Surface-localized plasmon resonance in a system of randomly
arranged gold nanorods on a dielectric substrate
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Abstract. Gold-nanorod arrays of a quasi-hexagonal shape are successfully obtained
with electrochemical deposition method and their optical properties are investigated.
The optical response of a two-layer structure, in which the first layer is a
nanocomposite consisting of Au nanorods and the second one is a thin indium tin
oxide film on a glass substrate, has been analyzed. Dependences of absorption cross-
section of Au nanorods on the light wavelength at different eccentricities are
modelled using electrostatic approximation. It is shown that longitudinal plasmon
resonance prevails over other resonances for the Au nanorods deposited on glass
substrates. A Maxwell-Garnett theory and a matrix method are used to predict the
optical characteristics of the whole structure. We have demonstrated that it is
possible to estimate the concentration of nanorods on the surface using the
appropriate simulation results. In addition, efficient absorption properties can be
obtained at a given wavelength by changing the geometry of nanorods. In particular,
there is a shift of the absorption peak towards near-infrared region whenever the
nanorods become high enough and smaller in diameter.
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1. Introduction

Recently, a lot of scientific interest has been addressed to metallic nanostructures under resonance
conditions, including a so-called localized surface plasmon resonance [1-3]. Oscillations of the
conduction-band electrons determine the optical properties of such metallic nanostructures. Silver,
gold and copper nanoparticles are particularly interesting due to their promising plasmonic
characteristics [4—7]. They can concentrate and guide electromagnetic waves at nanoscale levels
and provide extremely large localized near-field enhancement [8—10]. If compared with the other
plasmonic nanoparticles, Au ones are characterized by a large extinction cross-section, high
chemical and physical stability, high photostability, ease of surface functionalization with organic
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and biological molecules, ability to amplify electromagnetic fields and a large number of easily
polarizable conduction electrons, which is a general prerequisite for preferential interaction with
electromagnetic field and generation of nonlinear optical phenomena [11-16].

Metallic nanorod-like particles have recently fascinated scientists due to their distinctive optical
properties which can find applications in nanoprobes, plasmonic waveguides and optical limiters
[17]. In particular, Au nanorods can demonstrate a significant electric-field enhancement under
plasmon resonance conditions [18]. This enhancement is located chiefly around two ends of the
nanorods and can be controlled by varying the head shape. Moreover, Au nanorods can be gathered
into different geometries and, as a result, the plasmonic properties of their ensemble can become
stronger than those of individual nanorods [19]. That is why the localized surface plasmon resonance
in the Au nanorods has been extensively studied in the recent years (see, e.g., Refs. [20, 21]).

The localized surface plasmon resonances in the metal nanostructures placed adjacent to each
other are coupled together through electrostatic interaction. Plasmon coupling created in ordered
nanostructures causes many interesting plasmon effects, such as huge enhancement of electric field
and different collective plasmon modes [22—25]. The plasmon coupling of the Au-nanorod arrays
also provides a significant increase in the electric-field enhancement if compared with the
individual nanorods. These unique properties can be widely used in various fields, such as highly
sensitive biological and chemical sensors, optical switches, spectroscopy, optical tweezers, and
metamaterials for controlling light [10, 26, 27]. The studies of the optical properties of these
ordered structures can improve our understanding of the interaction of light with matter at
nanoscales. In particular, understanding of electromagnetic interactions between the plasmonic
nanorods and substrates is very important for improvement of different plasmon-based devices and
applications [28]. It should be noted that the dimensions of nanoparticle arrays play an important
role in their optical properties due to dipolar effects and interaction with surrounding media [29].
Plasmonic light manipulation in such structures is a powerful tool for concentrating and
controlling light at nanometer scales. Any advance in the mathematical models and simulations
developed for controlling the properties of plasmons is crucial for selecting appropriate materials,
designing devices and developing efficient manufacturing technologies in future [30].

