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Abstract

The description of resonance processes in nanoplasmonic structures within the framework of the electrodynamic Green's
functions method and the concept of effective susceptibility is considered. This paper offers a unified perspective on
plasmon resonance in spatially confined nanostructures and formulates the idea of dispersion relations in these systems.
The local field enhancement effect is discussed as a resonant phenomenon. The concept of configurational resonances
and its application in contemporary biology is also explored. Finally, the study examines surface plasmon resonance and
its use in advanced sensor technology, with a specific focus on the in situ observation of biospecific interactions, such as
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Introduction

Due to their unique optical properties, nanoplasmonic systems are widely used across various branches of
contemporary science and technology [1]. These systems find fields of application as diverse as advanced optics [2,3],
sensor technology [4,5], chemistry [6], and biomedicine [7]. One of the most significant characteristics of nanoplasmonic
configurations is their resonant behavior, a feature that forms the bedrock of their widespread utility. For instance, they
are instrumental in the development of optical filters [§] and integrated optical fiber-nanostructure devices [9]. Biosensors
also commonly rely on surface plasmon resonance (SPR), with the application of SPR methods for chemical and
biological sensing being particularly notable [4]. For example, a study [10] theoretically and experimentally investigated
the possibility of in situ observation of biospecific antigen-antibody reactions using SPR on a gold surface coated with
immunoglobulin molecules. All these applications share a common denominator: their efficiency relies inherently on the
resonant properties of the underlying nanostructures. In this context, the use of nanoparticles to enhance the yield of
photochemical processes is particularly noteworthy. Due to the local-field enhancement effect [11], the light intensity at
the metal surface can dramatically increase, thereby boosting the efficiency of photochemical reactions by providing a
higher concentration of photons per unit volume. This allows for the precise control of such reactions in sub-wavelength
volumes, down to the nanometer scale. The concept of using a rough (nanostructured) metallic surface for heterogeneous
catalysis to enhance chemical reactions was first proposed in [12] and experimentally implemented in [13], which
demonstrated enhanced UV photodissociation of organometallic molecules at the surface of cadmium nanoparticles. Since
then, numerous experiments have provided further proof of this concept [6]. In recent years, a large body of research has
focused on utilizing nanosystems in medicine and biology, particularly for their antiviral and antimicrobial properties
[14-16]. The primary mechanism behind the antiviral or antimicrobial action of these nanosystems is often attributed to
chemical interactions between the nanostructures and the membrane of the virus or microbe [17]. However, as noted in
various works (e.g., Refs. [17-19]), numerous experimental observations can be explained by nonchemical (field-based)
mechanisms governing the nanosystem-pathogen interaction. These studies demonstrated that the local field enhancement
effect creates domains with a strongly inhomogeneous local field. Consequently, ponderomotive forces arise. Acting on
the dipole moments localized on the molecules that form the viral or bacterial envelope, these forces can distort the
envelope's structure and even lead to its mechanical destruction. It is worth noting that all the effects and phenomena
mentioned above can be modeled using a variety of approaches, which can be broadly divided into two major groups:
numerical and analytical. Numerical methods, such as the discrete dipole approximation (DDA) [20] and the finite-
difference time-domain (FDTD) method [21], are generally based on the direct solution of Maxwell's equations and are
tailored to calculating the properties of specific systems. Consequently, any alteration to the system's parameters or
geometry necessitates entirely new computational runs. Analytical methods, by contrast, offer greater universality as they
allow one to analyze general trends in the properties of diverse systems. Prominent analytical approaches include Mie
theory [22] and the Green's function method. This paper provides a mathematically grounded framework for describing
plasmonic resonances using the electrodynamic Green’s function formalism and the concept of effective susceptibility.
In this work, we consider the features of nanoplasmonic systems from a general perspective, with a specific focus on their
resonance properties. These properties are conveniently described using a unified mathematical approach, which is

developed and discussed herein.

I. Ideas of plasmonic resonances (mathematical description)

The concept of plasmon resonance is conveniently described using the method of electrodynamic Green’s
functions. Below, we will briefly outline this idea. If the electrodynamic Green’s function of the medium Gy’ (R,R, )
is known, the electric field distribution, caused by a nano-object of volume V located within that medium is given by

E,(R,0) = —iop, [dR'G,(R,R,0)J,(R’,0) , (1)
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where J ; (R, ) is the local current inside the nano-object. If the system under consideration is subjected to an external

field, El.(o) (R,®), the total (local) field at any point within the system will be the sum of the external field and the field

caused by currents induced inside the nano-object



E(R,0)=E”(R,0)— imuode'G,.j (R,R,0)J,(R’,0). )
v
Using the constitutive equation that connects the local current inside the nano-object and the local field,
J; (R,0) = iy (WE, (R,0), 3)
one can obtain a self-consistent equation that connects the local and external fields (the Lippmann-Schwinger equation)

(23]
E(R,0) = E” (R,0) ~ k; [ dR'G,(R, R, 0)y, () E, (R',). 4)

where it was used that p,g, =1/ ¢’ and introduced designation k, =/ c, with ® frequency and c velocity of light.

