JOURNAL OF NANO- AND ELECTRONIC PHYSICS MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKU
Vol. 17 No 6, 06036(9pp) (2025) Tom 17 Ne 6, 06036(9cc) (2025)

OPEN ACCESS

REGULAR ARTICLE

Optical Phenomena in Spherical Metallic Nanoparticles. Nonlocal Theory

R.Yu. Korolkov*, O.Yu. Berezhnyi
Zaporizhzhia Polytechnic National University, 69011, Zaporizhzhia, Ukraine
(Received 19 July 2025; revised manuscript received 14 December 2025; published online 19 December 2025)

An influence of the nonlocal phenomena on the plasmonic properties of the metallic nanoparticles is
investigated in the work. The mathematical model for determining the frequency dependences of such opti-
cal characteristics as dielectric function, polarizability, absorption and scattering cross-sections is pro-
posed. The relation for the size dependence of the frequencies of the nonlocal multipole surface plasmonic
resonances is obtained. It is shown that in the infrared frequency region the difference between the Drude
theory and the nonlocal theory is very significant, while in the optical region of the spectrum the results of
the calculations of the corresponding dielectric functions are practically identical. It is found that in both
Drude and nonlocal theories, the change in the size of the nanoparticles affects only the width of the spec-
tral line and not the magnitude of the frequency of nonlocal (or local) surface plasmonic resonances. The
results of the calculations indicate the presence of the blue shift of the maxima of the imaginary part of the
nonlocal polarizability with increasing order of multipolarity and the maximum of the imaginary part of
the nonlocal dipole polarizability with respect to the maximum of the imaginary part of the local polariza-
bility. It is shown that for the relatively small nanoparticles the maximum absorption and scattering cross-
sections are of the same order, whereas with the increasing radius the scattering processes begin to domi-
nate over the absorption processes. The complete analogy in the behavior of the frequency dependence
curves of the imaginary part of the polarizability and absorption cross-section is demonstrated, which is
explained by the linear coupling of these optical characteristics. The significant influence on the character
of the frequency dependences of the absorption cross-section of both the material properties of the nano-
particles and the properties of the surrounding dielectric was established. It is shown that the behavior of
the surface plasmonic resonance frequencies in Drude theory and nonlocal theory has both similarities and
differences. In particular, with increasing multipolarity both theories predict the increase of this frequen-
cy. At the same time at the same multipolarity the resonance frequency according to the Drude theory does
not depend on the particle radius, whereas according to the nonlocal theory the resonance frequency de-
creases with increasing of the particle radius.
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1. INTRODUCTION low concentrations [10, 11]. In fact, the ease with which
the properties of surface plasmons depend on the local
environment of the nanoparticles has made accurate
measurements of their fundamental characteristics a
serious problem that requires serious research efforts.
Therefore, the study of plasmonic phenomena in isolat-
ed nanoparticles has become the main experimental
focus and has made significant progress in understand-
ing the phenomenon of the surface plasmonic resonance
in the nanostructures of the different dimensions
[4, 13]. For example, in dark-field microspectroscopy,
individual nanoparticles are dispersed on the dielectric
substrate, where they are then examined using ultravi-
olet and optical spectroscopy. Combining these local
optical measurements with an accurate nanoscale im-
age of the isolated nanostructure (for example, scan-
ning electron microscopy) allows us to associate the
plasmonic properties of the specific nanoparticles and
their complexes to their geometry. This makes possible
the quantitative comparison of the experimental spec-

Metallic nanoparticles form a vast family of objects
of increasing diversity, complexity and technological
importance due to their unique optical properties. The
plasmonic nanoparticles exhibit hypersensitivity to the
environment, where interactions with molecules and
assemblies of molecules in their neighborhood usually
affect the particle properties in the significant and easi-
ly observable way. The interaction of plasmons of
neighboring nanoparticles or hybridization of two
plasmons of the same particle provides practical ways
to rationally design of the nanoscale objects with new
plasmonic properties [1-5]. An influence of the sur-
rounding dielectric environment [6, 7] also changes the
plasmonic properties of the nanoparticle [3, 4, 8, 9].
This effect is of significant interest for the development
of the ultra-sensitive sensors on localized surface plas-
monic resonance (SPR) capable of eventually detecting
single molecular binding events or substances of ultra-
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tra and theoretical calculations of their surface elec-
tromagnetic modes.