In our previous works we have studied in detail the effect of shape on the optical properties
of individual silver nanoparticles [31] and silver-based nanoshells [32]. Moreover, we have
compared the spectral characteristics of individual silver-based and gold-based nanoshells [33].
Evaluation of how the laser-assisted wet chemical treatment of Ag nanoparticles affects their
spatial parameter-shaping localized surface plasmon resonance has also been presented (see
Ref. [34]). Furthermore, a resonance of surface-localized plasmons in a system of periodically
arranged gold or silver nanowires on a dielectric substrate has been studied [35]. It has been shown
that the spectral characteristics formed by the interaction of optical wave with the nanogratings
based on gold and silver differ from each other. It is also worthwhile that there is a difference
between the localized surface plasmon resonance and the ordinary surface plasmon resonance. In
particular, metal nanoparticles are characterized by the localized surface plasmon resonance [8],
while the surface plasmon resonance occurs on metal—dielectric interfaces, e.g. in plasmonic
prism-based or multilayer structures [36].

In this work we focus on the linear optical properties of arrays of gold nanorods, taking into
account different physical models and different variables of interaction of matter with light. To
accomplish this aim, three mathematical models have been employed, which take into account the
shape of particle, the ratio of irradiating light wavelength to particle size, the complex dielectric
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function of material and the dielectric constant of surrounding medium. The spectral
characteristics of isolated nanorods embedded in a medium and illuminated by a plane
electromagnetic wave have been modelled using a known electrostatic approximation. An
effective-medium theory has been employed for calculating the refractive index of a
nanocomposite composed of Au nanorods. The optical response of a two-layer structure where the
first layer is a nanocomposite consisting of Au-nanorod arrays and the second one is a thin indium
tin oxide (ITO) film on a glass substrate have been studied using a standard matrix method. The
combination of such theories provides a simple and very efficient algorithm for calculations and
predictions of optical characteristics of the plasmonic structures, including the nanoparticles
deposited on a substrate and covered by additional layer. This algorithm neither involves any
intricate problems nor requires many resources, which is important when designing different
plasmonic devices in practice.

2. Experimental and simulation methods

2.1. Experimental

Randomly arranged aurum-nanorod arrays of a quasi-hexagonal shape were obtained using an
electrochemical deposition method. Deposition of nanoparticles, especially Au, in a regime of pulse
electrolysis enables a controllable synthesis of nanoparticles of a preset shape [37]. A combination of
short pulses (7,,) with high cathode currents (icunoqe) provides a nucleation process, with further
formation of nanoparticles, whereas long pauses (7g) ensure sufficient diffusion of ions to the
electrode surface. This ensures perfect conditions for the formation and growth of Au nanoparticles
of uniform size and shape, which is not a case with a magnetron-sputter technique [38].

The experiment was carried out in a glass three-electrode cell (50 ml) filled with 0.004 M of
HAuCl, and 0.05M of BuyNCIO, solution in N,N-dimethylformamide at the temperature 35°C. Au
was deposited on the surface of a glass substrate covered by a thin ITO layer. The ITO-glass
(Aldrich) had the resistance 70—100 ©/sq and the active surface 10x10 mm® All the potentials
were referred to Ag/AgCl in a saturated KCI solution as to silver-chloride reference electrode. A
gold plate was used as an anode. An electrochemical deposition process was carried out, using a
pulse potentiostatic method at the voltage of U = 1.5 V with respect to silver chloride. The pulse
time was equal to 7,, =6 ms and the pause time to 7, =300 ms. The number of pulse—pause
cycles amounted to 253. Note that a detailed methodology of the deposition of gold nanoparticles
on ITO-glasses was earlier described in the works [39, 40].

The aspect ratio of the Au nanorods in the arrays was controlled by varying the duration of
electrochemical deposition in the range from 1.17 to 1.33. A typical SEM image of the top-plane
of our sample is given in Fig. 1a. The gold-nanorod particles are of different radii, which range
from 40 to 80 nm. They form randomly arranged Au-nanorod arrays with the inter-rod distances
being less than the wavelength of visible light.