This Fredholm integral equation of the second kind is the master equation in nano-optics. According to the existence and
uniqueness theorem, the solution to Eq. (4) is guaranteed to be both existent and unique. While various approaches can
solve the Lippmann-Schwinger equation, we will focus on a method that utilizes the concept of effective susceptibility
[24].

a) The effective susceptibility concept
What does «effective susceptibility» mean? Let us suppose that the local current, J; (R, ), is connected to an

external field, £ (R,®), through an expression similar to Eq. (3)
J;(R,0) =-ioeg,X , (R,0)E" (R,0). 5)

Here, X i (R, m) is the effective susceptibility of the system under consideration. It is important to note that, unlike the

material’s polarizability, X, ; (), in constitutive equation [Eq. (3)], the effective susceptibility is a characteristic of the

object itself, which is fabricated from that material. Consequently, the effective susceptibility obviously depends on the
material’s properties, as well as the object’s dimensions and shape. The effective susceptibility for various nano-objects
has been calculated, for example, in [24, 25]. In particular, the effective susceptibility of a nanoparticle located in a

medium whose electrodynamic properties are described by a Green’s function Gij (R,R’,®) has the form ( Appendix A)

-1
-1
X, (R,0)= {(x #(©) +k [dR'G, (R,R',m)} , (6)
Vv
where integration is over the volume of nanoparticle. Substituting Eq. (5) into Eq. (2) yields
E(R,0) = E” (R,0)— k; [dR'G,(R,R,0)X , (R’,0)E{” (R',0) - 7
Vv

This expression can be considered a solution to the Lippmann-Schwinger equation. Indeed, the primary advantage of the
effective susceptibility method is that knowing the effective susceptibility — in any approximation — directly yields the
solution to this equation. As a reminder, this solution is mathematically unique. Consequently, obtaining the effective
susceptibility within a specific model or approximation practically equates to solving the Lippmann-Schwinger equation
itself.

b) Formal description of plasmon resonance

Suppose a nano-object, characterized by an effective susceptibility Xy (R,), is located in a medium whose

electrodynamical properties are described by the Green’s function G (R,R’,®). This system is illuminated by an

—iot

. 0 0) i
external monochromatic field E;( )(R, )= E,.( Ve e Let us define plasmon resonance as a non-zero response to an

infinitesimally small external field, El.(o) — 0. This means that if we assume E,.(O) (R,®) — 0 in Eq. (7), the solution for

the total field £ must be non-zero



(RLOEP(R,0)=4, A=0. (8)

Jk

lim deG (R,R’,®)X

(0)
Ek

Since the effective susceptibility is the sole characteristic of the nano-object in this context, we can infer that the effective

susceptibility must be infinitely large at least at some points within the volume of the nano-object
X,;(R,0)—>w, Rel. )

This equation can be considered the local plasmon resonance condition. Taking into account Eq. (6), one can infer that
this condition formally signifies

Rede{(xﬁ(m))_l+k§JdR'GU(R,R',co) =0, ReV . (10)
Vv

While Egs. (8)—(10) are local in nature, plasmon resonance represents a global condition that characterizes the system as
a whole. To clarify this concept, it should be noted that a system absorbs the energy of external radiation most efficiently

under resonant conditions. To illustrate this behavior, let us examine the dissipative function of the system [26]
1 11 . x
= —JdRJ(R,(D)E(R,(D) =——IdR(J (R,0)E(R,0)+J(R,0)E (R,(D)) . 11
Vs, 4V,

Suppose that the polarizability (the linear response to the local field, which is a characteristic of material) is given by
)4 i ((D) = X((D)S k- BY taking into account Eq. (4) and the relationship between the local and external fields (which

follows from comparing Eqs. (3) and (4)), one obtains the following for the absorption of linearly polarized

monochromatic light
w

Q(co):W o Im| (@) MdR|X Ro) | (12)

First, let’s consider a simple model for the nanoparticle — a nanoparticle shaped as a an ellipsoid of rotation. In this case,

we can assume that the effective susceptibility of the nanoparticle is not dependent on the coordinate

X (o) =y (0) ———3§ ., 13
(@) =x( )1+4Tcx(0))Ll. i (13)
where depolarization factors are determined according to
L4 & (14)
2 9 +al.2)\/(s +al)(s +ai)(s +al)

with a ,a ,a, semi-axes of ellipsoid. Let the external light be incident on the nanoparticle at an angle 9. The energy

absorbed by the nanoparticle can then be calculated as a function of the frequency and the angle of incidence. This can
be used to construct a «dispersion relation» for the nanoparticle, particularly if it’s shaped as an ellipsoid of rotation [27].
The «mountain chain» of the surface of the dissipative function characterizes the conditions under which the dissipative
function is maximized. Thus, the projection of these «mountain chains» onto the ‘@ — k’ plane provides the line of most
effective light absorption by the particle. This line can be considered as dispersive curve of the system. The normalized
dissipative function O(w) for a spherical nanoparticle made of a material with a resonance frequency of @o obviously
does not depend on the incidence angle and the projection of the surface is a straight line ® = ®,, with ®, resonance

frequency of localized (at the nanoparticle) plasmon. It should be pointed out that this frequency does not coincide the
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Fig.1. Dissipative functions Q of ellipsoidal particles. Calculations setup (a). The projection of the surface of Q for

ellipsoidal nanoparticles shaped as oblate (b) and prolate (c) ellipsoids with eccentricity a, =0.la, and

a.=10a,.