The optical properties of the isolated metallic nano-
particles of different geometries are well described
within the framework of quasi-static theory, since their
sizes are significantly smaller than the light wave-
lengths [14-16]. The indicated theory is inherently lo-
cal, since for the dielectric function the Drude model,
which takes into account only the time dispersion, is
considered to be valid. However, in many practically
important cases, such as electromagnetic pairing be-
tween the atomic force microscope probe and the sur-
face (substrate), fluorescence and decay of excited mol-
ecules in the neighborhood of nanoparticles, hybrid
systems “metallic nanoparticle — semiconductor quan-
tum dot”, the spatial dispersion of permittivity plays
the significant role. It should also be pointed out that in
[17] it was established that the error of the quasi-static
approximation, especially at frequencies close to the
frequency of the surface plasmonic resonance, is signif-
icant. The spatial dispersion is taken into account by
replacing the local permittivity by the effective permit-
tivity. In turn, the effective permittivity is expressed in
terms of the integral that is found analytically only for
some dielectric functions that take into account spatial
and time dispersion. Most often the relation, obtained
in the hydrodynamic approximation, is used as such a
dielectric function. At the same time, the above ap-
proach does not take into account the relaxation pro-
cesses in the metallic nanoparticle and, therefore, this
approach also does not provide an accurate description
of the properties of the above nanoscale objects.

Let us point out that the detailed study of relaxa-
tion processes in the spherical metallic nanochalice is
presented in [18]. Thus, the size intervals, in which one
or another relaxation mechanism plays a predominant
role and the values of radii of nanoparticles of different
metals at which the effective relaxation rate will be
minimal, have been determined. Therefore, the con-
struction of the nonlocal theory to describe the optical
properties of spherical metallic nanoparticles taking
into account relaxation processes is an actual task.

2. RELAXATION PROCESSES IN NONLOCAL
OPTICS OF METALLIC NANOPARTICLES

2.1 Excitation of Plasmons and the Characteris-
tics of the Absorption Processes in Plas-
monic Metals

Plasmonic metallic particles are nanostructures that
strongly interact with incident electromagnetic radiation.
When irradiated by light with the wavelength longer
than the particle size, the oscillations of free electrons of
the metal are excited in phase with the electric field of
the incident light wave (Fig. 1, a@). The resonance condi-
tion is reached when the frequency of photons coincides
with the frequency of the oscillation of free electrons. As a
result of plasmonic resonance excitation, light energy is
localized in the form of enhanced local electric fields near
the surface of metallic nanoparticles. The distribution of
these localized electric fields is spatially inhomogeneous
and reaches the maximum at the surface [19, 20]. In in-
tense near-field regions, known as plasmonic hotspots
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between two closely spaced nanoparticles, the field inten-
sity can be increased by a factor of 10* —10° [21]. In turn,
the enhanced fields stimulate the cascade of events on
time scales ranging from femtoseconds (fs) to nanosec-
onds (ns), leading to energy dissipation through radiative
or non-radiative decay, where the latter contributes to
the generation of electron-hole pairs (Fig. 1, b) [19].