The absorption spectrum of the Au-nanorod array was taken at the room temperature, using a
UV-VIS-NIR spectrometer from Ocean Optics USB2000 (see Fig. 1b). There was a single clear
peak located at 524 nm and a wide additional peak at about 720 nm. It is known that the spherical
gold nanoparticles are characterized by the plasmon absorption peak near 524 nm [8]. Therefore, it
can be argued that our structure is characterized by the plasmon absorption. However, it is well
known that there are two plasmonic peaks attributed to the transverse and longitudinal resonance
modes of Au nanorods [20]. Therefore the presence of a wide additional peak at about 720 nm
indicates that the structure consists of nanorods rather than spherical nanoparticles.
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The longitudinal localized surface plasmon resonance mode is associated with the electron
oscillations along the length direction and the transverse localized surface plasmon resonance
mode arises from the transverse electron oscillations [41]. Since our structure contains the
nanorods with the heights of about 100 nm and different radii (see Fig. 1a), it should also be
characterized by two peaks. Hence, in order to evaluate the factors affecting the absorption
spectrum, a number of simulations were conducted, which are described below.
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Fig. 1. SEM image of a top-plane of randomly arranged Au-nanorod arrays (a), and their absorption spectrum (b).

2.2. Simulations

It is known that the optical characteristics under test depend on the chemical composition of
particles, their shape, size and orientation, the surrounding medium, the number of particles, as
well as the polarization state and the wavelength of incident light [42]. Let us consider the spectral
characteristics of the isolated nanorods embedded in some medium and illuminated by the plane
wave. The plasmonic properties of the metal nanoparticles, which are small with respect to the
incident-light wavelength, can be described using the electrostatic approximation. In this
approximation, the electromagnetic field is considered to be the same throughout the entire
particle. An elementary classical description of the plasmon resonance in a nanoparticle is based
on the fact that the electromagnetic field of the incident light shifts the cloud of free electrons and
creates uncompensated charges near the surface of this nanoparticle. It is enough to apply a usual
dipole approximation and a Drude theory to describe at elementary level the optics of plasmon
nanoparticles [43].

When it comes to the gold nanorods, the assumptions have to be extended, and the
calculations become more complex. Using a Mie—Gans theory, one arrives at the conclusion that
the plasmon resonance absorption splits into two bands in case of the gold nanorods. This effect
arises from different surface curvatures and, hence, different restoring forces, which has been
described in detail in a number of textbooks and reviews (see, e.g., Ref. [44]). As a result, the

absorption (C s ) @nd scattering (Cmt ) cross-sections are given by the following equations [20, 36]:
C,, =km(a), (1)
kK e
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where « is the polarizability and £ the wave vector.
In order to use this theory in calculating the plasmonic characteristics of nanorods, one has to
approximate the nanorod as a prolate spheroid. This approximation does not influence the main

72 Ukr. J. Phys. Opt. 2021, Volume 22, Issue 2



conclusions regarding the plasmonic properties of the nanorods, though preserves the necessary
underlying physics. Thus, the polarizability « (being a tensor entity) of an ellipsoid in the field
parallel to its different axes can be written as follows:
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Here a, b and c are ellipsoid semiaxes, and &; and ¢, are the dielectric functions
respectively of metal and surrounding medium. Notice that the long axis of the nanorod is oriented
along the axis b.
The geometrical factors L are given by the relations
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where f (q) = \/ (g+a*)(g+b*)g+c*) . Only two of the three geometrical factors L,, L, and

L, are independent because of the relationship L, +L, + L, =1. In addition, they satisfy the

c
inequalities L, <L, <L, . Eqgs. (1)—(8) testify that the absorption and scattering cross-sections

change when the size and the shape of the nanorod do. Moreover, the longitudinal and transverse
plasmon modes also change when the aspect ratio of the nanorod is changed.