resonance frequency of material from which the nanoparticle is fabricated. Note that the resonance frequency o,

corresponds to the dielectric constant of the material equaling —2, a condition known as the Frohlich mode [28]. The

behaviors of the dissipative functions for ellipsoidal nanoparticles — specifically, oblate (left) and prolate (right) ellipsoids

with eccentricities a, =0.1a, and @, =104, , respectively — are shown in Fig.1. Unlike the spherical particle case, oblate

and prolate particles are characterized by two resonant frequencies. This is a direct result of having two axes of symmetry.
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<>
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Fig.2. The absorption landscape for composite (the spheric Ag
inclusions of radii r, = 5 nm, f= 0.3 in dielectric matrix with
em = 2.1) calculated with Eq. (14); the map of this absorption
landscape as a function of frequency (®/mp) and wave vector
(kc/w) is the projection of landscape on the surface (w/®p) -
(kc/®)

Similarly to ellipsoidal nanoparticles,
the dissipative function for a cubic nanoparticle
can be analyzed. However, in this case, a more
general approach based on Egs. (6) and (1)
should be wused. Theses calculation were
provided in [27] and demonstrated six peaks in
the absorption spectra. Similar results were
obtained in the work [29], where the absorption
spectra of a cubic Na nanoparticle were
calculated by the Fuchs method [30], and by the
DDA method [31]. The Fuchs method considers
that the effective susceptibility of the particle is
determined by the sum of the susceptibilities at
the frequencies of the normal modes [30]. In both
cases, complex spectra consisting of six peaks
were obtained (Figs. 1,2 in [29]). The DDA
method also yields additional structures that are
qualitatively similar to those obtained by the
effective susceptibility method. The difference
from the spectra obtained by the Fuchs method
is caused by the consideration of the cube’s
symmetry, as the Fuchs method uses several

artificially defined vibration modes. The



difference in the details of the DDA result from the result obtained by the effective susceptibility method [27] is likely
explained by a more accurate accounting of the local field’s inhomogeneity inside the nanoparticle in the effective
susceptibility method. Unfortunately, work [29] does not indicate the angle at which the test radiation was directed,
making a direct comparison of the absorption spectra difficult. However, the general characteristics of these plasmon
resonances, such as the number of resonances (six) and the presence of high-intensity main peaks, can still be compared.
Based on the results above, we can define the dispersion relation for a nanosystem as the dependence of the energy
characteristics of electromagnetic excitation on the spatial characteristics of the external influence that causes the
excitation. This approach is rooted in finding solutions to a differential equation that describes an oscillatory process with
an external driving force. If the frequency of this driving force matches the natural frequency of the oscillatory system,
the system enters a resonance condition, where the oscillation amplitude can increase significantly (ideally, infinitely).
Following this concept, the dissipative function of a nanocomposite was calculated in [26] using Eq. (12). The result of
similar calculations for a nanocomposite consisting of spherical inclusions with a radius of 7, = 5nm and a filling factor
of /= 0.3 in a dielectric matrix with &, = 2.1 is shown in Fig. 2. The dispersion curves are depicted as white dashed lines.
A similar approach for studying resonance conditions in inhomogeneous sys-tems was reported in [32], where a system
consisting of a gold film placed on glass with water as the ambient medium was considered. Some calculation results
demonstr-ated in [32] are similar to those shown in Fig. 2. Namely, the projection line of the maximum of the normalized
absorption surface onto the "energy—wave vector" plane (ko—nesr) corresponds to the dispersion curve of the excitation
under study. This indicates that the efficiency of a nanoparticle's absorption of external radiation is determined by its
effective susceptibility. Under resonance conditions, absorption becomes most efficient. On the other hand, light

scattering is governed by the magnitude of the local field factor.

II. Local field factor and effect of local-field enhancing

Using Eqs.(3) and (5) it can be obtained the connection between the local E,(R,®) and external E”(R,)
fields
E(R,0)=L,(R,0)E"(R,0) , (15)

with so-called local-field factor

LR)=(1,(®) X, (Ro) . (16)

An analysis of these equations shows us that in the nano-systems described by the effective susceptibility X ; (R,®) can

be observed the domains of strong or weak local field. The emergence of domains with a strong local field is commonly
referred to as the local-field enhancement effect [23, 33]. The formation of these domains, often called hot spots, is
directly linked to the local maxima in the effective susceptibility tensor [see, Egs. (15) and (16)], which in turn are related
to its resonance properties. The local-field enhancement effect has been investigated extensively (see, for example, [34-
39]). For instance, the local field distribution between two metal spheres was calculated in [39], where, particularly, the
arising of a domain of a strong local field (hot spot) between the particles was demonstrated. This result illustrates a key
characteristic of the local-field enhancement effect: the emergence of a hot spot in the gap between two nano-objects, and
the enhancement of this effect as the gap size decreases. In [40], the local-field enhancement effect was studied within
the framework of a generalized multiparticle Mie theory for metallic nanoparticles surrounded by small "satellite" clusters
very close to their surface. It was established that the hot spot in such nano-systems is located in the gap between the
particles. The enhancement factor in the case considered in [40] was approximately equal to180.