The absorption of light and the subsequent generation
of electron-hole pairs can occur in the following four ways
(Fig. 1, c-e). First, let us consider the zone structure of
metal, which has two states with wave vectors k, and

k,. In this case, the absorption process requires the de-

fect (imperfection) or phonon to fulfill the law of conser-
vation of momentum. This eventually leads to the gener-
ation of the hot electron and the hole by the intrazone
transition from the filled s -state below the Fermi level to
the non-filled s-state above the Fermi level (Fig. 1,c,
blue arrows), where the average energy of each carrier is
hw/ 2. The nanoparticles with the diameters on the order
of tens of nanometers exhibit relaxation rate
10 —10* s7! for this type of excitation [22, 23]. Second,
absorption can occur by the direct diagonal process
known as Landau damping, where momentum is con-
served due to electron-surface collisions (Fig. 1, ¢, red
arrow). In this process, the surface plasmon-polariton is
characterized by spatial frequencies that are greater than
the difference between the wave vectors of the two states
(Ak). This intrazone transition leads to the formation of
hot electron and the hole in the s -zone with average en-
ergy ho/2, and the excitation rate depends mainly on
the size of the nanoparticle as y ~ v,/ R, where vy is the

Fermi electron velocity, and R is the radius of the nano-
particle [19, 24]. Third, the intraband absorption can oc-
cur by electron-electron scattering, where the momen-
tum is conserved during reflection, that is, the summa-
tion of the reciprocal lattice vector with the result of the
addition of two initial wave vectors (Fig. 1, d). This leads
to the formation of four “hot” carriers from the single
photon, rather than two, having the total energy 7o, so
that the average energy of each carrier is equal to
ho/4. This  process occurs at the rate

. 2
~10" (sph / SF) s™', where &, 1s the photon energy, &y

is Fermi energy [19, 24, 25]. Fourth, interzone excitation
can occur from d-zone to s-zone where momentum is
conserved (Fig. 1, e), and this leads to the higher relaxa-
tion rate ~10" s7' [23]. The electrons generated from
this excitation have low energy because they are gener-
ated near the Fermi level. In contrast, high-energy holes
are generated in the d -zone.

In order to simplify the description of all four process-
es, we can say that the generation of the charge carriers
by non-radiative decay can occur via intrazone s-—s -
excitation or interzone d—s -excitation, where direct
interzone excitations with high relaxation rate are usually
the pre-dominant way of the decay when they are energet-
ically available [27]. Noble metals, especially Ag, have
their own d -zones, located significantly below the Fermi
level, so interzone excitations cannot be induced by the
visible light. However, Au and Cu have d -zones closer to
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Fig. 1 — The excitation and the decay of plasmons due to the electron excitation [26]: a — the interaction between the electromag-
netic radiation and the pasmonic metallic nanoparticle and the excitation of the localized SPR; b — the dissipation of energy of the
local electric fields near the the surface of the metallic nanoparticles due to the radiative or non-radiative decay; ¢ — indirect, in-
band electron-electron, phonon-assisted (blue arrow) and surface-assisted “diagonal” transitions (orange arrow; d — indirect, in-
band s-s, electron-electron transition assisted by scattering, where momentum is conserved due to the reflection ; e — direct, inter-

zone d-s transition

the Fermi level than Ag; hence, interzone transitions can
be induced by the visible light above the certain level. On
the contrary, in base metals the d -zone is partially filled
and crosses the Fermi level, demonstrating the interzone
transition in the whole visible range.

2.2 Mathematical Model

The optical phenomena in spherical metallic nanopar-
ticles, when it is necessary to take into account the spa-
tial dispersion of permittivity, will be described in the
framework of the concept of effective permittivity. Accord-
ing to this concept, the expression for multipole polariza-
bility of the metallic nanosphere of the radius R, located

in the medium with the permittivity e, formally coin-

cides with the expression for thr polarizability in the local
theory

N (w) =3V ——— 1
A T v
1 l m

but with the permittivity, replaced by the effective (non-
local) permittivity [28, 29]

~—

(o, R) = {2(2l+1)RT Ji{

kR
7 (o,

k)

In formulas (1) and (2) V = 47rR3/3 is the volume of
the nanoparticle; [ is the order of the multipolarity;

