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The paper studies the mechanism of localised surface plasmon resonance in metal nanoparticles
incorporated into organic matrices. The physical nature of plasmon excitations as coherent oscillations
of the conduction band electron gas arising from interaction with electromagnetic radiation is analysed.
Unlike surface plasmon polaritons, which propagate along an extended metal-dielectric interface,
localised plasmons are confined to the volume of nanoparticles and exhibit radiative properties.
Research into the dispersion characteristics of surface plasmon polaritons in silver-organic and gold-
organic material systems shows significant deviations from the linear dependence characteristic of free
electromagnetic radiation. It is shown that plasmon modes are characterised by an increased wave
vector value compared to photons of similar energy, which causes the surface excitation effect and
intense spatial localisation of the optical field. The dimensional correlations of the frequency and
spectral width characteristics of localised surface plasmon resonance have been analysed. Two main
physical mechanisms that control the dimensional correlations of plasmon characteristics have been
identified. Increase in geometric dimensions results in a shift in long-wave resonance due to the
retardation effect associated with the finite speed of electromagnetic excitation for large nanoparticles
with a diameter greater than 20 nm. For ultrasmall nanoparticles with a diameter of less than 20 nm,
quantum size effects dominate when the linear dimensions become comparable to the free path length
of electrons. This leads to an increase in the intensity of surface scattering of charge carriers and a
broadening of the spectral half-width. The results obtained demonstrate that the size correlations of the
resonance frequencies of surface plasmons in metal nanoparticles are controlled by a variety of
competing physical processes. The contribution of these processes varies depending on the size range
and specifics of the material system. Obtained results allows to enhance fundamental understanding of
the mechanisms by which plasmons and photons interact in nanocomposite systems, providing a
theoretical basis for the targeted design of plasmonic nanostructures with specific functional properties.
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Introduction

The development of modern nanotechnologies is closely linked to the study of the optical properties
of metal nanostructures and surface plasmon resonance phenomena. Metal nanoparticles form a distinct
class of materials with unique properties. Studying these materials is of considerable scientific and prac-
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tical value, as they can be used in many areas of science and technology. Examples include their use as
active elements in sensors [1], photoelectric devices [2], waveguides [3], filters [4] and optoelectronic
elements [5].

A key feature of metal nanoparticles is their ability to sustain localized surface plasmon resonances
(LSPRs), which are coherent oscillations of the conduction band electron gas that occur when it interacts
with electromagnetic radiation [6]. Unlike surface plasmon polaritons, which propagate along an extended
metal-dielectric interface, localised plasmons are confined to the volume of nanoparticles. They manifest
as the first Frolik mode, which consists of dipole and multipole oscillations of the electron gas near the
surface [7]. The resonance characteristics of LSPR significantly depend on the geometric parameters of
nanoparticles (size, shape) and the dielectric permeability of the surrounding medium [8]. The high sen-
sitivity of plasmonic nanostructures to local changes in the dielectric properties of the matrix makes them
extremely promising for creating highly sensitive sensors and devices for amplifying spectroscopic signals,
as well as for efficient energy harvesting and conversion [9-11].

Organic matrices are of particular interest as a medium for plasmonic nanoparticles thanks to their
unique optical and dielectric properties, the potential for controlled structural modification and the rela-
tively straightforward process of manufacturing composite materials. The interaction between the plasmon
modes of metal nanoparticles and the electronic states of the organic matrix can result in the development
of hybrid optical properties, offering new opportunities for creating functional photonic materials [12]. The
basis for the development and manufacture of modern photonic and electronic components is mathematical
modelling of such phenomena to find the parameters of real structures with maximum electromagnetic
field resonance, followed by experimental confirmation.

This work is devoted to the study of the plasmon resonance mechanism of nanoparticles embedded
in an organic matrix. Particular attention is paid to establishing correlations between the morphology of the
composite and its optical characteristics, with the aim of achieving a comprehensive understanding of the
relationship between these two elements. Understanding the fundamental mechanisms of interaction bet-
ween plasmonic nanoparticles and the organic environment is essential for developing new types of opto-
electronic devices, photocatalytic systems and sensors that offer enhanced functionality.

