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The article is focused on optical properties of nanostructures containing spherical gold nanoparticles of various radii. We explore
correlation between the particle radius and the choice of permittivity model applied to describe optical absorption spectra of gold
granules. The experiments show splitting of the absorption band of granular gold films to form a second absorption peak. The first
peak is associated with the phenomenon of plasmon resonance, while the second one reflects quantum hybridization of energy levels
in gold. Quantum effects are shown to prevail over size effects at a granule diameter of about 5-6 nm. The Mie theory gives a rigorous
solution for the scattered electromagnetic field on a sphere taking into account optical properties of the latter, however, it does not
specify the criteria for selecting a model to calculate dielectric permittivity. Both calculations and experiments confirm the limiting
diameter of gold nanoparticles where the Hampe-Shklyarevsky model is applied. Meanwhile, this model is still unable to predict the
splitting of the plasma absorption band. The data presented in the article can be used for a predetermined local field enhancement in
composite media consisting of a biolayer and metal nanoparticles. The conducted research provides a deeper understanding of the
influence of a terahertz high-intensity electromagnetic field localized in the space on quantum dots.
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INTRODUCTION
The Mie theory [1] is based on Maxwell equations which describe the fields where a plane monochromatic wave
interacts with a spherical surface while physical properties of the latter differ significantly from those of the environment.
The main difference lies in dielectric permittivity [2] which depends on the extinction coefficient [3, 4], a parameter
measured experimentally.

A = Agps + Asct = QOext = q(Oaps + Tgcr) (1

where A consists of the absorption coefficient (4,;) and the scattering coefficient (A, ). It can also be presented as a
product of g and g,,; where q denotes the particle filling factor (specific volume occupied by particles) and a,,; is the
effective cross-section of one particle extinction. The latter is obtained by adding the effective cross-section of absorption
by one particle (0,5) and the effective cross-section of scattering by one particle (o).

The choice of the permittivity model for particles which scatter or absorb light determines the effective extinction
cross-section. However, it is more challenging to delineate the limits of applicability for a certain model describing
permittivity of particles. When the particle radius is much smaller than the irradiation wavelength (a < A1), the formulas
for the effective cross section of absorption and scattering are as follows [5]:
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Where w is the frequency of the electromagnetic radiation incident on the particle while n refers to the refractive index
of the medium surrounding the particle with the radius of a.

Thus, the effective extinction cross section determines the limits of a particular permittivity model for particles
which either absorb or scatter light. For a continuous metal film, the Drude theory [6 - 8] is applied since it describes the
reflection spectra well. This theory [6] describes permittivity as follows:
wp

=1+ (4)
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where w, = /47"18 denotes the plasma frequency of free electrons.
m
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This formula is based on the assumption that permittivity only relies on plasma of the free electron gas in the metal
rather than size effects. One of the first attempts to record size effects was made by Maxwell Garnet [9] who suggested
that metal spherical granules isolated from each other represent dipoles located on a non-absorbing dielectric substrate
with &, permittivity. In this case [10], the effective permittivity of the colloid &, is described by the following equation:
3(111%1—1
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where n and k refer to effective optical constants of the colloid while n,, is the complex refractive index of the
substance the granule consists of (assumed to be the same as that of metal).

The Drude theory is applicable to describe the reflection spectra of a continuous metal film [6, 8], where only the
free electron gas in the metal contributes to permittivity while size effects are not taken into account. The Maxwell Garnet
model [9, 11] used the Lorentz-Lorentz relation [12] to describe the effective permittivity of a colloid, which gives a
result inapplicable in the case of a two-dimensional colloid of a granular film. On the other hand, the effective value of
the complex dielectric constant of the film depends on the concentration of granules [13, 14], not on their size.
Attempting to resolve the contradictions, Hampe [15] experimented with deposition of fine gold particles on fused quartz
substrates. After annealing the prepared samples, Hampe used a spectrophotometer and an electron microscope for
measurements to show that, despite the fact that annealing does not change the filling factor, the absorption maximum
was increasing with a sharper peak as gold particle size was growing, and its position in the spectrum changed. Hampe
also suggested that an anomalous absorption band is associated with oscillations of free electrons inside the granules.
However, Hampe did not take into account the dipole-dipole interaction between the granules. All of the above ideas were
combined in the Hampe-Shklyarevskii theory [16] where the values of the real and imaginary parts of the effective
permittivity of a granular film were found to agree with the experiment [17]. This theory describes eigenfrequency as
follows:

w3 w}
em+2gp  3(emq+(1-q)&g)

w} = G)*S (6)
The granule radius (a) and the distance between the granules (b) and S as the sum that specifies the coordinates of each
dipole granule relative to the origin were taken into account. However, the values obtained did not account for interzone
transitions.

