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In this paper analyzes the electromagnetic radiation absorption by a composite based on bimetallic nanowires.
Using the Drude-Lorentz theory it was obtained the relationship for the polarizability frequency dependences, as
well as real and imaginary parts of the dielectric function of layered 1D-systems was obtained. It is shown that the
structure in the form of a metal core covered with a layer of another metal leads to splitting and the appearance of
two maxima in the frequency dependence of the absorption coefficient. The positions of the maxima are determined
by the composition of bimetallic nanowires and the volume content of metals. The influence of the dimensionality
of the systems has been established by comparing the frequency dependences of the composite absorption
coefficient based on bimetallic nanowires and nanoparticles. Calculations were performed for Ag@Au and Au@Ag

nanowires immersed in Teflon.
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Introduction

The widespread use of metal 1D-systems is due to
their unique optical features associated with the regulation
of electromagnetic radiation absorption by changing the
size, shape and material of the studied samples [1].
Modern technologies allow experimentally obtaining and
measuring the optical properties of metal nanowires in
various spectral ranges. The theoretical study of the
mentioned nanostructures is of interest in connection with
the possibility of explaining the position and magnitude of
the optical absorption maximum. The ability to adjust the
energy and optical characteristics of 1D structures is a
promising task from the point of view of using the latter
in the form of high-speed switches in the creation of
information transmission and processing systems, optical
photosensors [2,3], etc.

Recently, studies of composite materials based on
two-layer nanostructures have attracted considerable
attention. The formation of an oxide layer on the metal
wire surface makes it possible to regulate more effectively
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the position of the surface plasmon resonance (SPR) by
changing both the oxide layer thickness and the metal core
radius [4]. In turn, the application of a metal layer on the
dielectric core leads to the appearance of two frequency
maxima of optical absorption due to the surface plasmons
hybridization [5]. An intuitively simple model (which is
easily extended to multilayer structures) allows to explain
the emergence of two resonance maxima due to the
plasmon resonance splitting into low-energy symmetric
and high-energy antisymmetric modes caused by the
interaction of the dielectric core (hollow) with the metal
shell inner wall on the one hand and, due to the connection
of the metal layer outer wall with the surrounding
dielectric medium on the other side. It is obvious that the
plasmons interaction with each other directly depends on
the metal shell thickness.

In contrast to the above-mentioned types of two-layer
structures, bimetallic systems are characterized by a wide
spectral range of the SPR shift due to the difference in the
scattering and absorption of light by different metal
fractions. Au and Ag are usually used as metals for
bimetallic wires due to the ease of obtaining and
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controlling the parameters of such structures.
Experimental growth of Ag@Au nanowires with
adjustable optical properties is presented in works [6,7]. A
theoretical study of the light wave absorption cross-
section of the Ag@Au and Au@Ag 1D-systems using the
quasi-static theory is given in [8]. Along with Au and Ag,
noble metals Pd and Pt are widely used as photocatalysts.
In [9], the oxidase-like properties of PA@Pt nanowires
were experimentally studied. The chemical synthesis of
Pt@Ag nanowires and their subsequent use as
electrocatalysts are discussed in [10].

In connection with the broad prospects of using
bimetallic 1D systems as light-stable color filters,
polarizers, optical sensors [11], for biological labeling and
surface Raman scattering [12], the study of their optical
parameters is a relevant task. The purpose of this work is
to calculate the composite absorption coefficient based on
bimetallic nanowires and analytical estimates the plasmon
resonance maxima shifts depending on the composition
and sizes of the core and shell metal fractions.

I. Basic relations

Let’s consider a composite that consists of a dielectric
matrix with permeability em and cylindrical bimetallic
inclusions with a total radius of R = R¢ + Rsh (the length of
the wire L is assumed to be much greater than R), where
Rc is the radius of the metal core covered with a layer of
another metal with a value of Rs. The absorption
coefficient of the composite is determined by the ratio
[13]:

w 3/2 1 Im égc_
n(w) == Pen* ¥y N
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where o is the frequency of the incident electromagnetic
wave; c is the speed of light; § is the volume content of
cylindrical layered systems; P; is the depolarization factor;
J=XY,2, Ree._qy and Ime._y are the real and
imaginary parts of core-shell system dielectric function.
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£.sn — the component responsible for the contribution of

the ionic backbone of the core and shell metals,
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Fig.1. — Geometry of the problem.

Let us assume that an electromagnetic wave is
incident on a cylindrical two-layer nanowire
perpendicular to wire axis (the movement of electrons
along the axis of the wire is neglected), as a result of which

the wave vector lies in the plane xy and
P,=0, P,=P,=(1—PF,)/2.Then

_ 8w, 3/2 Im &1p(c-sh)
mp(@) = 3¢ Bem (Re £1p(c—sh)+&Em)?+Im €2pc_sp) )

The expression for the dipole polarizability of a
cylindrical monosystem has the form:

€1D(c—-sh)~€m

®)

A1pic—sh) = .
1b(e=sh) €1D(c-sh)tEm

On the other hand, the polarizability of such a system
is found by solving the Laplace equation in a cylindrical
coordinate system

16(pl
r or

0%¢;
dr?