2. Theoretical background

It is important to emphasize that the correlation between the resonance frequency of surface plas-
mons and the dielectric properties of their surroundings is fundamental to the application of plasmonic
metal nanostructures in optoelectronics. At the same time, the key parameters of surface plasmon reso-
nance, such as the resonance frequency and the half-width of the resonance line (i.e. the attenuation
parameters), demonstrate a pronounced dependence on the geometric dimensions of metal nanoparticles
[13]. Within the framework of the weak attenuation approximation, the following condition is valid [13] as
follows:

& (W) « |y () + 2¢,], ey

where &, (w), £, (@) is the real and imaginary parts of the dielectric permeability of a metal nanoparticle,
£, IS the dielectric permeability of the matrix (surrounding environment).

The optical absorption and scattering spectra of nanocomposite systems containing finely dispersed
nanoparticles are characterized by the presence of an intense maximum. This maximum is positioned
according to the relationship:

g (w) = —2¢,. @)

This effect is caused by optical excitation of localised polarization oscillations in nanoparticles, in
particular surface plasmon and phonon modes. These oscillatory states are characterized by their localised

[H(boKOMyHIKaITiliHI TEXHOJIOTII Ta eNeKTpOHHa itkeHepis, Bum. 5, Ne 2, C. 202-209 (2025)



204 Yu. Smachylo, Yu. Mysyuk, M. Hladun, B. Bulavinets, 1. Yaremchuk

nature. This distinguishes them fundamentally from surface plasmon polaritons and phonon polaritons,
which propagate along the interface in a wave-like manner. Surface plasmon and phonon excitations are
confined to the spatial boundaries of the nanoparticle. They represent localised oscillations of the
electronic conduction subsystem or vibrations of the crystal’s ionic sublattice. The surface nature of such
oscillatory states in nanoparticles is confirmed by a number of characteristic experimental features of
optical spectra.

Resonance frequencies for bulk samples and nanoparticles of identical material show differences in
spectral position. Spectral maxima of optical absorption and scattering by nanoparticles exhibit size
dependence and are critically sensitive to morphological characteristics. Particle geometry can radically
change the spectral picture. This includes the appearance of additional bands. These bands appear for non-
spherical objects. The position of the resonance peaks in the absorption and scattering spectra correlates
strongly with the dielectric parameters of the matrix medium.

These observations clearly demonstrate that surface elementary excitations participate in the
formation of the optical response. The registration of corresponding bands in the absorption spectra
deserves special attention. This indicates the possibility of direct photon excitation of surface plasmons, i.e.
direct photon-plasmon conversion, and the reverse process. Thus, surface plasmon excitations in
nanoparticles exhibit radiative properties.

In order to obtain the spectrum of electromagnetic modes of an isolated particle, it is necessary to

solve the wave equations for vectors Eand [13]:

(.’.‘1 + '(w) f:—:) E=0,

@)

(& + '(w) T—:) H=o,

(4)
provided there is no external exciting electromagnetic wave.

The dispersion law for the intrinsic electric modes of a spherical particle, small compared to the
wavelength of light, is determined from the equation

" n+1
Re(e(w)) = &, (w) = —¢, -, 5)

where £(w) = &, (w) + i, (w) is dielectric permeability of a particle, n = 1,2, 3, ... is a fashion number.

Dipole polarization of a particle corresponds to n=1, quadrupole polarization corresponds to n=2,
etc. The electric field outside a particle, created by surface plasmons excited in it, depends on the distance
to its centre r; as:

E(?-l),,, (r_z)2n+1,

(6)

which shows that as the distance from the particle increases, the plasmon modes with higher n decay faster
than those with lower n. Therefore, the dipole mode (n=1) has the longest range. Thus, strong resonant
absorption and scattering of light by small particles is caused precisely by the resonant excitation of dipole
surface plasmons. Therefore, we will consider only them further in this work.

3. Results and discussion

Silver (Ag) and gold (Au) are two of the most effective plasmonic materials, thanks to their low optical
losses in the visible spectrum and their high concentration of free electrons. These properties give rise to pro-
nounced plasmonic resonances, which are put to active use in nanophotonics, biosensors and surface-enhanced
Raman scattering spectroscopy [14]. The optical properties of these nanoparticles were studied using the dipole
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approximation method. The values of dielectric permittivities were determined for calculations using the
analytical expressions given in [15]. The refractive index of the organic matrix in which the nanoparticles are
located was taken to be 1.7. The diameter of the nanoparticles varied from 10 to 100 nm.