Thus, the hypothesis of a hybrid or combined nature of plasma resonance was put forward. Thus, we divided
& (w) [18] into two components, one of which corresponds to free electrons, and the other is related to interband
absorption. The paper suggests that gold has zero values of &; (w) at w ~ 3.2 eV. Thus, hybrid resonance can be associated
with changes in motion of both d- and s-electrons. The presence of such a resonance must depend, in particular, on the
oscillator strength and the frequencies of transitions under consideration. Thus, in [19], permittivity formulas were
obtained for a colloid containing small metal spheres and optical properties of a colloid containing small silver particles
were analyzed.

Based on the classical theory of dispersion, the complex dielectric constant can be represented as:

2
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where w,; — natural frequencies of the i-transition, y,; — relaxation frequency, wzz,i = 4”% — plasma frequency of the i-

transition with the participation of n; electrons (n; = f;n where f; — oscillator strength for the i-transition, n — total
concentration of electrons).

The dielectric constant of the considered environment can be found by adding up the optical properties of the spheres
and their environment using the following expression [19]:
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where 1; = w§; — w? + iygw is the denominator in the i-term in (7) and w?; = w;;(1 + 2&,)~*. The products and the
sum in (8) correspond to the number of oscillators. Based on this formula, the optical properties of a colloids can be
calculated if the characteristics of individual oscillators wg;, wp;, ¥o;. are known.

MATERIAL AND METHODS
Samples were prepared for research according to the method described in detail in [20] with some improvements
described below.
The Au film was sprayed onto a SiO; substrate in a 10~7 Torr vacuum by means of evaporation from a boat. The
substrate was preliminarily cleaned in potassium dichromate and then treated with ion discharge under low vacuum
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conditions (approximately 10~2 Torr). The initial film thickness reached 100 nm. For the first time, a specifically
modified laser implantation technology was used for thermal treatment of a gold film and partial implantation of gold
nanoparticles into the near-surface layer of fused quartz in the most active band from a thermal point of view.

The gold film was exposed to thermal treatment using two lasers which were located on the same optical axis and
were heating the sample with the film from both sides. A 10 W Holmium doped yttrium aluminum laser (Ho:Y AG) with
a wavelength of 2.1 um irradiated the gold film. The opposite side of the substrate was heated by a 25 W CO, laser with
a wavelength of 10.6 um. The temperature gradient in SiO2 was controlled by a Fluke Ti400 infrared camera with a
wavelength range of 8 — 15 um. The Ho:Y AG laser was chosen due to the fact that the emissivity of gold at a wavelength
of 2.1 um is ~0.4 [21]. In other words, 40% of the laser radiation is absorbed by the gold film, while 60% is reflected.
On the other hand, fused quartz absorbs light at a wavelength of 10.2 — 10.6 um, which leads to e-fold attenuation of the
laser radiation at the depth of about 1- 2 mm. Since the substrates used in the experiment are 5 mms thick, the substrate
is heated by the CO, laser beam at half the depth. Laser beams are at the same optical axis perpendicular to the substrate

which gives an opportunity to heat the sample on both sides creating a local non-equilibrium state necessary to structure
the gold film (Fig. 1).

a C

Figure 1. Experimental setup to form a nanoparticles cluster structure. a) neodymium-doped yttrium aluminum laser; b) substrate
with a film (numbers indicate bands on the sample); ¢) COz laser; d) Fluke Ti400 infrared camera

The temperature gradient was 384°C per mm. After the exposure time of 15 minutes, pronounced color bands emerged
on the surface of the sample in the transmission light. In band 1, the original film before irradiation was of a blue color. In
bands 2, 3, 4, we observed a purple color under the temperature of 568°C, a pink color under 974°C, a dark gray under
1214°C, respectively. A Shimatzu UV2600 double-beam spectrophotometer was used to take spectrophotometric
measurements for all the four bands. All quartz substrates, both reference samples and samples with applied films, were
taken from the same batch, and the relief of the band surface was measured with an 801NER Pro AFM microscope.