Another important characteristic of the local field enhancement effect is the strong spatial variation of the local
field within a hot spot. The distribution of the local field, and thus the local field enhancement effect, can be of particular
value in various applications. For example, Scanning Near-Field Optical Microscopy (SNOM) is based on measuring the
local field distribution near the object under study [41]. Furthermore, to use surface plasmons in telecommunication
technologies, it is necessary to control their propagation along a channel, which can be created in a flat photonic crystal
[42] or in the form of a groove on a metal surface [43]. Numerous works have both calculated and measured local field

distributions in two-dimensional surface plasmon channels (see, for example, [43-47]). Observing the spatial distribution
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of a surface plasmon's evanescent field is challenging, as the wave is evanescent. Therefore, determining the local field
inhomogeneity is often the only way to observe this distribution. A good example is the study in [44], which investigated
the evanescent local field distribution of surface plasmon in planar waveguide systems. This work, in part, presented
SNOM images of S-bends and Y-type splitters measured at different wavelengths. The results showed that similar planar
structures can be successfully used as 2D waveguides for surface plasmons. The local field enhancement effect in a
nanoparticle system is important to investigate from the perspectives of both fundamental knowledge and practical
applications. For instance, this effect plays a significant role in the Tip-Enhanced Raman Scattering (TERS) phenomenon
[48], where the local field enhancement near the probe tip greatly influences the effectiveness of Raman scattering. The
distribution of the local field near two nanoparticles, caused by the local field enhancement effect, is important for
analyzing the details of inter-nanoparticle interactions. In particular, it is crucial for studying the details of the antiviral
action of nanoparticles. For example, a study [17] investigated the antiviral effect of gold nanoparticles. It was found that
these nanoparticles exhibit a significant antiviral effect. In this work, the adenovirus and HIN1 influenza viruses were
modeled as a spherical nanoparticle with a shell. Calculations of the local field distribution were performed using the
pseudovacuum Green's function method [23] (Appendix B). Namely, it was considered a system with two nanoparticles:
one small and one larger, with the larger nanoparticle treated as part of a "pseudovacuum." As the local field distribution,
calculated using Eq. (16), shows, a domain of enhanced local field forms on the surface of the virus. This domain is
characterized by strong inhomogeneity. According to reference [19], ponderomotive forces arise in this "hot spot" domain.
These forces act on the virus envelope, causing damage that can lead to its destruction.

The local field enhancement effect in plasmonic solid-state nanostructures can significantly enhance the Brillouin
light scattering (BLS) signal from thin magnetic films. This is achieved by placing a system of nano-objects on the film's
surface. These can be simple metal nanoparticles of a specific shape and size, or more complex nanostructures, such as
those investigated in studies [25, 49, 50].

Following Ref.[28], we can make the next speculation: When a plasmonic nano-system is located on a magnetic
film, the field interacting with the magnons will consist of two parts. The first part is the initial field, El.(o) (R,®), which
exists inside the magnetic film without the nanoplasmonic cover. The second part is the field reradiated by the

nanoplasmonic system, £ (R,®) . Thus,

E"(R,0)=E"(R,0)+E""(R,0), (17)
where

E'P(R,0) = —k? j dR'G? (R,R, @)XV (R, 0)E” (R,0) , (18)
4

with effective susceptibility X(jf) (R’,m) of the nanoplasmonic cover, and G,-(,-23 "(R,R’,®) electrodynamic Green’s
function of three-layer system [51] — a substrate (layer 1), magnetic film (layer 2), and environment (layer 3). According
to Ref.[25], the incoming field, Ef"c (R, ), induces a scattered field at a shifted frequency, ® = @+ Q. This phenomenon

is known as Brillouin Light Scattering (BLS), and the scattered field is represented by

EPSD (R, ®) =k, Z—O [ aRGP R R @), (R.QE™ (R, 0). (19)
T v,

with ¥, (R’,Q) the susceptibility tensor in the first-order magneto-optical effects [52]. The presence of a nanoplasmonic

system on the surface of the magnetic film introduces a second component to the scattered field, which is generated by
scattering from this nanoplasmonic system. This second field is given by

EC®SD(R,®) = k. j dR'G™ (R,R,®)X] (R, ®)E"(R,®). (20)

v

The enhancement of the BLS signal is achieved when the effective susceptibility of the nanoplasmonic cover,

X(j';) (R', ), reaches its maximum. This maximum is directly related to the local-field enhancement effect. When the

nanostructures on the surface are positioned close enough to each other, the resonance condition corresponds to the
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excitation of a surface plasmon localized at the nanosystem and propagating along the surface. An example of a

calculation of the enhancement coefficient, K. , is shown in Fig. 3.

K=" 1)

where [ » and /, are the intensities of the BLS

signal with and without nanosystem on the
surface of magnetic film, respectively.
Calculations were performed for the magneto-
plasmonic system consisting of a 50 nm thick
yttrium iron garnet (YIG) magnetic film with
oblate silver nanoparticles on its surface. It was
assumed that all nanoparticles are identical and
have a 50 nm projection onto the film plane.
The aspect ratio, defined as the height of the
nanoparticle to its projection on the film, is

denoted by { The surface concentration of

nanoparticles is such that the average distance
between them is 120-150 nm. The incident

Fig3. The image of enhancing coefficient of BLS for  radiation is 400 nm p-polarized light with an
nanoplasmonic system on the surface of YIG film angle of incidence of 0°. The results show that a

plasmonic resonance in the nanoplasmonic
system with specific parameters (an ellipsoid eccentricity of approximately 0.4 and an incidence angle of about 45°)
provides an enhancement coefficient of approximately 2.5. A small variation in the nanoparticle's shape (from { = 0.32

to 0.35) dramatically changes the effect, transforming the 2.2-fold enhancement into about of 2-fold attenuation.
III. Configurational resonances in nanoplasmonic systems