It should be noted that the dispersion relation characterizes how the frequency parameters of surface
plasmon polaritons depend on their momentum as they propagate at the metal-dielectric interface. Firstly,
the values of the wave vector of plasmon-polaritonic excitations were calculated as a function of
wavelength for silver- and gold-organic matrix systems (see Fig. 1).

The dispersion characteristics of surface plasmon excitations at the metal-dielectric interface differ
significantly from the linear dependence typical of electromagnetic radiation in a medium. This indicates
that plasmon modes are characterized by a higher wave vector value than photons of a similar energy. This
difference causes the surface excitation effect and the intense spatial localization of the optical field.
Analyzing dispersion relations is a fundamental approach to developing and optimizing plasmonic
functional elements.
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Fig. 1. Dependence of wavelength on the wave vector
of the plasmon-polaritons for the silver-organic material (a) and gold—organic material (b) interfaces

Let’s consider how the spectral shift of plasmon resonances changes when the dimensional para-
meters of spherical silver (Ag) and gold (Au) nanoparticles incorporated into an organic medium are
varied. It is important to emphasize the fundamental difference between surface plasmons in nanoparticles,
which exhibit radiative properties, and surface plasmon polaritons on flat interfaces, which are charac-
terized by their non-radiative nature.

The dimensional evolution of the dielectric function of metal nanoparticles, and consequently the
modification of the frequency and spectral width characteristics of surface plasmon resonance, is determined by
a complex of physical processes. According to Fig. 2, an increase in geometric dimensions for relatively large
nanoparticles (diameter >20 nm) is accompanied by a red shift of the resonance wavelength (i. e. a decrease in
resonance energy) and an increase in the spectral half-width of the resonance band. In the case of silver
nanoparticles, a shift to the long-wave region of the spectrum is observed when the diameter of the nanoparticle
changes from 20 to 100 nm, moving from 430 nm to 690 nm (almost 300 nm). A red shift is also observed for
gold nanoparticles placed in an organic matrix, although it is not as large as for silver nanoparticles: from 575
nm to 750 nm. Additionally, the scattering cross-section spectra of both types of nanoparticles are characterized
by an increase in the half-width of the spectrum as the size of the nanoparticles increases. The amplitude of the
spectra also increases with an increase in the size of the nanoparticles.
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Fig. 2. Dependence of the scattering cross section
on the wavelength of large silver (a) and gold (b) nanoparticles placed in an organic matrix

The shift in plasmon resonance towards longer wavelengths as the particle size increases is
associated with the need to consider higher-order multipole contributions alongside the main dipole
moment in the expansions for extinction and scattering cross sections. This is because an increase in the
dimensional parameter leads to an increase in the real part of the dielectric permittivity of the metal. Since
this has a negative value and decreases in absolute value, it causes a bathochromic shift of the dipole
resonance to the region of longer wavelengths. This phenomenon is associated with the retardation effect,
which occurs because electromagnetic excitations travel at a finite speed inside the particle. This effect
becomes more significant for larger particles and intensifies as they grow in size.

In plasmon oscillations of the electronic conduction subsystem, the electromagnetic field's limited
propagation speed prevents polarization from being established instantly throughout the entire volume of
the particle. An increase in particle size leads to an increase in the time taken for characteristic polarization
to establish. Since the natural frequency of electron oscillations is inversely correlated with this time, this
explains why the resonance frequency decreases with increasing size. At the same time, the spectral
broadening of plasmon resonance in large particles is caused by the loss of radiation by surface plasmons.

Now, let us turn to analyzing the dimensional correlations between the frequency and spectral width
characteristics of surface plasmon excitations in nanoscale particles with small diameters. According to
Fig. 3, a decrease in geometric parameters for ultrafine nanoparticles with a diameter of less than 20 nm is
accompanied by an expansion of the spectral half-width of the plasmon resonance. This phenomenon
occurs when the linear dimensions of the particle become comparable to the mean free path of conduction
electrons, resulting in a limitation of the transport properties of charge carriers due to quantum size effects.
This intensifies electron scattering processes at the nanoparticle’s boundaries, resulting in an increased
relaxation rate of plasmon excitations.