RESULTS AND DISCUSSION

After the exposure of the sample to laser radiation, we detected 4 bands of markedly different colors. The optical
properties and dimensions of the film in the bands are shown in Table 1. We carried out spectrophotometry for all the
bands (Fig. 2). The surface morphology of each band was examined with an AFM microscope (Fig. 3). The color of the
bands depends on the filling factor q and the size of the cluster structure. It is also determined by whether gold was
implanted into the near-surface layer of fused quartz. Gold particles were implanted only in the central band which was
confirmed by its chemical and mechanical resistance and stability of the optical properties after the chemical or
mechanical impact.

Table 1. The optical and dimensional properties of the film in the bands.

Bands Cluster  Nanoparticle 7yl wtheor
size size
Blue 500 nm 10-25 nm 3.316x10'5 571 3.25x1015 57!
568 nm a~20 nm
b~150 nm
q=0.1
Purple 300nm  8-15nm 3.443x10'5 57! 3.4x10'5!
547 nm a~10 nm
b~30 nm
q=0.07
Pink - 2-6 nm 3.664x10'5 571 3.7x105s1
514 nm a~3 nm
b~30 nm
4=0.008
Implantation 500 nm 10-25 nm 3.316x10'5 57! 3.25%10'5s1
band 568 nm a~20 nm
4.956x10'5 571 b~150 nm

380 nm q=0.1
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The initial thickness of the film was calculated to be 100 nm, which corresponded to a continuous gold film. This
fact was confirmed by photometric measurements: curve 1 in Fig. 2 is typical for a gold film. The model used to describe
the permittivity is based on the Drude theory. When exposed to laser beams, the films undergo morphological changes
which result in plasma resonance bands (curves 2, 3, 4 in Fig. 2).
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Figure 2. Optical density spectrum. 1 — continuous film; 2, 3 — irradiation band; 4 — implantation band

d

Figure 3. AFM micrograph of the sample. a) blue band (polycrystalline gold film); b) purple band (cluster structure with large
granules located separately); ¢) pink band (cluster structure with an increased distance between granules); d) implantation band
(“crater” structure with granules implanted in the surface layer)

The AFM micrographs show the structural changes that the film undergoes in different thermodynamic bands.
Plasma resonance bands and their positions indicate that a colloid is formed on the substrate surface while gold partially
evaporates. The radius of the implanted nanoparticles is shown in Fig. 4 and is about 3 nm. Importantly, structural changes
in the film lead to a shift in the plasma resonance band to an area with a short wavelength, which is well explained by the
Hampe-Shklyarevskii theory. However, an additional absorption peak, not associated with plasma resonance, is detected
in the central impact band. Instead, it is connected with interband transitions in gold granules. In this case the
Hampe-Shklyarevskii theory cannot be applied to describe permittivity of metal granules. Quantum mechanics needs to
be involved to describe this phenomenon.



410
EEJP. 3 (2023) luliia Riabenko, et al.

Height 10nm
Figure 4. AFM micrograph of the optical films implanted in the surface layer.

The experimental technique allowed us to simulate a case when islands with a diameter of about 150 nm exposed
to CO; radiation transformed into clusters with islands of a 30 nm diameter and with a distance between them equal to
their diameter. Further irradiation led to the formation of colloids with a size of about 7 nm and a distance between clusters
of approximately 150 nm. It gave an opportunity to study absorption spectra and surface morphology on the same
substrate, which resulted in controllability and repeatability of the given parameters, such as the filling factor, the size of
nanoparticles, and the distance between them. Plasma resonance frequencies for various parameters of the colloids are
given in Table 1. Theoretical calculations were based on formula (6) used to determine the Frohlich frequency taking into
account the dipole-dipole interaction between the granules. The permittivity of quartz &, = 2.15 [13] and the permittivity
of gold associated with interband transitions &,, = 2.13 are referred to in [13]. The position of the second maximum
cannot be described proceeding from the Hampe-Shklyarevskii model, however, its properties can be based on the
energies of the energy levels in the metal granule described in the quantum theory of Sommerfeld [22, 23].