As a first step of our modelling of the absorption cross-section, we suppose that the Au
nanorods have the constant height (100 nm) and different radii, and that they are embedded in
vacuum (see Fig. 2a). To be specific, we assume that the radii of the nanorods vary from 40 to
85 nm. The refractive index of Au has been taken from Ref. [35]. It can be seen from Fig. 2a that
there is a single plasmonic absorption peak. It can be explained by the fact that the axis ratio (i.e.,

the eccentricity) e = % is sufficiently low. We have e = 2.5 for the structure at the radius 40 nm,

e=1.8 at55nm, e=1.54 at 65nm, e=1.33 at 75nm, and e=1.17 at 85 nm. It is known that
the absorption spectrum of a spherical nanoparticle (with the e parameter being equal to unity) is
characterized by a single plasmonic peak [40]. As a result, the additional plasmonic peak cannot be
clearly expressed when the eccentricity is close to unity. It is confirmed by the shape of spectrum
in Fig. 2 where the shift of the plasmonic absorption peak is small whenever the eccentricity is less
than 2.0. To check whether our results are correct, we have performed the calculations for the
nanorods having the eccentricities e =3.75 and e =5.0, which correspond respectively to the size
ratios 150 nm/40 nm and 200 nm/40 nm.

When e is sufficiently large (see Fig. 2b), the absorption peak shifts towards the long-wave
region. It is therefore possible to select the height and the diameter of the nanorods which provide
the maximal absorption at a given wavelength.
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Fig. 2. Dependences of absorption cross-section for the Au nanorods embedded in vacuum on the light
wavelength, as calculated at different eccentricities shown in the legend: (a) nanorods of constant height
(100 nm) with radius being changed from 40 to 85 nm; (b) nanorods of constant radius (40 nm) with height
being changed from 100 to 200 nm.

Hence, the nanorods should in general be characterized by two absorption peaks according to
the electrostatic approximation, although we observe a single peak (see Fig. 2). One can assume
that the first peak, which is not sensitive to the eccentricity value, is very weak for gold in the
vacuum. To confirm this assumption, we have performed similar calculations for the gold
nanorods with the same size as in the previous case, which are embedded, e.g., in ITO. Note that
we have used the refractive index of ITO reported in Refs. [45, 46]. Namely, the refractive index
and the extinction coefficient taken from the appropriate dispersion curves have been extrapolated
with seventh-order polynomials, and we have used these polynomials in our calculations. As for
the main results, the absorption spectra of the Au nanorods are now characterized by two clearly
distinguished absorption peaks, as seen from Fig. 3.
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Fig. 3. Dependences of absorption cross-section of the Au nanorods embedded in ITO on the light wavelength,
as calculated at different eccentricities shown in the legend: (a) nanorods of constant height 100 nm with radius
being changed from 40 to 85 nm; (b) nanorods of constant radius 40 nm with height being changed from 100 to
200 nm.

The distance between the peaks increases with increasing axis ratio. Moreover, the results
obtained by us confirm that the first peak suffers almost no shift when the size of the nanorods
changes, although the second peak is very sensitive to this change. Hence, the Au nanorods are
characterized by two clearly discernible absorption plasmonic peaks whenever they are embedded
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in the medium with the refractive index higher than 1.0. In addition, the absorption peak is shifted
towards the near-infrared spectral region if the nanorods become higher and smaller in diameter.

3. Results and discussion

Our structure contains mainly the nanorods with the radii changing from 70 to 80 nm and the
eccentricities e=1.17+1.33. As a consequence, this structure can demonstrate only one
absorption peak, which has already been confirmed by Fig. 1b. However, our subject is also the
isolated nanorods embedded in the medium and illuminated by the plane light wave. Actually, we
deal with the array of nanorods on the substrate covered by the ITO layer, as shown in Fig. 1a.