-1
dk} )

i (x) is the spherical Bessel function of the order [;

e(a), k) is the dielectric function, taking into account

the spatial dispersion (hydrodynamic model):

(02

o k)=¢"-—L—— 3
c(o k)=c O +iwy, - fR ®)

where k is the wave number; f=vy(3/5; @, is plas-

©

ma frequency; ¢ is the contribution of the crystal lat-
tice into the dielectric function; y; is the effective
electron relaxation rate, the additive contribution in

which is made by three mechanisms - volume relaxa-
tion, surface relaxation and radiation damping

yeffzybulk+7s+7rad’ (4)

moreover bulk relaxation rate y, . =const for each met-
al, and the expressions for the surface relaxation rate y,

and radiation damping rate y,,, have the form [18]
.= (0, R)2E; (5)
s R

3
V [e”+2¢, [ @, v

=— |— " m | 2| /(e R l’ 6
}/rad 61 €, [ j (C() )R ()

C

and the effective parameter, which describes the degree
of the coherence loss under the electron scattering on the
surface
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Q)

v, =vp/2R is the frequency of the individual oscillations
of electrons.

Calculating improper integral in (2), taking into ac-
count the expression (3), we obtain
-1

) ®

1 20+1( o R
(o)~ i

€

2

j IZ+l (u)KHl
2 2

where I, (x), K,(x) are Infeld and McDonald func-

tions of the order v,

R |0} .
u =E e—ﬁ—a)(a)-kly/eff) ,

and Drude (local) dielectric function

2
6D =e® = p . 9
(w) w(w+i7eff) ®

The important optical characteristics of the metallic
nanoparticles are their absorption and scattering cross-
sections, determined by the following relations

C,p. =2 Je Ima™ (10)
C
4 2
_Lwiez ‘(ZZNL‘ . 11)

sca m
67 ¢*

Further the formulas (1), (8) — (11) taking into ac-
count the expressions (4) — (7) are used for the calcula-
tions.

3. RESULTS OF THE CALCULATIONS AND
THEIR DISCUSSION

The frequency dependences of the dielectric function,
polarizability, and absorption and scattering cross-
sections were calculated for the spherical nanoparticles of
the different metals and the different radii. The parame-
ters of metals, required for the calculations are given in
Table 1

Table 1 — The parameters of metals (ao is the Bohr radius)
(see, for example, [18, 30] and references therein)

Value
Metals rla, | m'Im, € ho,, eV | #y, . eV
Cu 2.11 1.49 12.03 12.6 0.024
Au 3.01 0.99 9.84 9.07 0.023
Ag 3.02 0.96 3.7 9.17 0.016
Pt 3.27 0.54 4.42 15.2 0.069
Pd 4.00 0.37 2.52 9.7 0.091
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The comparison of the frequency dependencies for the
real and imaginary parts of the local (Drude) and nonlocal
dielectric functions for the nanoparticles Ag with
R =10 nm in Teflon are presented in Fig. 2. Let us point

NL

out that the curves Ime” (@) and Im¢g"" (o) are qualita-

tively similar and practically do not differ quantitatively
in the optical frequency range. The quantitative differ-
ences of the indicated curves are noticeable only in the
range 0.7 eV <hw<1.5eV, at the same time the ine-

D

quality Img™ >TIme® is always true, and max{Im elNL}

is reached at great frequencies in comparison with
max {Im eD} . The latter facts indicate that in the indicat-

ed frequency range (since the imaginary part of the dielec-
tric function is responsible for the absorption) the nonlocal
theory predicts the more substantial absorption than the
Drude theory, and the absorption will be maximized at
the higher frequency. Regarding the real part of the die-
lectric function, it should be pointed out that, like the im-
aginary parts at hw >1.5 eV, the real parts of the non-

local and Drude dielectric functions practically coincide,
whereas at 7w <1.5 eV the behavior of the curves Re¢ ™