Consider a nanoplasmonic system composed of several nanoparticles, which are embedded in a medium whose
electrodynamical properties are described by Green's function, G;O) (R, R/, ®). Let's single out one nanoparticle, say #1.
As discussed in the Appendix B, we can then represent the other objects and their environment as a new environment
described by the pseudovacuum Green's function, Gl;-m) (R, R/, ®) . The local field at any point inside the system can be

defined by the expression
E(R,0)=E"(R,0)—k’ j dR'G" (R,R, o)X (R,0)E” (R, 0), 22)
v

where X(j’;) (R',m) is the effective susceptibility of nano-object #1, described by the equation
-1
-1 1 ~(m ’
X2 (R,0) = {(ng (03)) +k; j dR'G" (R,R ,w)} . (23)
Vv

Here, XS) (®) is the susceptibility of nanoparticle #1 in the medium, and the integration is performed over the volume

of the nanoparticle. The plasmonic resonance in such a system, analogous to Eq.(10), is described by the equation

Redet {(X;? (o;)))’1 +k2 j dR'G\"(R,R’,) |=0. (24)
v




The solutions to this equation depend on both the properties of the individual nanoparticle #1 and the properties and
mutual arrangement of all other nanoparticles in the system. This means the resonance is dependent on the system's
configuration. Therefore, we are dealing with a configurational resonance.

The concept of configurational resonance was evidently first considered in reference [53]. That work studied
resonant interactions between a SNOM probe and a surface using the point dipole approximation. These resonances were
termed "configurational" because, for a given set of probe and surface characteristics, the system can be tuned to resonance
by simply varying the distance between the probe and the surface, as well as the probe's coordinates in the plane where
the dipoles are located. Essentially, this work formulated the main idea of using SNOM as a method for measuring the
resonant condition between a probe and a surface. A similar problem was also considered in reference [54].
Configurational plasmon resonances can also be observed in nanocomposite systems. A large body of work on the optical
properties of various nanocomposites has been, published recently (see, for example, [26], [55-59]). Specifically,
reference [55] experimentally investigated plasmon resonances in a system of gold nanoparticles on a glass substrate,
which were excited by normally incident light. It was shown that these plasmon resonances depend on the structure of
the nanosystem (the period and shape of the nanoparticles) and the external environment. Configurational resonances in
thin nanocomposite films with inclusions of different shapes distributed inhomogeneously along the film's thickness were
considered in [26]. Using an approach based on calculating the dissipative function, it was shown that the resonant
properties of these nanocomposite systems depend on their configuration. To illustrate the results from [26], the
dissipative functions for nanocomposite thin Teflon films with gold nanoinclusions shaped as oblate ellipsoids of rotation
were calculated. All calculations suggest that plasmon resonances are strongly dependent on the system's configuration.
A large number of works studying the optical properties of various nanocomposites have been published recently.
Reference [55] experimentally studied plasmon resonances in a system of gold nanoparticles on a glass substrate, which
were excited by normally incident light. It was shown that the plasmon resonances in the system depend on the structure
of the nanosystem (the period and shape of the nanoparticles) and the external environment.

The optical absorption by a semiconductor surface coated with metallic spheroidal nanoparticles was
theoretically investigated in [56]. The methodology for calculating absorption in these structures was based on the concept
of effective susceptibility within the electrodynamic Green's function formalism. Absorption spectra were computed for
various nanoparticle shapes, surface concentrations, and angles of incident testing light. The results demonstrated
configurational plasmon resonances, specifically, a resonant enhancement of absorption by nanoparticles of a particular
shape and at a specific surface concentration. In the work [59], the optical properties of layered nanocomposite structures
were investigated using the modified Maxwell-Garnett effective medium method. A crucial result from [59] is that the
surface plasmon resonance exhibits a strong dependence on the particle distribution within the nanocomposite,

consequently relying on the system's configuration.

IV. Plasmon resonances in biological systems

The effect of plasmonic resonance is widely used in modern biology, particularly in nanomedicine [60 — 62] and
the sensorics of biological molecules [63—65]. Here we consider some applications of nanosystems in medicine and

biology under plasmonic resonance conditions.

(a) Interaction between bacteria and nanoparticles and nanostructured surface

under plasmon resonance conditions

Recently, a new branch of medicine, nanomedicine, has been actively developing [61, 62]. As we have already
mentioned, the interaction of nanoparticles with viruses or bacteria leads to a decrease in their infectious activity. The
reason for this antiviral/antibacterial effect is the formation of a strong local field domain (a hot spot) on the surface of
the virus or bacteria shell. A hot spot is characterized by strong field inhomogeneity, which leads to the emergence of
ponderomotive forces [19]. The action of ponderomotive forces can damage or even destroy the shell of a bio-object [17].
Let's consider the interaction of a spherical bacterium (for example, the opportunistic microorganism Staphylococcus
aureus) with a metal nanoparticle (Fig. 4). For a simple model of interaction with a bacterium shaped like a sphere,

ponderomotive forces are described by the expression



(v ’ a m n—(v r r
F(R)=—kE (R)E{(R)[ dR O RRIEP (RIE R), (26)
) .

v J
where E(jv) (R) is the effective susceptibility of the system, Gi(sm) (R,R’) is the electrodynamic pseudovacuum Green’s

function of the environment in which the bacterium is located (the bacterial suspension with gold nanoparticles), and
E ,(0) (R') is an external field. As this expression shows, under resonance

conditions, when the effective susceptibility reaches its maximum
values, the ponderomotive force can be significantly increased. This
presents a potential additional tool for enhancing the
antiviral/antibacterial action of nano-objects. The influence of surface
plasmon resonance (SPR) on the antibacterial properties of a

nanostructured surface can also be considered.