The main objective of the research was to determine applicability of the Hampe-Shklyarevskii theory to describe
permittivity of a granular colloid based on the size of granules. The fundamental assumption was the following: the Drude
model is applicable if the nanoparticle size is approximately equal to the wavelength; in case of an isotropic colloid, when
the distance between granules is much greater than the particle radius, it is the Maxwell Garnett model that can be applied;
in case of clusters when this distance is approximately equal to the particle radius, the Hampe-Shklyarevskii model is
appropriate. However, the limits of applicability of the latter depend on an increase in interband transitions.

In order to determine the size of nanoparticles on the basis of the permittivity model associated with inter-zone
transitions, it can be assumed that the difference in the energies of the levels within the metal granule described in the
Sommerfeld theory [22, 24] should be approximately equal to the kinetic energy of the electron on the Fermi surface [25].

The eigenfrequencies of plasmons excited in small spheres can be determined with the following wvector
equation [19]:

Re{Det|r;6;; F w%|} =0 ©)

In the presence of off-diagonal elements in (9), the eigenfrequencies of plasmons differ from (w3; — w?%)/?, which
causes a hybrid resonance whose properties depend on the characteristics of all oscillators determining the optical changes
in the environment. The understanding of such changes involves an approach based on quantum mechanics as well as the
study of the electron energies in the metal. In this case, possible optical transitions on positive ions that form the core of
a metal crystal are taken into account as well as the ionic component of the susceptibility y;,, [2]. Thus, the impact of
ionic susceptibility on optical transitions in gold can be explained as follows. Au has the 4f145d'%6s! valence electron
configuration [26]. When atoms condense to form a metal, electrons located in 6s* orbitals turn into free electrons. In
crystals, the outer 4f 1#5d? electrons form energy bands, and optical transitions from the 5d band to the 5s band partially
filled with free electrons lead to an additional absorption band with a certain minimum threshold frequency wj, [27]. For
gold, wy, lies in the visible area and, if w,> w, the ionic susceptibility is a real value (y;,,,>0). So, the eigenvalue of an
electron in metal is determined by the following expression [28]:

2n?h?

E =
L2m

(B +15+13) (10)

where 14, 15, , — quantum numbers, m — electron mass, L — length of the side of a cell, and L > a — sides of an elementary
cell in metal. The abovementioned mathematical equation can be written as follows:

AE~mv? (11)

where v; = 1.8 X 108 ¢m/s — the Fermi velocity (for gold [28])
By substituting (10) into (11) and performing the necessary calculations, we obtain
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L= 2a~\/§ﬂ—hl ~5nm (12)
mvg

These results agree with the values obtained with the AFM microscope, which showed that an increase in the
absorption band associated with interband transitions is observed with a nanoparticle radius of about 3 nm.

CONCLUSIONS

This paper covers the conditions which allow for applicability of different permittivity models used to describe
optical spectra of composites containing gold nanoparticles. The applicability of different models was found to depend
on the particle radius. We performed calculations and conducted an experiment to confirm the limiting diameter of gold
nanoparticles where the Hampe-Shklyarevsky model is applicable. The article presents a methodology for determining
the effects dielectric permittivity of metal nanoparticles is based on. Electrodynamic effects localized in space have
generally been considered as dependent on the effects of plasmon-polariton interaction which accounts for the high-
frequency peak of the absorption band, the latter being fully explained and well-studied [14, 29]. On the other hand, the
effect associated with the interband absorption led to a shift of the plasma absorption band to the low-frequency region
[30]. However, a separate absorption band in the low-frequency region, which would be clearly defined, has not been
detected in previous studies.