and Rec”
the nonlocal dielectric function at 7@, ~ 0.8 eV has the

are essentially different. Thus, the real part of

maximum, which the curves Rec”(®) do not have. It

should also be pointed out that all curves, shown in Fig. 2,
experience small-scale oscillations at 7w <1.0 eV, that is,

in the near-infrared region of the spectrum, which is ex-
plained by the manifestation of the classical size effects.
The frequency dependences of the real and imagi-
nary parts of the nonlocal dielectric function for Ag
particles of the different sizes in Teflon are shown in
Fig. 3. Let us point out that the extrema (maxima and
minima of the real and maxima of the imaginary parts)
of the dielectric function shift to the region of high fre-
quencies when the radius of the nanoparticles decreas-
es. Such behavior of the extrema of the real and imagi-
nary parts of the nonlocal dielectric function is similar

to the behavior of max{ReeD}, min{ResD} and

max {Im eD} , and 1s associated with the decrease in the

relaxation rate with increasing radius of the spherical

nanoparticles up to the radius corresponding to yj;

for the given material [18].

The frequency dependences of the real and imaginary
parts, as well as the modulus of the nonlocal dipole polar-
izability of silver nanoparticles of the different radii in
Teflon are demonstrated in Fig. 3. The calculation results
indicate the weak influence of the nanoparticle size on the

spectral position of max {Im alNL} and, consequently, on
the frequency of the surface plasmonic resonance. At the
same time, as the radius of the nanoparticle decreases, the

effective relaxation rate increases and, consequently, the
width of the resonance line increases. In addition, the

curves Im alNL (a)) in the infrared region of the spectrum

also show small-scale oscillations due to the manifestation
of classical size effects.
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Fig. 2 — The comparison of the frequency dependencies for the real (@) and imaginary (b) parts of Drude and nonlocal dielectric

functions for the nanoparticles Ag with R =10 nm in Teflon
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Fig. 3 — The frequency dependencies for the real (@) and imaginary (b) parts of the nonlocal dielectric function for the nanoparti-
cles Ag of the different radius in Teflon: 7 — R=10nm;2—- R=20nm;3— R=35nm

Concerning the frequency dependences of the real and
imaginary parts, as well as the moduli of the nonlocal
multipole polarizabilities (Fig. 5), we note the following.
All the above curves for the different multipolarities
are qualitatively similar, but with increasing multipo-
larity there is the shift of the curves towards higher
frequencies. Thus, with increasing the plasmonic mode
number (multipolarity) there is the “blue” shift of

max {ImalNL}, and hence the frequency of multipole

surface plasmonic resonances grows with increasing
the plasmonic mode number.

The comparison of the frequency dependences of the
real and imaginary parts, as well as the modulus of the
dipole local and nonlocal polarizabilities is presented in
Fig. 6. The results of the calculations for these two cases
are qualitatively similar and quantitatively close, and

the difference consists in the presence of small shifts of

NL

max{RealNL}, min{RealNL}, max{lmot1 }, max‘alNL‘

into the region of greater frequencies. Thus, the frequen-
cy of the dipole surface plasmonic resonance, predicted
by the nonlocal theory, corresponding to the spectral

position of max {Im alNL}, is slightly greater than the

same frequency obtained in the local theory.
The frequency dependences of the absorption and

scattering cross-sections for Ag nanoparticles of the
different radius in Teflon are shown in Fig. 7. It should
be pointed out that at relatively small radii (10 and
20 nm) the cross-sections are of one order of magnitude,
whereas for relatively large nanoparticles (R =35 nm)

the scattering cross-section is an order of magnitude
greater than the absorption cross-section. This is con-
sistent with the fact that the role of the scattering pro-
cesses increases with increasing size of the nanostruc-
tures (see, for example, [18]).

The frequency dependences of the absorption cross-
sections under the excitation of the plasmonic modes of
the different multipolarities for Ag nanoparticles, as
well as under the excitation of the dipole mode for Ag
particles in different media and for the particles of dif-
ferent metals in Teflon are given in Fig. 8.

