
consisting of KCl electrolyte (Table 1). The thickness of all the nanopores is 30 nm. The diameter
of the open part of the nanopore for simulations was 76 nm for Al,O3 and 44 nm for SiO;
nanopores. A triangular mesh was applied to the whole model. The minimum and maximum mesh
sizes, that were set on the interior walls of the nanopore, were equal to 0.1 nm and 1 nm,

respectively.

Table 1 — Diffusion coefficients and molar concentration of ions in electrolyte solution'??

Ion Diffusion coefficient, m"2/s Molar concentration
K* 1.96e-9

10 mM
Cr 2.03e-9

The temperature of the system was set as 298 K. The dielectric constants of water was equal to
80. The applied voltage varies from -1V to 1V. The surface charge density of Al>O3 was set from
-0.06 to -0.1 C/m? and for SiO, from -0.02 to -0.04 C/m?. The surface charge was applied on the

tip of the nanopore (both inside and out).

To describe the behavior of ionic current occurs in nanopore in electrolyte solutions Poisson-
Nernst-Planck (PNP) equations (Eq. 2, 3, 4, 5) were used. Equations explain the behavior of the
electric potential on the entire domain (Poisson equation, Electrostatics module) and ion flux in

the electrolyte solution (Nernst-Planck, Transport of Diluted species module, fluid domain only).

PNP equations were coupled together using Multiphysics coupling in COMSOL (Space charge
density coupling, Potential coupling). The ion current inside of the narrowest of the nanopore was

calculated using:



I = j (21 + 22)5) - RS (30)

Electric potential (working and ground electrodes) and fixed concentration boundary conditions
were applied on top and bottom parts of reservoirs (top as a working electrode, bottom as a
ground). The space charge density of electrolyte solution according to the Nernst-Planck equation

describes the excess charge of solution in presence of ions. It was set on the whole domain

containing water electrolyte solution.
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Figure 44 lonic current rectification: measured (triangles) and simulated (dotted lines) I-

V characteristics of the three nanopore geometries in a 10 mM KCI electrolyte. (a—c) Current
voltage curves for nanopores with different shapes and materials as described in the legends. (d—
f) Simulated concentration profiles of K* [mol/m?] and total flux (streamlines) for a

SiO2 nanopore with 40 nm diameter with (d) concave, (e) straight, and (f) convex profile!'??

Figure 45 shows the experimental and calculated results of a study of ion current rectification in
three-dimensional dielectric nanopores of various geometries. Nanopores with concave, straight,
and convex wall profiles formed on the basis of Al203; and SiO> were considered. To interpret the

experimental data, numerical simulation using the finite element method was additionally



performed using the Poisson—Nernst—Planck equations describing the distribution of electric

potential, ion concentrations, and ion flux density inside the nanochannel.

Figures 45 a and b show the volt-ampere characteristics of the studied nanopores in a 10 mM KCl
solution. For all structures, there is a pronounced nonlinearity and asymmetry of the current
dependence on the applied voltage, which indicates the presence of an ion rectification effect. With
a positive bias, the current value is significantly higher than with a negative polarity. This behavior
is associated with the asymmetric redistribution of ions inside the conical nanopore and the
difference in the processes of accumulation and depletion of charges depending on the direction

of the external electric field.

The most pronounced rectification effect was obtained for nanopores with a straight wall profile.
For structures made of Al,O3 with a diameter of about 70 nm, the current at positive voltage
significantly exceeds the values observed for concave and convex geometries. A similar trend
persists for SiO> nanopores with a diameter of about 40 nm. This indicates that the shape of the
nanochannel has a decisive effect on the local distribution of ion fluxes and the formation of

conduction asymmetry.