The presented experiment revealed two spectrally separated bands. The high-frequency band shows plasmon-
polariton interaction with the incident electromagnetic field, while the low-frequency band illustrates interband transitions
in gold. Meanwhile, the experimental technique made it possible to create, on the one hand, films with a high-volume
filling factor for the granule material which is important for preserving the amount of absorbed energy by maintaining
concentration of the substance; on the other hand, there are spatial regions in the system where quantum mechanical
effects prevail. The Hampe-Shklyarevsky model does not predict for such effects. Thus, the implanted granule represents
a pair of coupled oscillators [31]. One oscillator is a quantum dot whose resonant frequency coincides with the low-
frequency peak, the other is a polariton whose resonant frequency corresponds to the high-frequency peak. The
experimental data reveal how the near field affects the quantum mechanics system. Near field measurement techniques
are well known in the microwave range [32, 33] but poorly developed in the optical range. The methodology presented
in this article is intended to fill the existing gap. The study carried out allows a deeper understanding of the effect of a
terahertz high-intensity electromagnetic field localized in space on quantum dots. This technique is relevant for the study
of surface-enhanced Raman scattering on a monomolecular biolayer. It is well known that the enhancement of Raman
scattering is associated with high-intensity electromagnetic fields localized in the near field where the biolayer is located.
No development of biosensors with predetermined metrological properties is impossible without a theoretical calculation
of the electromagnetic field localization and experimental verification of the calculated data.

Competing interests. The authors did not receive support from any organization for the submitted work.

ORCID
Tuliia Riabenko, https://orcid.org/0000-0001-8682-8009; ©Sergey Shulga, https://orcid.org/0000-0002-9392-9366
Konstantin Beloshenko, https://orcid.org/0000-0002-9387-3147

REFERENCES

[1] M. Born, and E. Wolf, Principles of optics: electromagnetic theory of propagation, interference and diffraction of light. (Elsevier,
2013).

[2] D. Landau, and E.M. Lifshitz, Electrodynamics of continuous media, vol. 8. (Elsevier, 2013).

[3] M. Nic, et al., IUPAC Compendium of chemical terminology: the gold book. (International Union of Pure and Applied Chemistry,
2005).

[4] Saidi, A., SAIJA, R., IATI, M. A., & CRUPI, V. Analytical and Numerical Approaches for Light Scattering by Nanostructured

Materials (2023). https://iris.unime.it/retrieve/a22741dc-0562-4982-a0d6-9¢10c68db133/Tesi_dottorato_Saidi.pdf

H.C. Hulst,and and H.C. van de Hulst, Light scattering by small particles. (Courier Corporation, 1981).

R. Gross, and A. Marx, Solid State Physics. (Oldenbourg Wissenschaftsverlag Verlag, 2012).

Snoke, D. W. Solid state physics: Essential concepts. (Cambridge University Press 2020).

Tao, L., Deng, S., Gao, H., Lv, H., Wen, X., & Li, M. Experimental investigation of the dielectric constants of thin noble metallic

films using a surface plasmon resonance sensor. Sensors, 20(5), 1505 (2020). https://doi.org/10.3390/s20051505

[9] J.Cl. Maxwell-Garnett, “XII. Colours in metal glasses and in metallic films,” Philosophical Transactions of the Royal Society of
London. Series A, Containing Papers of a Mathematical or Physical Character, 203, 385-420 (1904).

[10] R. Ruppin, “Evaluation of extended Maxwell-Garnett theories,” Optics communications, 182(4-6), 273-279 (2000).
https://doi.org/10.1016/S0030-4018(00)00825-7

[11] Liu, N., & Jin, Y. Q. A discussion on the effective permittivity of multi-component medium derived by Maxwell-Garnett, strong
fluctuation and quasicrystalline-CP modeling. Waves in Random and Complex Media, 31(6), 1921-1930 (2021).
https://doi.org/10.1080/17455030.2020.1711991

[12] E. Dobierzewska-Mozrzymas, “Optical Anomalies of Metallic Island Films,” Opt. Appl. 15(2), 187-200 (1985).

[13] Krasavin, A. V. A brief review on optical properties of planar metallic interfaces and films: from classical view to quantum
description. Journal of Physics: Photonics, 3(4), 042006 (2021). https://doi.org/10.1088/2515-7647/ac2569

[14] U. Kreibig, and M. Vollmer, Optical properties of metal clusters, Vol. 25. (Springer Science & Business Media, 2013).