The results of the calculations show that max {C bs}

ai
shift to the region of large frequencies, which is explained
by the fact that C,_ ~ ImoleL and therefore there is an

analogy in the behavior of the frequency dependence
curves of these characteristics. In turn, the position of

max{CabS} under the excitation of the dipole modes in

the particles of different metals differs significantly due
to the difference in their optical properties. The influence
of the dielectric, surrounding the nanoparticle, is also
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significant and the maximum of the absorption cross-
section shifts to the region of smaller frequencies with
increasing permittivity in the sequence
Air — CaF, — Teflon - Al,O, — C,, .

The frequencies of the surface plasmonic resonance

can be found from the condition that the real part of the
denominator of the expression (1) is equal to zero

— li]' € s (12)

Reg" (@)= i

where Ree™" is the real part of the right-hand side in
the expression (8).

40
a
20 |
B 1
s
50
I~
3~
—20 | 59

ho, eV

Fig. 4 — The frequency dependencies for the real (¢) and imag-
inary (b) parts, and the module (c) of the nonlocal dipole polar-
izability of the nanoparticles of silver with the different radius
in Teflon: - R=10nm;2- R=20nm;3- R=35nm

The results of calculations of the surface plasmonic
resonance frequencies for Ag and Au nanoparticles of the
different radii in Teflon are given in Table 2. According to
the results, we can conclude that, in contrast to the clas-
sical case, when the frequency of SPR grows with increas-
ing multipolarity order and does not change with increas-

J. NANO- ELECTRON. PHYS. 17, 06036 (2025)

ing particle radius, in the nonlocal theory the frequency
of SPR grows with increasing multipolarity order and for
the particular value of the multipolarity order decreases
slightly with increasing particle size.

40 T T T T
9 a

20

80

60

NL
1

40

la

20

2 3
ho, eV

Fig. 5 — The frequency dependencies for the real (¢) and imag-
inary (b) parts, and the module (¢) of the nonlocal multipole
polarizabilities of the silver nanoparticles with R =10 nm in

Teflon: I— [=1;2-1=2;8-1=3;4-1=4.
40 T T T T
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Fig. 6 — The comparison of the frequency dependencies for the real (a) and imaginary (b) parts and the module (c¢) of the dipole
local and nonlocal polarizabilities for the nanoparticles of silver with R =10 nm in Teflon
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Fig. 7 — The frequency dependencies of the absorption cross-section (a) and scattering cross-section (b) for the nanoparticles Ag of
the different radius in Teflon :7— R=10nm;2- R=20nm;3— R=35nm

i}
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1 2 3 !
ho, eV

o

Fig. 8 — The frequency dependencies of the absorption cross-sections under the excitation of the plasmonic modes of the different
multipolarity in the nanoparticles Ag in Teflon (a): 1 — [=1; 2 - [=2; 3 - [=3; 4 — [=4; dipole plasmonic modes in the

nanoparticles of different metals in Teflon (b) and dipole plasmonic modes in the nanoparticles Ag, in the different dielectrics (c)
when the radius of the nanoparticles is R=10 nm
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Table 2 — The frequencies of multipole SPR for the spherical metallic nanoparticles Ag and Au of the different radius in Teflon