The main idea behind such a study is to model the
nanostructured surface as a flat surface covered by nanoparticles of
Fig.4. Cketch of the system bacterium- different dimensions . In the experiments described in [66] a preparation
nanoparticle of Staphylococcus aureus bacteria was circulated along the gold surface
for 90 minutes. This can be viewed as the bacteria interacting with the
nanoparticles that form the real surface of the gold film. As shown in [68], the adsorption potential between the
nanoparticle and the surface increases approximately five-fold when the surface plasmon is excited along the surface.
This means that the adsorption of bacteria onto the surface is more effective under plasmon resonance.

Additionally, in accordance with the previously presented ideas, the ponderomotive forces acting on the bacterial
membrane increase under plasmon resonance conditions. The results of the experimental studies on the antibacterial
action of a nanostructured surface under SPR conditions are presented in Fig. 5. The action of the nanostructured Au

surface alone led to the destruction of 75% of the bacteria, but under SPR conditions, the destruction rate increased to

.. %y 0

o8 .!.:"-:' "'-.;}.1 b
niiis

Fig.5. The influence of SPR for the bacteria Staphylococcus aureus . The control sample (a): bacteria form about
3000 colony forming units (CFU); the sample when bacterial suspension was pumped along Au surface without
SPR (b): 740 CFU; the sample when bacterial suspension was pumped along Au surface under SPR (c): 220 CFU

93%. This result confirms the significant antimicrobial potential of nanostructured gold surfaces under surface plasmon

excitation conditions.

(b) Surface plasmon resonance in the sensorics of biomolecules

In addition to localized plasmon resonance, there is another type associated with the propagation of a surface
wave, which already was mentioned above. This wave is a coupled oscillation of the electromagnetic field and electron
plasma near the metal-dielectric interface and is known as Surface Plasmon Resonance (SPR) [67-69]. SPR is a powerful
optical technique used to study biomolecular interactions, particularly in sensing applications. It's a label-free method that
allows real-time monitoring of binding events between biomolecules, providing information on kinetics and affinity. SPR-
based biosensors are valuable tools in various fields, including biomedicine, drug discovery, and environmental
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monitoring. To understand the idea of surface plasmon resonance, recall that a resonance condition, generally speaking,

corresponds to a non-zero response (e.g., a local field) when the power of the source of the field is infinitesimally small.

Let's consider a medium consisting of two half-spaces with a perfect planar interface. A field source P(R",@)—>0 is
located at the point (r',z"), where r’ is a 2D coordinate in a plane parallel to the interface at z = z". The field at an
arbitrary point R =(r,z) is given by
E(R,0) = -0y, j dR'G®(R,R’,0)P(R’, ), 7)
V

where G*(R,R’,m) is the elecrtrodynamic Green’s function of the medium. One can see that for the requirement

E(R,®) # 0, it is necessary for G’ (R, R’,®) — oo . Because the system is homogeneous in the plane of the interface,

we can perform a Fourier transformation on Eq. (27) to obtain
E,(k,z,0) = -0, j d2'G,(k,z,2,0)P,(k,2',0). (28)
Suppose that the field source is a point-like oscillating electric dipole Pj(k,z' -2,,®) = P, (k,(D)S(z' - ZO) , then
E,(k,z,0) ==’ 1,G; (K, z,2),0) P, (K, 2, 0). (29)

To obtain the condition for the resonant excitation of a surface wave, one needs to consider the explicit form of the Green's
function. Let's consider a geometry where the wave vector k is directed along the X-axis of the Cartesian coordinates,

and the XOZ plane is the incident plane [70]. Then, the explicit form of Green’s function is

&1 0 8
P(k,(i)) P(k,(D) eikl(z—z') 2>0
’ g22
G.(k,z,z',w) = 0 —=== 0 X 30
5 ( ) Stk.o) o (30)
e—ncz(z+z) , Z<O
& 0 _ 8
Pk, o) Pk, o)

with P(k,0) =gk, +&,k, , Sko)=K +x,, & =+lgks —k*, k,=+le,k; —k*, k=(k,0,0). The interface
coincides with the XOY plane. The upper half-space is characterized by dielectric constant &; and the lower half-space

by &>. The requirement that Gij (k,z,z,,®) —> o0 means that the pole part of the Green’s function must equal zero. Since

the signs of the propagation constants «; and x> are defined, this requirement can be satisfied when P(K,®)=0. The

equation

81\/82k02 -k’ +82\/81k§ -k*=0 (31

can have a solution when the signs of €; and &; are different. The condition that the plasmonic excitation must be localized

near the interface is +/€,k; —k> — l\/k2 —&,k; and Jslkg -k — i\Jk* —g,k; . This implies that when the

upper half-space is a vacuum or air (¢; = 1), the lower half-space should have &, < 0. The surface plasmon can be excited
by p-polarized light (with non-zero x- and z- components of the field in the geometry under consideration). The surface
wave amplitude decreases approximately as exp( —kiz) for z> 0 and exp(— kz) for z < 0. Equation (31) is the dispersion
equation and a necessary condition for SPR. The dispersion relation of a surface plasmon depends strongly on the state
of the interface. This fact forms the basis for using SPR in sensing applications. For example, let's consider the dispersion
relation of a surface plasmon propagating along a "free" surface, represented by the red curve (labeled "1" in Fig. 6).
When the surface is modified — for instance, by the adsorption of nanoparticles or molecules—the dispersion relation
shifts to the black curve (labeled "2" in Fig. 6). This change means that the measured plasmon resonance curve, detected