However, it is clear that the position of the plasmon resonance peak does not change when the size
of the nanoparticle changes. For silver nanoparticles, this is 450 nm, and for gold nanoparticles, it is
530 nm. Additionally, unlike in previous studies, we observe a difference in the half-width of the scattering
cross-section spectra for silver and gold nanoparticles. Compared to gold nanoparticles, silver
nanoparticles are characterized by narrower half-widths of the scattering cross-section spectra and much
higher scattering intensities (10~ compared to 107).
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Fig. 3. Dependence of the scattering cross section
on the wavelength of small silver (a) and gold (b) nanoparticles placed in an organic matrix

Therefore, we can conclude that the quantitative analysis of the dimensional evolution of the plas-
mon band’s spectral half-width in the scattering or absorption cross section has significantly greater
diagnostic value. The systematic increase in this parameter alongside a decrease in the size of small
nanoparticles clearly indicates particle miniaturization, making it a reliable method of dimensional
characterization.

It should be noted that a wide range of spectral transformations has been experimentally observed
for nanoparticles of various metals dispersed in different matrix environments, including bathochromic and
hypochromic shifts of resonance peaks and cases where no noticeable shift is observed. This variability
means that plasmon band size shift cannot be used as a reliable diagnostic tool to determine the geometric
parameters of nanoparticles.

Conclusion

The physical nature of localised surface plasmon resonances in metal nanoparticles has been
established as coherent oscillations of the conduction band electron gas. These differ fundamentally from
surface plasmon polaritons due to their localised structure and radiation properties. It has been demon-
strated that plasmonic excitations in nanoparticles are confined to the particle’s spatial boundaries and
behave as dipolar and multipolar oscillations of the electronic conduction subsystem.

The dispersion characteristics of surface plasmon polaritons in silver- and gold-organic material
systems, which demonstrate significant nonlinear deviations from the dispersion of free electromagnetic
radiation, have been analysed. Two main physical mechanisms that control the dimensional correlations of
plasmon characteristics have been identified. For large nanoparticles, the delay effect predominates, resul-
ting in a red shift of the resonance and an increase in the spectral half-width due to radiation losses. For
ultra-small nanoparticles, quantum size effects become decisive when the geometric parameters are com-
parable to the free path length of conduction electrons. The obtained regularities demonstrate that the
dimensional correlations of surface plasmon resonance frequencies in metal nanoparticles are controlled by
a variety of competing physical processes. The contribution of these processes varies depending on the
dimensional range and the specifics of the material system. Additionally, they enhance our fundamental
understanding of the mechanisms by which plasmons and photons interact in nanocomposite systems,
providing a theoretical basis for the targeted design of plasmonic nanostructures with specific functional
properties.
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IMJIASMOHHUHI PE3OHAHC HAHOYACTHUHOK
CPIBJIA TA 30JI0TA B OPTAHIYHUX CEPE/JOBUIIIAX:
PI3NYHI MEXAHI3MHA TA CIIEKTPAJIBHI ITPOSABU

IOpiii Cmauuuio, I0piii Muciok, Muxaiino I'magyn, bornan Byaasineus, |puna SIpemuyk

Hayionanvuuii ynisepcumem ““Jlvgiscoxa nonimexnixa”, ¢ya. C. Bandepu, 12, Jlveis, 719013, Vrpaina