Ag
=1 =2 1=3 =4
E,nm 0)3), eV oo:p, eV oo;ly, eV oo:p, eV oo;lu, eV (ozp, eV 0)3), eV oo:p, eV
10 3.181 3.197 3.428 3.208 3.524 3.218 3.575 3.228
15 3.181 3.192 3.428 3.199 3.524 3.206 3.575 3.213
20 3.181 3.189 3.428 3.195 3.524 3.200 3.575 3.205
25 3.181 3.188 3.428 3.192 3.524 3.196 3.575 3.201
30 3.181 3.187 3.428 3.190 3.524 3.194 3.575 3.197
35 3.181 3.186 3.428 3.189 3.524 3.192 3.575 3.195
40 3.181 3.185 3.428 3.188 3.524 3.191 3.575 3.193
45 3.181 3.185 3.428 3.187 3.524 3.190 3.575 3.192
50 3.181 3.185 3.428 3.187 3.524 3.189 3.575 3.191
Au
=1 =2 =3 =4
R, nm Y (o:p, eV g, eV w:p, eV ), eV (o:p, eV Y (o:p, eV
10 2.387 2.389 2.488 2.391 2.525 2.392 2.544 2.394
15 2.387 2.389 2.488 2.390 2.525 2.391 2.544 2.392
20 2.387 2.388 2.488 2.389 2.525 2.390 2.544 2.391
25 2.387 2.388 2.488 2.389 2.525 2.389 2.544 2.390
30 2.387 2.388 2.488 2.388 2.525 2.389 2.544 2.389
35 2.387 2.388 2.488 2.388 2.525 2.389 2.544 2.389
40 2.387 2.388 2.488 2.388 2.525 2.388 2.544 2.389
45 2.387 2.388 2.488 2.388 2.525 2.388 2.544 2.389
50 2.387 2.388 2.488 2.388 2.525 2.388 2.544 2.388

For both Ag and Au particles, this reduction is more
significant for the higher multipole modes, and the com-
parison of the results for the particles of these metals
indicates the more significant reduction of these frequen-
cies for Ag particles than for Au particles. This difference
is explained by the difference in the position of the
d-zones of these metals relative to the Fermi level.

4. CONCLUSIONS

The expressions for the dielectric function, polariza-
bility, and absorption and scattering cross-sections of the
spherical metallic nanoparticles taking into account non-
local phenomena, as well as the size dependences of the
frequencies of the nonlocal multipole surface plasmonic
resonances have been obtained.

It has been found that the curves of the frequency de-
pendences of the real and imaginary parts of the dielec-
tric function in the local and nonlocal theories for the
optical frequency range practically coincide, whereas in
the infrared frequency range the differences between
them are significant.

It has been shown that the character of the shifts of
the maxima of the imaginary part of the polarizability
and the changes in the width of the spectral line for
Drude theory and nonlocal theory are the same. Thus,
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Onruuni asuina B chpepuaHnx MeTaJIeBuX HaHOYacTuHKax. HeokanbHa Teopis
P.10. Koponskos, O.10. Bepemxunit