The structure of our sample can be schematically divided into three layers (Fig. 4). The first
layer is a nanocomposite consisting of the Au nanorods, the second one is a thin ITO film with the
thickness 100 nm, and the third layer is a glass substrate. Since the eccentricities of the nanorods
are about 1.0, one can suppose that their optical response can be described by the theoretical model
adopted for the spherical nanoparticles. Besides, we assume that the top layer is a nanocomposite
material, where air represents a host matrix and the spherical Au nanoparticles are nanoinclusions.
As testified by the electron-microscopy image (Fig. 1a), the Au nanoparticles are located at the
distances less than the light wavelength. Therefore, such the structure can indeed be considered as
the nanocomposite material [47].

Fig. 4. Schematic representation of our sample: 1 is a nanocomposite layer consisting of Au nanoparticles, 2 an
ITO layer and 3 a glass substrate.

The optical response of the nanocomposite material can be described in terms of its effective
dielectric permittivity. The Maxwell-Garnett theory has earlier been successfully used to obtain a
good approximation for the dependence of optical properties on the volume filling factor in case of
the materials with two or more components (or phases) [48]. There are a lot of different
approximations within this theory worked out in the literature [49]. Here we employ the extended
Maxwell-Garnett theory so as to include the impact of nanoparticle size on the resulting response
[49]. In the frame of this version of the theory, the effective permittivity for the two-constituent
material includes the size effect and can be written as follows:

. e g(1+2f)+2¢,(1- f)+(e,—&)(1-F)A
o g(1-f)+e, (2+)+(e,—&)(1-f)A

) )

where ¢, and &, are the dielectric permittivities respectively of the host matrix and the

inclusions, and f denotes the volume filling factor. The A parameter describing the size effect in
the effective dielectric permittivity is expressed as

2 3
A:(—‘/g_fj”RJ %{—*/g_fj’m} : (10)

where R is the radius of nanoparticle.
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Now that the dielectric permittivities of all the layers are given, it is possible to calculate the
absorption coefficient of such a three-layer structure, using the matrix method. This method is
widely used for calculating the optical properties of multilayer structures [35]. Here each layer is
described by a characteristic matrix:

cosﬁj - sinéj
M= 1j : (11)

in.sing ; coS 0 ;
j3tne; J
where 6, = 2%(17].41. cos0»}.), n;d ;cos6; implies the effective optical thickness of the layer ; for

the refraction angle ¢;, d; the geometrical thickness of layer, and 7, its effective refractive index.
The amplitudes of the reflection (r) and transmission () coefficients of the multilayer
structure are expressed using the electric ( £, ) and magnetic ( /) vectors in the incident medium:
r:”oEo_Ho f= 27,
nE, +H, ok, +H,

E 1
with (HOJ =M (” J . As aresult, the absorption of the multilayer structure is given by
0 Ky

A=1-15)2 _|of (12)
Mo

where 77, and 7, are the effective refractive indices of the substrate and the surrounding medium,

respectively.

Fig. 5 shows the calculated absorption spectra for our three-layer structure at different filling
factors. The glass with the refractive index 1.5152 is used as a substrate in our calculations. The
gold nanoparticles have the radius 65 nm, while the thickness of the nanocomposite layer is
selected to be 130 nm. Finally, the angle of incidence is equal to 0°.

As seen from Fig. 5, the absorption amplitude in the spectrum increases with increasing
nanoparticle-filling factor. The width of the absorption peak then increases, too. However, the
position of the plasmon absorption peak remains stable and practically does not shift. Thus, we are
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Fig. 5. Absorption spectra of our two-layer structure, in which the first layer is a nanocomposite consisting of Au
nanorods and the second one is a thin ITO film on glass substrate. Different curves correspond to different Au-
nanorod filling factors (see the legend).
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in a position to estimate the filling factor of nanoinclusions in the composite layer, using the
experimental results presented in Fig. 1b and the data calculated theoretically (see Fig. 5). All the
further calculations have been performed for the filling factor 0.20, which corresponds to the
sample presented in Fig. 1.