412
EEJP. 3 (2023) luliia Riabenko, et al.

[15] W. Hampe, “Beitrag zur Deutung der anomalen optischen Eigenschaften feinstteiliger Metallkolloide in grofler Konzentration,”
Z. Physik, 152, 476-494 (1958). https://doi.org/10.1007/BF01327751

[16] LN. Shklyarevskii, and T.I. Korneeva, “Optical Constants of Silver Thin Films,” Optics and Spectroscopy, 31, 144 (1971).

[17] LN. Shklyarevskii, Y.Y. Bondarenko, and N.A. Makarovskii, Plasma resonance in granular gallium films deposited on rough
NACI and KCl single-crystal surfaces. Opt. Spectrosc. 88, 547-550 (2000). https://doi.org/10.1134/1.626836

[18] H.R.P.H. Ehrenreich, and H.R. Philipp, “Optical properties of Ag and Cu,” Physical Review, 128(4), 1622 (1962).
https://doi.org/10.1103/PhysRev.128.1622

[19] LN. Shklyarevskii, V.K. Miloslavskiy, and O.N. Yarovaya, “Effect of interband transitions on low-frequency plasma resonance
in small metal spheres,” Optica i Spectroscopiya, 46(2), 303-309 (1979). (in Russian)

[20] Zheng, Yu, et al. “Optical properties of colloidal gold nanoparticles implemented into a subsurface layer of fused silica,” Ukr. J.
Phys. Opt 18(2), 102-108 (2017). https://doi.org/10.3116/16091833/18/2/102/2017

1 S. Adachi, Handbook on Optical Constants of Metals, The: In Tables and Figures, (World Scientific, 2012).
] N.W. Ashcroft, and N.D. Mermin, Solid state physics, (Holt, Rinehart and Winston, 1976).

[23] Galsin, J. S. Solid state physics: An introduction to theory, (Academic Press, 2019).

] Schiller, R., & Horvath, A. Specific heat of metals and standard electrode potentials. AIP Advances, 12(5) (2022).
https://doi.org/10.1063/5.0082443

[25] JM. Ziman, “Electrons in metals: A short guide to the fermi surface,” Contemporary Physics, 4(2), 81-99 (1962).
https://doi.org/10.1080/00107516208201722

[26] A. Cirri, Surface Chemical Control over the Valence Electronic Structure of Gold Nanoparticles. (The Pennsylvania State
University, 2016).

[27] K. Kolwas, and A. Derkachova, “Impact of the interband transitions in gold and silver on the dynamics of propagating and
localized surface plasmons,” Nanomaterials, 10(7), 1411 (2020). https://doi.org/10.3390/nano10071411

[28] N.W. Ashcroft, and N.D. Mermin, Solid state physics, (Cengage Learning, 2022).

[29] Wang, L., Hasanzadeh Kafshgari, M., & Meunier, M. Optical properties and applications of plasmonic-metal nanoparticles.
Advanced Functional Materials, 30(51), 2005400 (2020). https://doi.org/10.1002/adfm.202005400

[30] LN. Shklyarevskii, N.A. Makarovskii, and A.P. Silka, “Nature of the high-frequency plasma resonance band of granular silver
films deposited onto a zinc sulfide sublayer,” Optics and Spectroscopy, 68(4), 531-533 (1990). (in Russian)

[31] J. Wan, K.S. Beloshenko, M. Makarovskiy, I. Riabenko, S. Shulga and S. Prokhorenko, “Resonance light absorption of granular
aluminum and silver films placed on a rough sublayer of multilayered ZnS,” Ukr. J. Phys. Opt. 20(1), 11 (2019).
http://ifo.lviv.ua/journal/UJPO_PDF/2019 1/0201_2019.pdf

[32] A.S. Kupriianov, V.V. Khardikov, K. Domina, S.L. Prosvirnin, W. Han, and V.R. Tuz, “Experimental observation of diffractive
retroreflection from a dielectric metasurface,” Journal of Applied Physics, 133(16), 163101 (2023).
https://doi.org/10.1063/5.0145338