Particularly strong straightening is observed for small-diameter nanopores. Figure 45¢ shows the
results for straight nanopores with an aperture of about 7 nm. In this case, the channel size becomes
comparable to the thickness of the double electric layer, as a result of which the surface charge of
the walls begins to dominate the bulk ion transfer. The overlap of the electric double layers leads
to a significant change in the distribution of ion concentration inside the nanopore and a sharp
increase in the asymmetry of conductivity. Rectification coefficients of the order of 7 were
obtained for SiO., while for Al,O3 they were about 4.9, which significantly exceeds the values

typical for planar nanopores.

To clarify the physical nature of the observed effect, the spatial distributions of the ion
concentration K* and the lines of the total ion flux were calculated. The corresponding results are
shown in Figures 45d-45f. The color maps reflect the local ion concentration, and the current lines
show the direction of charge transfer within the system. The simulation demonstrates that the key

parameter is the opening angle of the nanopore near the aperture. For concave structures, it is



minimal, for straight lines it occupies intermediate values, and for convex structures it reaches

maximum values.

Changing the angle of the walls significantly affects the nature of mass transfer inside the channel.
At small opening angles, ion transport inside the nanopore becomes more limited, which leads to
increased accumulation or depletion of charges at different voltage polarities. As a result, states of
high and low conductivity are formed, providing a pronounced rectification effect. For convex
geometries, the transfer between the inner and outer regions of the nanopore becomes less limited,

as a result of which the asymmetry of the ion concentration distribution weakens.

The nanopore material and the amount of surface charge have an additional effect on the transport
characteristics. In the numerical model, lower surface charge densities were used for SiO-
compared to AlO3, which led to varying degrees of ion rectification. A change in the surface
charge directly affects the distribution of the electric potential near the channel walls and, as a

result, the local ion concentration and the conductivity of the nanopore.

Thus, the results show that the transport properties of three-dimensional nanopores are determined
not only by the size of the aperture, but also by the complex interaction of channel geometry,
surface charge, and local electric field distribution. Controlling the shape of the nanopore and the
choice of dielectric material make it possible to purposefully change the characteristics of ion
transfer, which opens up opportunities for creating highly sensitive nanofluidic sensors, memristor

devices, and single-molecular analysis platforms.
5.4 Modeling of electromagnetic processes in 3D plasmonic nanopores

In this work, numerical modeling was used to analyze the localization of the electromagnetic field,
thermal effects, and the interaction of molecular fluorophores with a plasmonic nanostructure. The
focus was on studying the distribution of local fields in the aperture region of a three-dimensional
nanopore and the impact of the structure's geometry on fluorescence enhancement and quenching
processes. All calculations were performed using the finite element method in the COMSOL

Multiphysics software environment.

The system under study was a conical nanopore formed in a dielectric membrane and coated with

a metallic gold layer. Additionally, a hybrid structure consisting of gold and silicon regions was



analyzed. The use of such multi-component configurations allowed for the investigation of the
influence of the coating material on the spatial localization of the electromagnetic field and the

optical response of the nanopore.
Calculation of the electromagnetic field distribution

To analyze the plasmonic response, we performed calculations of the normalized field intensity

2
distribution % at an excitation wavelength of 635 nm. The calculations used a realistic three-
0

dimensional nanopore geometry, taking into account the metal coating and dielectric substrate.
The main goal of the simulation was to determine the regions of maximum localization of

electromagnetic energy near the aperture of the structure.

The calculation results (Figure 46) showed that the excitation of localized surface plasmon modes
leads to the formation of intense hot-spot regions near the metal edge of the nanopore. The
strongest enhancement of the electromagnetic field is observed immediately near the edge of the
aperture, while the intensity rapidly decreases with distance from the metal surface due to the
attenuation of the near-field component. Simulations of EM distribution for other nanopore

configurations can be found in SI.

. T . . ., E?. .
Figure 45 Distribution of electromagnetic field intensity -7 in the plasmon nanopore region'?!
0

The obtained distributions show that the field localization region has dimensions of the order of
several nanometers, which is typical for localized plasmonic resonances. This region determines

the efficiency of interaction between molecules and nanoparticles with a plasmonic structure.