It is well known that the plasmon resonance in the Au nanorods is highly sensitive to the
surrounding medium. Then, in order to study the impact of properties of the host matrix of the
composite layer on the resulting response of the whole structure, we calculate the absorption
spectra of the multilayer structure with different refractive indices of the host matrix (Fig. 6a).
Since the Au nanoparticles interact with the ITO layer and any real model of air must include some
impurities, the refractive index can also be affected by these factors.
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Fig. 6. Absorption spectra calculated for our two-layer structure, in which the first layer is a nanocomposite
consisting of Au nanorods and the second one is a thin ITO film on glass substrate. Different curves in panels
(a) and (b) correspond respectively to different refractive indices of the matrix of nanocomposite layer and to
different refractive indices of the ITO layer.

The refractive index of the host matrix of the nanocomposite layer has been varied from 1.00
to 1.15, with the steps of 0.05. The amplitude and the width of the absorption peak increase with
increasing refractive index of the matrix. Besides, there is a slight shift of the plasmon absorption
peak towards the infrared region.

It is worth noting that the absorption spectrum undergoes transformations when the refractive
index of the matrix of the composite layer approaches the value of 1.15. As a result, the refractive
index of the nanocomposite matrix affects notably the resulting characteristics of the overall
structure. In addition to the nanocomposite layer, the parameters of the ITO layer can also affect
the optical response of the structure. Therefore, the absorption spectra of our structure have been
calculated at different refractive indexes of ITO (see Fig. 6b). Four values of the complex
refractive index have been selected in our calculations: 1.8584 —i0.0580774, 1.7853 —i0.0032317,
1.3748-i0.0014932 (see Refs. [45, 46]), and 1.8762-i0.0025296 (se Ref. [50]). Fig. 6b
demonstrates that the refractive index of ITO influences both the amplitude and the width of the
absorption peak. Note that the influence of the ITO refractive index on the absorption-peak
position is especially clear at the first and third values of the refractive index.

Another critical factor affecting the parameters of nanocomposite materials is the size of
nanoparticles. Therefore, as a next step, we have studied the effect of nanoparticle radius on the
resulting optical response. Fig. 7a presents the simulation data for our structure at different
nanoparticle radii R (and, accordingly, different thicknesses of the composite layer, since the latter
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is equal to the diameter of nanoparticles). The nanoparticle radii in the range from 45 to 75 nm
(with the increments of 5 nm) have been taken in our calculations, whereas the thickness of the
composite layer has been varied from 90 to 150 nm. As seen from Fig. 7, the amplitude and the
width of the absorption peak increases with increasing radius of nanoparticles and thickness of
nanocomposite layer. At the same time, these parameters hardly affect the spectral position of the
absorption peak.
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Fig. 7. Absorption spectra calculated for our two-layer structure, in which the first layer is a nanocomposite
consisting of Au nanorods and the second one is a thin ITO film on glass substrate. Different curves in panels
(a) and (b) correspond respectively to different nanoparticle radii (and thicknesses of composite layer) and to
different nanoparticle radii at a constant thickness of composite layer (130 nm).

As seen from the electron microscopy data (Fig. 1a), the radii of the nanorods in the layer are
different and, therefore, one can assume that these nanorods have different heights. Then one can
suppose that the nanocomposite layer has a certain (fixed) thickness, but the inclusions are of
different sizes. The dependences of the absorption spectra on the size of nanoinclusions at the
constant layer thickness (130 nm) have been calculated (see Fig. 7b). It is evident that the size of
the nanoinclusions affects only the amplitude of the absorption peak, although its impact is not
significant.