[33] A. Sayanskiy, A.S. Kupriianov, S. Xu, P. Kapitanova, V. Dmitriev, V.V. Khardikov, and V.R. Tuz, “Controlling high-Q trapped
modes in  polarization-insensitive  all-dielectric = metasurfaces,” Phys. Rev. B, 99(8), 085306 (2019).
https://doi.org/10.1103/PhysRevB.99.085306

BUBIP MOJEJI JUJIEKTPOHIYHOCTI HA OCHOBI POSMIPHOI'O TA KBAHTOBO-PO3MIPHOI'O E®GEKTY
B IIVTIBKAX 30JI0TA
HOuaist PaGenxo™P, Cepriii llyanra?, Mukona Makaposcbkuii®, Kocrsintun Binouenko?
“Xaprxiecvrutl Hayionanvhull yHisepcumem imeni B.H. Kapaszina, ®@axynrvsmem padiogizuku, 6iomMeOuyHoi enekmpoHiku ma
Komn tomeprux cucmem, Xapkis, Ykpaina
bIuemumym xeanmosoi onmuxu I'annosepcwvrozo ynisepcumemy Jleiibniya, Iannosep, Hiveuuuna
“Xaprxiecokuil nayionanivnui ynieepcumem ivmeni H. Kapasina, ¢isuunuii paxynomem, Xaprie, Yrpaina

VY cTaTTi AOCHiIKEHO ONTUYHI BIACTUBOCTI HAHOCTPYKTYp, IO MICTATH HAHOYACTHHKH 30JI0TA Pi3HOTO pajaiycy. Mu JOCIiIKyeMO
paziyc 4acTHHKH SK KPHUTEpid 11 BUOOPY MOJIENi MieIeKTPUYHOI MPOHHKHOCTI, CIPSIMOBAHOI HA OMHUC CHEKTPIB ONTHYHOTO
MOTJIMHAHHS FpaHyJI 30510Ta. EXcriepiMeHTH MoKa3ay po3MeINIeHHsT CMyTH ITOTJIMHAHHS TPaHyJIbOBaHUX IUTIBOK 30J10Ta 3 yTBOPEHHSAM
Ipyroro miky nornuHaHHA. [lepmmii mik MOB'A3aHMI 3 SIBHINEM IDIa3MOHHOTO PE30HAHCY, a JAPYTHi BigoOpaxkae KBaHTOBY
ribpuau3anito eHepreTHYHUX PIBHIB y 30J10Ti. Byio mokasaHo, 1o KBaHTOBI eeKTH IepeBaXkaloTh HaJ| PO3MIPHUMU IIPH AiaMeTpi
rpanyi npubmusHo 5-6 HM. Teopist Mi nae cTporuii po3B'si30K Uit pO3CISIHOTO €IEKTPOMArHiTHOTO IIOJIsl Ha cdepi 3 ypaXyBaHHIM
ONTHYHUX BIACTUBOCTEH OCTaHHBOI, OMHAK HE BU3HAYAE KPUTEPiiB BHOOPY MOeNi sl PO3paxyHKY IielNeKTPHYHOI POHUKHOCTI. |
PO3paxyHKH, 1 EKCHEPUMEHTH MiATBEPAWIM TPaHUYHUH J[iaMeTp HAaHOYaCTMHOK 30J10Ta, € 3aCTOCOBaHA MOJENb Xamile-
knspescbkoro. Tum wacoM I MOZEINB BCE I HE MOIJIA MepeadadnTH PO3MICINICHHs] CMyTH IornuHanHs. HaBeneHi B cTaTTi maHi
MOXYTh OyTH BUKOPHCTaHI IS 33JJaHOTO JIOKAITBHOTO MiICHIICHHS OISl B KOMIO3UTHHUX CEPEeJOBUINAX, IO CKIAJAI0Thes 3 Oiomapy
Ta METaJeBUX HAHOYACTHHOK. [IpoBeneHi IOCIIJDKEHHS NO3BOJSIOTH INIMOIIE 3pO3yMITH BIUIMB JIOKQJII30BAaHOTO B HPOCTOPI
€JICKTPOMATHITHOTO TOJII BUCOKOT IHTEHCHBHOCTI TEpareprioBoro JAiara3oHy Ha KBAHTOBI TOUKH.
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