In addition, the effect of nanopore shape on the spatial localization of the field was investigated.
Structures with concave, straight, and convex wall profiles were compared. Despite the differences
in geometry, a hot-spot was formed near the nanopore aperture in all cases. However, the degree
of local amplification varied: convex structures exhibited weaker field amplification, while

concave and straight geometries provided more effective concentration of electromagnetic energy.

Thus, the shape of the nanopore primarily affects the magnitude of the field enhancement, while

the position of the localization region remains virtually unchanged.
The effect of EM field intensity distribution near the metal surface of a nanopore

To see how the dependence of fluorescence enhancement on the distance between the fluorophore
and the metal surface changed experimentally, the distributions of the local field and the
modification of the decay rate of a dipole placed near a plasmonic nanopore were calculated. This
approach allowed us to establish a connection between the spatial localization of the plasmonic

near-field and the change in the intensity of the fluorescence signal detected experimentally.

The simulation was performed using a frequency-domain solver. The 3D configuration used a
metal-coated plasmonic nanopore that corresponded to the experimental structure. A 635 nm
wavelength was used to excite the system. The main objective was to determine the distribution
of the local electromagnetic field near the nanopore aperture and analyze the interaction of the

fluorophore with the plasmonic hot-spot region, where the EM field is highly localized.

To simulate the emission of a fluorescent source, an electric point dipole was placed inside the
nanopore at nominal distances of 3, 6, and 9 nm from the metal wall of the nanopore. For each
configuration, the total power dissipated by the dipole in the presence of the plasmonic structure
was calculated. The power was determined by integrating the Poynting vector over the surface of

a small sphere with a radius of 1 nm, centered at the position of the dipole:

S=¢S-dA (31)



where S is the Poynting vector and the integration is performed over the closed surface surrounding

the dipole.

The total dipole power calculated in the presence of the nanopore was compared with that of the
same dipole in a homogeneous medium without the metal nanostructure. The ratio of these two

quantities gives the change in the total decay rate of the dipole near the nanostructure:

—=— (32)

where S is the total dipole power in the presence of the nanopore and So is the total dipole power
of the same source in a homogeneous environment. Calculations were performed for three
mutually orthogonal dipole orientations, with the dipole moment aligned along the x, y, and z axes.
The final value of the decay-rate modification was obtained by averaging the results for the three

dipole orientations.

The calculations were performed for three mutually orthogonal dipole orientations corresponding
to the directions along the X, y, and z axes. The final value of the decay rate modification was

determined by averaging the results for all three dipole moment orientations.

Thus, the calculations showed that at the minimum distance between the fluorophore and the metal,
the molecule is located in the area of the most intense near-field. However, due to the highly
localized EM field, the contribution of non-radiative losses associated with energy transfer to the
metal surface increases dramatically. As a result, instead of enhancing the signal, partial quenching

of fluorescence is observed.

As the distance increases to ~6 nm, the influence of non-radiative processes decreases, while the
intensity of the local electromagnetic field remains relatively high. In this configuration, the
maximum enhancement of the fluorescence signal is observed. As the fluorophore moves further
away from the metal surface, the near-field rapidly weakens due to the spatial attenuation of the

plasmonic field, resulting in a decrease in fluorescence enhancement.



The obtained values of the modification of the total decay rate decreased from ~105 for a distance
of 3 nm to ~47 for 6 nm and ~27 for 9 nm, indicating a gradual weakening of the interaction

between the dipole and the metal surface as the distance from the nanopore wall increased.

It should be noted that the calculated value characterizes the change in the total decay rate and
cannot be directly interpreted as a fluorescence enhancement or quenching factor. However,
significantly higher values of decay-rate modification at small distances indicate an increase in
non-radiative losses near the metal surface and are qualitatively consistent with the experimentally

observed fluorescence suppression for the minimum DNA spacer length.