Y poboTi JOCTIHKEHO MEXaHI3M JIOKaIi30BaHOTO IIOBEPXHEBOTO IJIa3MOHHOTO PE30HAHCY B METAIEBHX
HAaHOYACTHHKAaX, 1HKOPIOPOBaHMX B opraHiuHi Marpuui. [IpoananizoBaHo (i3udHy npHpomy ILUIas-
MOHHHX 30y/I)KEHb SIK KOTEPEHTHHX KOJIMBaHb EJICKTPOHHOTO ra3y 30HHM IPOBIIHOCTI, 10 BUHUKAIOTh
IiT 9ac B3aEMOJII 3 €NEKTPOMArHiTHUM BUIPOMiHIOBaHHSAM. Bka3aHo, 110, Ha BiJIMiHY BiJl MOBEpX-
HEBHX IUIA3MOH-TIOJSIPUTOHIB, SIKi MOIIUPIOIOTHCS B3IIOBK MPOTKHOI MEXi MOALTY MEeTall-[ieIeKTPHK,
JIOKaJIi30BaHi IJIa3MOHM OOMEXeHiI 00’€MOM HAaHOYACTMHOK 1 MPOSBIAIOTH pajialiiiHi BIACTHBOCTI.
JocmimkeHo mucniepciiiai XapaKTepUCTHKH MTOBEPXHEBUX TUIA3MOH-TIOJSIPUTOHIB JUTS CUCTEM CpiOiIo —
OpraHiYHM{A MaTepiall Ta 30JI0TO — OPTaHIYHHUI Martepial, SKi JEMOHCTPYIOTH iCTOTHI BiIXFJICHHS Bil
JIHIHHOI 3aJIe)KHOCTI, MPUTAMaHHOI BUTFHOMY €JIEKTPOMArHITHOMY BHIIPOMiHIOBaHHIO. [TokaszaHo, mo
TUIa3MOHHI MOJM XapaKTepH3YIOTHCSI MIJBUIIEHMM 3HAYCHHSAM XBHJIHOBOTO BEKTOpA IOPIBHSHO 3
(hOoTOHAMH aHAJIOTIYHOI EHEprii, IO 3yMOBIIOE €PEKT MOBEPXHEBOTO 30YIKEHHS Ta IHTCHCHBHY TIPO-
CTOPOBY JIOKAI3AIIiI0 ONTHYHOTO IMoJIsl. BUsBIICHO /1Ba OCHOBHI (hi3M4HI MEXaHi3MH, [0 KOHTPOIIOKOTh
PO3MIpHI KOPETISIIii XapaKTepUCTHK IIa3MOHIB. [IpoaHani3oBaHO pO3MipHI KOPENAIlil YaCTOTHUX Ta
CIEKTPAJIbHO-IIMPUHHNAX XapPaKTEPUCTHK JIOKAJIi30BAaHOTO IMOBEPXHEBOrO IUIA3MOHHOTO PE30HAHCY.
Jlnst BeJMKMX HaHOYaCTMHOK 3 JiameTpoM moHaj 20 HM 30LIbIICHHS T€OMETPUYHHX PO3MIpiB
CYIPOBOJDKYETHCSI JIOBTOXBWJIbOBUM 3MIIICHHSAM PE30HAHCY BHACHIZOK e(eKTy 3alli3HIOBaHHS,
MIOB’A3aHOTO 31 CKIHYEHHICTIO IIBHIKOCTI €IEKTPOMATHITHHX 30y/DkKeHb. [l ynbTpaMalux HaHO-
YaCTHHOK 3 JjiaMeTpoM MeHme HbK 20 HM JIOMIHYIOTh KBAaHTOBOPO3MIpHI e()eKTH, KOJM JIiHIHHI
PO3MIpH CTAIOTh CHIBMIPHUMH 3 JOBXHHOKO BUTBHOTO MPOOITY €NCKTPOHIB, IO IPHU3BOJUTH 10 PO3-
[IMPEHHS CICKTPAIBHOI HAIMBIIMPHHU Yepe3 iHTCHCH(IKAIII0 MMOBEPXHEBOTO PO3CIFOBAHHA HOCIIB
3apsiy. OTpuMaHi pe3yabTaTH MiATBEPKYIOTh, IO PO3MIPHI KOPETALi pe30HaHCHNX YacTOT TI0BEpX-
HEBUX IUIA3MOHIB y METAICBUX HAHOYACTHHKAX KOHTPOIIOIOTHCS KOMIUIEKCOM KOHKYPEHTHHX (i3nd-
HHUX TIPOIIECIiB, BHECOK SKUX BAPIIOETHCS 3aICKHO BiJl PO3MIPHOTO iala3oHy Ta CICHU(IKA MaTe-
pianbHOi cuctemu. OTpUMaHi pe3yabTaTH JOHOMOXYTh HOTTHOUTH (DyHIaMEHTalIbHE PO3yMIHHS MeXa-
Hi3MiB B3a€MOIii I1a3MOHIB 1 POTOHIB y HAHOKOMIIO3UTHHX CHCTEMaX, CTBOPUBIIIA TEOPETUUHY OCHOB-
Yy OIS [OIeCTIPAMOBAHOTO TPOEKTYBAaHHA IUIA3MOHHUX HAHOCTPYKTYP 13 KOHKPETHHMH (DyHKITiO-
HaJIbHUMU BJIACTHBOCTSIMH.

Kuio4oBi ciioBa: ranouacmunku; 10Kami308aHUll NOBEPXHEGUL NIASMOHHUL PE30OHAHC, Nonepey-
HUL nepepi3 po3Cito8anHs.
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