11



by a sensor, will shift. This shift, of course, depends on the type, concentration, and distribution of the nano-objects or
molecules on the surface, as well as the surrounding environment. Consequently, SPR is widely used in modern sensing
[67-69, 71,72]. In particular, the SPR method is useful for observing in situ biospecific reactions, such as those between
an antigen and an antibody. In [10], the concept of effective susceptibility was used to develop a method for determining
the surface concentration of molecules (n;) and the susceptibility components of a single molecule from SPR

experiments. This approach is an alternative to the usual method of determining the effective layer thickness and refractive

1 [

detector .

Fig.6. Sketch to idea of using the SPR for sensing

index. The paper [10] presents an expression for the effective susceptibility of a submonolayer of biomolecules covering

the surface of a gold film in an SPR spectrometer
- -1 -
X9 ,z,0)=| (1, (0) +16,kz,.2,0) | 62)

with X (@) the susceptibility of single biomolecules on the surface, Gﬁ (k,z,,z,,®) electrodynamic Green’s function

of two half-spaces with the flat interface [Eq.(30)]. It was assumed that all molecules are located at the same distance

(z,) from the surface. By using Eq. (30), it was shown in [10] that the SPR response depends on both the shape and the

orientation of the biomolecule relative to the metal surface along which the surface plasmon propagates.

Experimental data from the immunological reaction were used to calculate the surface molecular concentration
and mass of the biomolecular coating. The biospecific interaction was considered between immunoglobulin (IgG) and
anti-immunoglobulin (a-IgG) molecules. It was shown that it is possible to calculate nomograms for monolayers of a
specified type of biomolecule (IgG) or biomolecular complex (IgG-a-IgG), accounting for their geometrical shape (or
position) to determine the surface concentration of IgG molecules or IgG—anti-IgG complexes. Thus, using the SPR
method, it is possible to estimate molecular adsorption directly in units of surface concentration n,. Specifically, in [10],
it was determined from a theoretical analysis using experimental data that the molecular concentration was

n, ~(1.1£0.1)-10”cm™ . Therefore, the surface plasmon resonance effect allows for the in sifu observation of

biospecific reactions of the "antigen-antibody" type in real-time. This method can be used to determine the parameters of
molecules on the surface, such as their concentration, the formation of biomolecular complexes, and their orientation

relative to the surface plane.

Summary

In this work, we have analyzed how plasmon resonance gives rise to a variety of physical effects that are of significant
interest from both fundamental and practical perspectives. From a theoretical standpoint, a comprehensive mathematical
description of plasmon resonances in nanosystems is provided. Formally, for a homogeneous system where a Fourier

transform is applicable, the plasmon resonance condition is determined by the pole contribution of the effective

susceptibility (the linear response of the system to an external field), expressed as E(];) (k,o) = (N (K, co)) / P(k,®).In

such homogeneous cases, the resonance condition reduces to the dispersion relation Re P(k,®)=0. For inhomogeneous
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systems, however, this standard approach becomes inadequate. Instead, we propose a novel method to determine plasmon
resonance conditions by projecting the surface of the dissipative function in a three-dimensional space onto the (®, k)
plane. The projection of this "mountain range" — representing the regions of maximum absorption of external radiation —
yields curves that couple the energy characteristics of plasmon excitation (frequency ®) with the spatial characteristics of
the exciting radiation (wave vector k). This approach successfully yields the dispersion relations for inhomogeneous
nanoplasmonic systems.

Utilizing the developed methodology, we evaluated several plasmonic effects driven by resonance conditions.
In particular, we discussed that configurational resonance forms the foundation of scanning near-field optical microscopy
and demonstrated how the local field enhancement effect can be utilized to suppress the infectious potential of viruses
and bacteria. This antiviral and antibacterial action of nanoparticles or nanostructured surfaces is mediated by the
emergence of ponderomotive forces, which lead to mechanical damage and the eventual destruction of the pathogen's
envelope. Additionally, we addressed the application of plasmon resonances for the enhancement of Brillouin light
scattering (BLS) signals in magnetoplasmonic systems. Finally, the conventional surface plasmon resonance (SPR)
method for sensing applications was re-evaluated within the framework of the effective susceptibility concept. We
highlighted the capability of this approach to advance the theory of the SPR sensing method and to determine critical

molecular parameters, such as concentration and orientation relative to the surface plane.
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Appendix A. The effective susceptibility of nano-object

To calculate the effective susceptibility of the nanoparticle one can write the free energy of the nanoparticle placed

into the medium electrodynamic properties of which are described by Green’s function Gl.j (R,R',m)

F=[dRU,, ~PE,) . (1A)
14

where U,

int

is the internal energy of the particle, P is i-th component of polarization (density of electric dipole
momentum) in the particle and E, is the i-th component of local electric field at the particle. Integrations are over the

volume of the particle. Suppose that the external electric field acts to the nanoparticle. Obviously this field induces the
polarization inside the particle P; . Let this field is less than intraparticle fields. In this case the addition to the internal
energy of the particle caused by the dipole moment of the particle will be smaller than energy of the chemical bounds of

the material. According to the ideas demonstrated in [73], one could represent the internal energies of the particle as the

. . . . . 2
expansion in a Taylor series accurate within P

1
U, =U,+—A\,PP +.. (2A)
2e

it
0
where tensor parameter XU. describes the linear polarizabilities of the particle. The first term in the series (Up) is the

internal energy of the particles (caused by interatomic bonds) which does not depend on the dipole moment P, and can
be omitted when the ground state of the system will be found.