Thus, the performed modeling allowed us to explain the experimentally observed dependence of
fluorescence enhancement on the distance between the fluorophore and the plasmonic surface. The
results show that the maximum signal enhancement is determined by the balance between the local

enhancement of the electromagnetic field and the increase in non-radiative losses near the metal.
Photo-thermal effects

The plasmonic excitation of the nanopore not only leads to an intense distribution of the EM field,
but also inevitably results in thermal heating. The absorption of electromagnetic radiation by the
gold-coated nanopore resulted in the local conversion of energy into heat and the formation of
temperature gradients near the nanopore walls. The heating regions coincided spatially with the
plasmonic hot-spot regions, and the photo-thermal effects inevitably influenced the optical

response and behavior of the objects within the nanopore region.

Excitation with a wavelength of 635 nm resulted in a temperature near the nanopore aperture of
approximately 38 °C at an ambient temperature of 20 °C (Figure 47-49). The temperature
distribution was calculated for three different geometric configurations of the nanopore: convex,
straight, and concave. The comparison of the results showed that the geometry of the structure
affects not only the distribution of the electromagnetic field, but also the spatial localization of

photo-thermal heating in the nanopore hot-spot.
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Figure 46 Simulated temperature distribution at A = 634 nm for plasmonic nanopores (straight)

355

35.45

3000
35.4

Temperature (°C)

3000
35.35

-3000  -3000

Figure 47 Simulated temperature distribution at A = 634 nm for plasmonic nanopores (concave)

38.7

38.65

3000

w

©

o
Temperature (°C)

3000 38.55

38.5

-1000

nm -2000

-3000  -3000

Figure 48 Simulated temperature distribution at A = 634 nm for plasmonic nanopores (convex)



The obtained temperature distributions are shown in Figures 47-49. These figures demonstrate that
the heating is non-uniform and spatially correlated with the localization region of the
electromagnetic hot-spot. As expected, the maximum temperature is observed near the nanopore
aperture, gradually decreasing with distance from the central region of the structure. Despite the
relatively small change in the average temperature of the system, significant local temperature
gradients are formed in the immediate vicinity of the metal surface due to the intense absorption

of electromagnetic energy by the metal coating.

Comparing different nanopore shapes, it can be said that for straight and convex geometries, there
is a more pronounced localization of temperature in the aperture region. In the case of a concave
configuration, the thermal distribution becomes more spatially extended. This is due to the
difference in the localization of plasmon modes and the distribution of the density of absorbed
electromagnetic energy within the structure. Thus, the geometry of the nanopore affects not only
the amplification of the electromagnetic field, but also the spatial structure of the thermal field in

the nanopore region.

Thus, even moderate local heating can affect the interaction of molecules with the plasmonic
surface. Since DNA spacers are sensitive to temperature-induced conformational changes, even a
slight change in temperature can lead to a change in the effective distance between the fluorophore
and the metal surface, which affects the non-radiative losses. Additionally, the presence of local
temperature gradients can alter the transport processes near the nanopore and affect the stability of

the interaction between molecular complexes and the plasmonic hot-spot region'?!.
Hybrid Au/Si nanopores

The use of hybrid Au/Si nanopores (Figure 50) is particularly interesting because it allows for
flexible control over the distribution of the electromagnetic field within the nanopores. While fully
metallic nanopores provide strong enhancement of the plasmonic field, resulting in significant
non-radiative losses and localized heating, hybrid nanopores create a structure where the
plasmonic hot spot is predominantly localized in the Au region, while the Si region influences the

redistribution of electromagnetic energy and the transport properties of the system.



The combination of different materials with different optical properties allows for the spatial
separation of regions with maximum field enhancement and regions with reduced losses. This
approach is particularly important for single-molecule sensing and fluorescence-based
applications, where the signal efficiency is determined by the balance between local field

enhancement and quenching processes near the metal surface.

a) b)

Figure 49 Hybrid plasmonic nanopore'?!