Hauionanwvruil ynisepcumem «3anopizvka nonimexwikar, 69011 3anopiscocs, Yepaina

B po6ori gocitiiskeHo BIUIME HEJIOKAIBHUX SBUIL HA IJIA3MOHHI BJIACTUBOCTI METAJIEBUX HAHOYACTUHOK.
3anponoHOBaHO MaTEMATUYHY MOJEJb JJIsi BUSHAYEHHS YACTOTHUX 3aJIeKHOCTEM TAKMX ONTUYHUX XapaK-
TEPUCTHUK AK TieJeKTpUYHA (PYHKI[isS, [TOJISAPU30BHICTD, ITepepidu MOIVIMHAHHS Ta poscitoBanHsa. OTpumano
CIIIBBIIHOIIEHHS J[JIsI PO3MIPHOL 3aJIE3KHOCTI YaCTOT HEJIOKAJIBHUX MYJIBTUIIOJBHUX [T0OBEPXHEBHUX IIJIA3MOH-
HUX pe3oHancis. [Tokasano, 1o B iHpavepBoHiit 00/IaCTI YaCTOT BiAMIiHHOCTI Mixk Teopieo Jpyme 1 Heoka-
JIBHOIO TE€OPIi€I0 € JOCUTDH CYTTEBMMMU, Y TOM Yac K B ONTHYHIN 00JIACTI CIIEKTPA Pe3yJIbTATH PO3PaXyHKIB, Bi-
NTIOBITHUX JieJIEKTPUYHUX (DYHKINHN MPaKTUYHO 1MeHTHYHI. Beranosieno, mo gk y Teopii pyne, Tak i B He-
JIOKAJIBHIN Teopil 3MiHA po3Mipy HAHOYACTUHOK BILJIMBAE JIMIIE HA IIMPUHY CIEKTPAJIbHOL JIiHIi, a He Ha Be-
JIMYMHY YACTOTH HEJIOKAIHHUX (200 JIOKAJIBPHUX) [I0BEePXHEBUX IIA3MOHHUX pe3oHaHciB. PesyapraTtu pospa-
XYHKIB CBiT4aTh IIPO HASBHICTH CHHLOIO 3CYBY MAKCUMYyMIB ysIBHOI YACTUHH HEJIOKAJIBHOL HOJISPU3BHOCTI 31
30LJIBIIIEHHSAM HOPSAAKY MYyJIBTUIIOJIBHOCTI 1 MAKCUMYMY YSIBHOI YaCTHHU HEJIOKAJIBHOI JUIIOJIBHOI IIOJISIPU30-
BHOCTI BITHOCHO MAKCHMyMy ysIBHOI YACTHUHHU JIOKAJIBHOI moJisipu3oBHocTi. [Tokasano, mo s BITHOCHO Ma-
JINX HAHOYACTMHOK MAaKCHMAJIbHI IIepepis3u MOrJIMHAHHS T4 PO3CII0BAHHS MAIOTh OJUH IOPSIOK, TOAl AK 31
30LIIBLIIEHHSAM PAAlyCcy IIPOIIECH PO3CIIOBAHHS IIOYMHANTH IEePeBakaTy HaJj mporecamu mnoriauHauHs. [Ipo-
JIEMOHCTPOBAHO IIOBHY AHAJIOTII0 B HOBEIIHII KPUBUX YACTOTHHX 3aJIEKHOCTEH YSIBHOI YACTHUHU HOJISPU30B-
HOCTI 1 ITepepidy MOTJIMHAHHSA, IO IIOSCHIOETHCS JIHINHUM 3B’I3KOM BKA3AHMX ONTHUYHUX XAPAKTEPUCTHUK.
BeranoBieHo cyTTEBMiT BIUIMB Ha XapaKTep YaCTOTHUX 3aJIeKHOCTEH Iepepi3y HOIJIMHAHHS K BJIACTUBOC-
Tel MaTepiajy HAHOYACTUHOK, TAK 1 BJIACTUBOCTEN HABKOJIMUIIIHBOTO JiesekTpuka. [lokasamo, mo moBeiHKa
YacTOT MOBEPXHEBOI'O ILJIA3MOHHOIO pe3oHaHcy Teopii pyme 1 HesokanbHOI Teopil Mae sk mMOMIOHOCTI, TaK 1
BigMiHHOCTI. 30KpeMa, 31 3pOCTAHHAM MY JIbTHIIOJIHLHOCTI 00MIBI Teopil mepeadadaioTh 301IbIIEHHS i€l Jac-
TOTH. ¥ TOH sKe Jac 3a 0JHAKOBOI MyJIbTUIIOJIBHOCTI pe30HAHCHA YacToTa 3a Teopieio Jlpyae He 3aJIesUTh Bi
pamiycy YacTHHKH, TOMl K 3a HEJOKAJIFHOI0 TEOPI€ Pe30HAHCHA YacTOTa 3MEHIIYETHCS 31 301IbIIeHHIM
paniycy YacTUHKH.

Knwouosi ciaosa: Cdepuuna merasmeBa HaHodacTuHKa, Jlienexrpuuna dyHEKg, HesmokaasHa Teopis,
IlonspusosHicts, [loBepxHeBuUil I1a3MOHHMM pe3oHaHc, [lepepisu moranHaHHS Ta PO3CIIOBAHHSA.
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