To make it, one should write the exact form of the free energy and minimize it over induced dipole momentum.
Then, one can write the free energy of the system in the form

1

F=| dR{— ,P(R)P,(R) - P(R)E, (R)} . (3A)
v 2,

The values E;(R) in this expression is the local field acting to the particle. The connection between the local field at

arbitrary point of the system and the dipole moment density at the particle is [24]
13



2
E,(R)=E”(R)- Lol j dR'G ,(R,R")B(R). (4A)
| e, 1 IRC

The aim of the present calculations is the expression of the dipole momentum at the particle via the external field Ej(.o) (R)

. Then, substitution of Eq.(4A) into Eq.(3A) gives
2
F= de{zL A, E(R)P,(R) —B(R){E,-‘)(R) 2 [dR G, (R.R)P, (R')}} . (5A)
Vv 80 80 V

Note, the coefficient ' in the third term of the integrand provides a one-time contribution from the self-action field. To
obtain the equation which determines the dipole momentum in a ground state one needs to make a variation of the integral

expression over the dipole momentum induced at the nano-object
SF(P(R))=0. (6A)

Then, one has the equation for finding the dipole moment at the particle introducing the linear response to the local field

L (G =2, 12)

2
1 ()" P(R)-E’(R)+ k—‘)j dR'G,(R,R)P (R) =0 (7A)
€ €y ' '

from which using the reciprocal theorem [ G;(R,R")P{*(R") = G;(R,R") P{*(R) ] one obtains the connection between

the local polarization in the nanoparticle and external field

()" +ko j dR'G, (R,R')}P/(R) =g,E'(R)  or  P(R)=¢X,(RE’(R) (8A)

with effective susceptibility (the linear response to an external field).
-1

X,(R)= |:(Xij)1 +lk; [dR'G,(R,R)) | . (9A)

Note, the same expression for effective susceptibility was obtained in [25] by direct solution of the Lippmann-Schwinger
equation.
Appendix B. Pseudovacuum Green’s function method

The idea of pseudovacuum Green’s function was apparently first formulated in [23]. Consider a system

consisting of the medium, electrodynamical properties of which are known and described by the photon propagator

G;.O) (R,R’,®). Let in this medium the nanoparticle characterized by the effective susceptibility ng '(R,0) are situated.

Thus, the Green’s function of the system can be calculated as

Gy (R,R’,0) =G\ (R,R’,0) - k; [ dR"GY”(R,R",0) X/’ (R",0)G}”(R",R’,0), (1B)
Vo

were integration is over the volume of nanoparticle. Indeed, when the source of the external field is point-like dipole
PY(R)=P"5(R'-R,), (2B)
then, the total (local) field in a point R will consist of the external field

E® (R) =—io [ dR'G"(R,R)P” (R) ==i0G}" (R,R )P | (3B)
VO

and the field caused by the currents inside the particle, which are induced by the external field
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J.(R) =—io j dR'’X{”(R",®)G" (R",R,0)P”(R") =
ho (4B)
=—ioX (R",0)(-io)G" (R",R,,0)P” .

These currents, being integrated with the Green’s function of the medium over the volume of the particle, form a field at
point R

E"(R,R’,0) =—k, j dR'Gy” (R,R",0)X{(R",0)(—i®)G;” (R",R,,®) P . (5B)

v,

P

Then the field at any point of the system consisting of the external environment and the nanoparticle, caused by the point
dipole located at the point Ry , will consist of the sum of the two fields

ER)=E"(R)+E"(R) . (6B)
Or, using Egs.(3B) and (5B), one obtains
E,(R) =-ioG" (R,R))P" -
—k j dR'GY (R,R",0)X!” (R",0)(-i®)G." (R",R,, )P . (7B)

v,

It is not difficult to see that such an expression for the field can be obtained if we assume that the point dipole is located

(;“;(’fn)(R’ RI’ (/0)
G (RRL0) "+ X{'(R0) m—)

Fig.1B. To forming the new “pseudovacuum” medium consisting of a start medium characterized by Green’s

function G|”(R,R’,®) and nanoparticles with effective susceptibility X(R,m).

in a new medium (pseudovacuum), the electrodynamic properties of which are described by the Green’s function given
by Eq.(1B) (see, Fig.1B). Namely

E(R)=—-i0G" (R,R,,0)P" . (8B)
The expression for the pseudovacuum Green’s function leads from Egs.(7B) and (8B)
G (R,Ry,0) = -G} (R,R,,0)
" " " . " B
—k j dR'GY (R,R",0)X"(R", 0)(~i) G (R", R, ) . ©B)

v,
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