The local field distribution in a hybrid Au/Si nanopore structure was calculated (Figure 51). Figure
(a) shows the longitudinal cross-section of the structure, while Figure (b) demonstrates the field

distribution in the transverse direction in the aperture region.

2
Figure 50 Simulated electric field enhancement % at A = 635 nm for dual-material nanopores.
0

(a, b) Cross-sectional and top-view maps of the field intensity for a dual-material nanopore
combining gold and silicon. The near field is asymmetrically localized toward the metallic side,

while the dielectric region shows minimal enhancement at this wavelength!?!

The results obtained (Figure 51) show that the enhanced EM field is formed mainly in the area of

the gold coating of the nanopore, since the most effective localization of surface plasmon modes



occurs in this place. As one moves away from the plasmonic region, the intensity of the near-field

decreases rapidly due to spatial attenuation of the localized plasmonic field.

Indeed, it is observed that the field distribution inside the hybrid structure is spatially asymmetric.
The part of the nanopore corresponding to Si is characterized by a significantly weaker field
enhancement compared to the Au region. This confirms that the localization of electromagnetic
energy in such structures is primarily determined by the metal part of the coating, whereas silicon
acts as a material that additionally controls the spatial distribution of the field and photo-thermal

effects.

Such asymmetry can potentially contribute to the formation of polarization-dependent optical
response and local chiral near-field regions. Even in the absence of explicit chirality in the
geometry, the combination of materials with different optical properties can lead to an asymmetric
distribution of plasmonic modes near the nanopore walls. As a result, hybrid nanopores can exhibit
different responses to circularly polarized light, which can be potentially useful for chirality-

sensitive sensing applications.

In summary, the simulations have shown that hybrid Au/Si nanopores can not only localize the
electromagnetic field in specific regions, creating spatially asymmetric near-field distributions, but

also potentially control the chiral optical response.
5.5 Conclusion

Thus, studies of 3D nanopores have shown that the geometry of the nanopore directly affects the
formation of the EM field distribution and, as a result, the temperature distribution and ion current
rectification. The greatest localization of plasmonic hot-spots was observed near the nanopore
aperture, where the maximum temperature gradients and the most pronounced asymmetry in the

ion current distribution were simultaneously formed.

The calculation results confirm that three-dimensional nanopore architectures allow for flexible
control of the system's transport properties by modifying the structure's geometry. In particular,
convex, straight, and concave configurations exhibited distinct behavior not only in terms of EM

field enhancement but also in terms of rectification behavior. This confirms that the spatial shape



of the nanopore directly influences the distribution of ion concentrations, the localization of the

field, and the interaction of molecules with the nanopore surface.

In addition, hybrid Au/Si structures were studied, which were found to be capable of forming a
spatially asymmetric near-field distribution, which is of interest for heterogeneous optical response
and chirality-sensitive sensing. The calculation of fluorescence quenching helps to estimate the
optimal distance between the fluorophore and the metal surface, as this distance achieves
maximum fluorescence enhancement due to the balance between local field enhancement and non-

radiative losses.

Moreover, it has been found that the new 3D nanopore systems are not determined by individual
physical mechanisms, but rather by their strong multiphysics coupling. By enhancing the local EM
field, the distribution of the thermal gradient is directly influenced, which in turn modifies the
processes occurring near the nanopore. The geometry of the nanopore simultaneously determines
both the optical confinement and the ionic selectivity of the system. Therefore, even small changes
in the geometry or coating material can lead to significant variations in the overall functional

response of the nanopore platform.

As a result, the results obtained confirm the need to develop and develop 3D nanopore-based
systems for the transition from separate electromagnetic or ion transport models to fully coupled
multiphysics approaches, which take into account the mutual influence of optical, thermal, fluidic
and transport phenomena. This approach is especially important for the development of next-
generation nanopore platforms designed for single-molecule sensing, guided molecular transport,
polarization-selective detection, and integration of plasmonic nanopores into hybrid nanophotonic

and nanofluidic devices.