4. Conclusions

Let us summarize the main results obtained in the present work. At first, we conclude that the Au
nanoparticles of preset shapes can be synthesised successfully with the pulse electrolysis method.
Then, our data confirms that the longitudinal plasmon resonance overwhelms the other resonances
in the case of Au nanorods deposited on the substrates with small dielectric constants (e.g.,
glasses). As a result, the absorption spectra are characterized by a single plasmonic peak. It is
important that our results indicate for the first time the following fact: one can apply the
Maxwell—-Garnett theory and the matrix method for calculating and predicting the optical
characteristics of the structures that consist of nanoparticles deposited on a substrate covered by an
additional layer, using some assumptions about the composition and the thickness of
nanocomposite layer. It has also been shown that the concentration of nanoparticles on the surface
can be estimated using the simulation data.

It should be noted that the experimental spectra are slightly different from the calculated
ones. This may originate from the fact that, while performing our calculations, we have taken
tabular parameters of the materials under test, although these parameters are somewhat different in
any practical situation. The structures studied by us can be successfully applied in various practical
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fields, because one can achieve the maximal absorption at a given wavelength by simply changing
the geometry of nanorods.

Nowadays, only time-consuming and high-cost top-down methods can produce the nanorod
arrays with controlled nanorod geometries and orientations. Therefore, facile and -easily
controllable methods for assembling the colloidal nanorods are strongly desired for future
applications. The pulse electrolysis is one of those methods.
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Anomauia. Mampuyi HaHOCMeEPIICHI6 3010MA KEA3I2eKCALOHATILHOT (pOpMU YCRIUHO 00ePAHCAHO 3d
MEmoOOM  eNeKMmPOXIMINHO20 — QUCAONCeHHs.  JIocmiodceni  IXHI  OnmMuYHi  61ACMUBOCHIL.
Ipoananizosano onmuunuil  6i02yK  080WAPOBOL  CMPYKMypu, 6 sAKIll nepwuil  wap €
HAHOKOMNO3UMOM, WO CKIAOAEMbCS 3 HAHOCMEPIICHI6 Au, a iHwull — MOHKOI NIIGKOI0 OKCUOY
01108a MO0 HA CKIAHIU RIOKMAOYi. Y pamkax erekmpocmamuiHo20 HAONUICEHH SUKOHAHO
MOOEOBANHS 3ANEHCHOCHIE NEPEMUHY NOSTUHAHHS HAHOCMEPIICHIB AU 8i0 008ICUHU CEIMN0BOT X8UIE
ons1 pisHux excyenmpucumemis. Iloxkaszano, wo no300624CHill NIAZMOHHUL PE3OHAHC NEPEBANCAE HAO
[HUWUMU MUnamu pe3oHancié y HanocmepoicHsx Au, HaneceHux Ha CKIAHL niokaaoku. Jus
NPOCHO3YGAHHA ~ ONMUYHUX — XAPAKMEPUCmuKx  6Ci€i  CMpPYKmypu  GUKOPUCAHO — Meopiio
Maxcsenna—Iapnema ma mampuunuti memoo. IIpodemoncmpoeano, wo Ha OCHOGI 6i0n0GIOHUX
Pe3yibmamic MOOENIOBAHH MONCHA OYIHUMU KOHYESHMPAyilo HAHOCMEPIICHIE Ha nosepxHi. Kpim
mo2o, NOompiOHe NOIUHAHHA HA 3A0aHITE OOBICUHI XGUJL MOJNCHA 00epHCAmU UWLSIXOM 3MIHU
2eomempii HAaHOCMeEpPIICHIB. 30KpeMa, Mu CROCMePIeanu 3CY8 NiKy NOIUHAHHS 8 HANPAMKY OIUNCHBOL
inghpauepsonoi obracmi, AKWO HAHOCMEPICHI HAOYBAIOMb OOCMAMHIO 6UCOMY MA CMAIOMb
MEHUUMU 8 Dlamempi.
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