6. Conclusions

This work was devoted to a comprehensive study of physical processes in plasmonic and magneto-
plasmonic nanopore systems using multiphysics modeling methods. During the modeling process,
the geometry of the nanopore, the materials from which it is made, the influence of the geometry
on the distribution of the electromagnetic field, photo-thermal effects, ion transport, and the
dynamics of processes in the plasmonic hot-spots were comprehensively examined. The results
obtained provided a holistic understanding of the behavior of hybrid nanopore platforms under
different conditions, highlighting their advantages, disadvantages, limitations, and potential

applications.

The main part of the work was devoted to studying magneto-plasmonic trapping of FesOs@Au
core—shell nanoparticles inside a hybrid magneto-plasmonic nanopore. To accomplish this task, a
fully coupled multiphysics approach was implemented, which combines the calculation of
electromagnetic field distribution, optical trapping, magnetophoretic transport, plasmonic heating,
thermophoretic effects, and particle tracing dynamics within a single model. This approach
considers the nanopore system as an interconnected multiphysics structure where optics,

plasmonics, and magnetism mutually influence each other.

As a result, the calculations performed showed that the trapping dynamics is not only the result of
competition between optical force, magnetic force, viscous drag, and thermophoretic transport, but
it was also found that the magnetic field is a mechanism for transporting nanoparticles to the
nanopore region, and the localized plasmonic near-field is responsible for trapping particles in the
hot-spot region near the nanopore walls. Moreover, photo-thermal effects have a critical impact
on the stability of the trapping regime and can significantly change the behavior of the system

when the laser power is increased.

An additional analysis of nanoparticle trajectories showed that as the laser power increases, there
is a simultaneous increase in optical confinement, as well as an inevitable increase in plasmonic
heating. As a result, at high powers, there is a competition between conservative trapping and
thermally induced transport. It was determined that for small particles, the thermophoretic drift
becomes comparable to the trapping forces, critical, and can lead to destabilization of the trapping

regime and particle escape from the nanopore hot-spot region. Thus, the simulations showed that



the effectiveness of trapping is determined not only by the magnitude of the optical field
enhancement and the particle size, but also by the balance between conservative trapping forces

and thermal transport effects.

As the particle size increases, the magnetic and optical forces become stronger, and the trapping
potential depth and stability increase. However, small nanoparticles are significantly more
sensitive to thermophoretic transport and thermal fluctuations. The results show that the influence
of thermal effects becomes particularly critical for trapping small objects, where even moderate

temperature gradients can significantly alter the trajectories of particles.

Another part of this work focused on comprehensive analysis of the distribution of the
electromagnetic field within three-dimensional nanopore structures featuring different geometries.
The simulations carried out revealed the emergence of localized plasmonic hot spots near the
structure's aperture, where the highest near-field amplification was noted. It was determined that
the spatial confinement of the field depends not only on the nanopore's geometry but also on the
material of the nanopore. For hybrid Au/Si nanopores, an asymmetric near-field distribution was
observed, resulting from the non-uniform localization of plasmonic modes inside the structure.
This results highlight the potential to manipulate the optical response of nanopore systems by

changing their geometry and coating composition.

In addition to evaluating the distribution of the electromagnetic field, which directly determines
the distribution of absorbed energy within the structure, a study of photo-thermal effects was
conducted. The calculations showed that the local plasmonic heating is spatially coincident with
the regions of maximum field enhancement, leading to the formation of pronounced temperature
gradients in the nanopore region. The results demonstrate that even with a small increase in the
average temperature, the local thermal gradients near the metal surface can significantly affect the

transport dynamics and the interaction of molecules with the plasmonic surface.

The study of photo-physical processes near the wall of plasmonic nanopores was based on the
interaction of fluorophores with a localized near-field. To do this, the total decay rate of a dipole
near a metal surface was calculated under the influence of radiation. The results showed that there
is an optimal distance between the fluorophore and the plasmonic surface, where the maximum

fluorescence enhancement is achieved. However, at the minimum distance from the metal, non-



radiative losses also increase, which is directly related to the dipole-metal coupling. By increasing
the distance between the dipole and the metal wall of the nanopore, the contribution of non-
radiative losses decreases while maintaining a relatively high local field enhancement. This
modeling study provides a physical understanding of the spatial field localization, modification of
decay rates, and the experimentally observed fluorescence behavior of three-dimensional

plasmonic nanopores.

Another significant result of this work, among analysis of optical and thermal phenomena, is
investigation of ionic transport properties in three-dimensional nanopore structures with different
geometries. The provided calculations of ionic current rectification revealed that the nanopore's
shape directly influences the electric field distribution, ion concentration, and their arrangement
within the channel, as well as the degree of ionic current rectification. It was shown that altering
the nanopores' geometry affects the efficiency of ionic current rectification and, at the same time,
affects the localization of plasmonic modes within the nanopore region. The findings condirm that
transport behavior and optical response in nanopore systems are interconnected structural

characteristics.

Thus, the obtained results have shown that three-dimensional plasmonic and magneto-plasmonic
nanopores are complex multiphysics systems in which optical, magnetic, thermal, and transport
phenomena are closely interconnected and should be considered together when addressing
complex problems at the nanoscale. The localization of the electromagnetic field directly
determines the spatial distribution of photo-thermal heating, temperature gradients affect transport
dynamics and trapping stability, and the geometry of the structure simultaneously controls ionic
transport, field localization, and the efficiency of object interaction with the nanopore hot-spot

region.

The practical significance of the work lies primarily in contributing to the development of
understanding of plasmonic and magneto-plasmonic nanopore platforms and in identifying the
factors that limit trapping stability, fluorescence enhancement, and transport efficiency in such
structures, which affect the outcome and course of the experimental work. The obtained results

can be used in the development of nanopore-based biosensors, fluorescence detection platforms,



nanofluidic devices, single-molecule analysis systems, and platforms for controlled capture of

nanoscale objects.

The further development of this topic is directly related to the study of more complex fully coupled
models, which take into account the reverse effect of trapped nanoparticles on the distribution of
the electromagnetic field and temperature, collective effects in the interaction of multiple particles,
as well as the influence of hydrodynamic flows and Brownian dynamics in real nanopore
environments. Additional interest is represented by the study of chiral and polarization-selective
nanopore architectures, as well as the integration of magneto-plasmonic nanopores into next-

generation hybrid nanophotonic and nanofluidic systems.
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Figure S1. Al2O; convex nanopore. Distribution of the concentration of ions.
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Figure S2. Al>O; straight nanopore. Distribution of the concentration of ions.
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Figure S3. A1,O3 concave nanopore. Distribution of the concentration of ions.
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Figure S4. SiO> convex nanopore. Distribution of the concentration of ions.
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Figure S5. SiO: straight nanopore. Distribution of the concentration of ions.
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Figure S6. SiO> concave nanopore. Distribution of the concentration of ions.




Figure S7. Simulated electric field enhancement (|E|*/|Eol*) at A = 634 nm for plasmonic
nanopores. Cross-sectional and top-view maps of the field intensity for a gold-coated conical
nanopore with rounded edges. The simulations were performed at A = 634 nm, a wavelength
selected close to the experimental illumination at 640 nm. The mode produces strong, symmetric

confinement around the pore, with maximum intensity within a few nanometers from the metal



surface. (c, d) Corresponding maps for a dual-material nanopore combining gold and silicon. The
near field is asymmetrically localized toward the metallic side, while the dielectric region shows

minimal enhancement at this wavelength.
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