=0 (i=123)

taking into account the boundary conditions at the
boundary of media
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where ¢; and &g are the dielectric functions of the metal
core and shell, respectively:

, wfn(c)feff(c)
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1+“’2T§ff(c) w(1+wzr§ff(c))'
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distance between conduction electrons, m”. effective

c,sh™
-1 — -1
electron mass, Torf(c,sh) = Thutk(c,sh) + Y1 (c,sh) (@)
— effective relaxation time, 7py k(¢ sh) — relaxation time in
the bulk metal, yip(sn) is the decrement of the

attenuation of the dipole plasma oscillations of the
cylindrical metal core and shell, respectively.
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For a metal particle in the elongated ellipsoid form of
rotation (that is, at 0 <ep, <1, where e, is the eccentricity

3
3
16€p

(wpz(c,sh))z
w

__ VUF(csh)
YC,sh(w) T IN

(ep(l + 2e§)(1 - 65)1/2 - (1 - 463) arcsin ep),

of the spheroid), the parameter y based on the kinetic
approach is calculated as [14]

(4)

where vg . 1) is the Fermi velocity. At the boundary condition, when e, — 1, the expression for the attenuation decrement
of dipole plasma oscillations of a metal nanowire takes the form;

9MVFE(c,sh)

2
Wpl(csh
Vin(esn () = Taicetd (2R 5)
Substituting the solutions of the Laplace equation into the boundary conditions for polarizability, we get
i _ (ec+esn) (Esn—em) +BE(ec—esn) (EsntEm) (6)
1b(e=sh) = (ect+esn) (esn+em)+BE (ec—esn) (Esn—em)’

where B = R./R =1 — Ry, /R is the volume content of the core material. When & = &sn expression (6) turns into a

relation for the dipole polarizability of a continuous nanowire.

Equating (3) and (6), we have

(ec+esn)+BE(ec—esn)

Re ng(c—sh)

FID(e=sh) = Eoh (o e (ec—esn)’ ()
By substituting the Drude function and separating the real and imaginary parts, we finally get
X(—)X(+)53(5%+5§+5§+5‘2;)+X(2—)(2525384+€1(8§—82))+x(2+)£1(£§+s§)
N (81)((—)+E3X(+))2+(82X(—)+84X(+))2 (8)
)((_))((+)£4(£§+£§+£§+£Z)+)((2_)(2£1£3£4—£2(8§—SZ))+)((2+)£2(£§+£Z) ©)

Im €1D(c-sh) =

where yy = 1F B2

At the boundary condition, when the layer thickness
Rsh — 0, we have Re &1pc-sn) = &1 and
Im &1pc—sn) = &; a8 Rw— R and B, =0 we obtain
Re €1p(c-sn) = €3 and Im €1D(c-sh) = €a-

I1. Calculation results

The calculations of the absorption coefficient 7ip(w)
were carried out for bimetallic nanowires with the
Ag@Au and Au@Ag structure, located in Teflon
(em = 2,3). The parameters of the metals are given in Table
1.

Let's trace the dimensional dependence of the
composite absorption coefficient based on 1D-systems.
Figure 2 shows the frequency dependences of #ip(w)
which are calculated using relation (2) taking into account
the formulas of the dielectric function real and imaginary
parts (8)—(9) for a bimetallic Ag nanowire covered with a
layer of Au (Ag@Au). For clarity, we introduce the
following notations: 7%wsp-), Awsp+y — surface plasma
frequencies of the first (low-frequency) and second (high-
frequency) resonances. Figure 2 demonstrates the
presence of one resonance maximum Ziwsp+ ~ 3,6 eV
(curve 1), which corresponds to the Ag monowire
Rsh = 0 nm. The presence of a Au metal layer at a constant
value of the Ag core radius R causes the appearance of

2 2
(e1x(—)+eax(n) +(e2x(oy +eax )
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the second resonance peak Ziwsy-) = 2,8 eV. An increase
Rsh (curves 2—4) leads to a slight shift of both maxima
towards low frequencies. At the same time Ziwsp-) shifts
slightly faster in contrast to Zwsp(+), as a result of which
there is a "repulsion” of the absorption coefficient
maxima. It is obvious when Ry is fixed and R increases
(curves 1'—4"), a smooth shift of resonance peaks towards
high frequencies should be expected.

The absorption coefficient of the composite based on
Au@Ag 1D-systems is shown in Figure 3. The results of
the calculations also demonstrate the presence of two
resonance maxima in the considered frequency range.
However, an increase in the Rs, value of the Ag shell
(curves 2—4), in contrast to the Ag@Au structure, leads
to linear shift Zwsp+) to the region of lower frequencies,
while Ziwsp-) moves towards high frequencies. Thus, the
frequency absorption peaks are "attracted" to each other.
A significant increase in the thickness of the shell
neutralizes the influence of the core and leads to a gradual
merging of the maxima into one, which will correspond to
the plasmon resonance frequency of the Ag monowire.

An increase in R; of the Au core (curves 1'—4'") leads
to red shift of icwsp-). At the same time, Ziwsp+) Undergoes
a blue shift. The "repulsion™ of resonance maxima from
each other is observed.

Comparing Figures 2(a) and 3(a), we can conclude
that the low-frequency peak 7iwsp-), which shifts from 2,76
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Table 1.

Parameters of metals (ap — Bohr radius; m* — the electron effective mass is given for a 3D metal; m, — electron mass;
h =h/2z —Planck’s reduced constant)

Parameters Is, 8o [15] m*/me [16] e” [17] Toulk, 10715 [15] hapl, 8V
Au 3,01 0,99 9,84 29 9,07
Ag 3,02 0,96 3,70 40 9,17
5 T T T T
10'| 7 —R.=10; Ry= 0 nm al |I'~R=0;Ry=10nm ) b
2—R.=10; Ry=5nm i 2~ R=5; Ry= 10 nm P
3—R~=10; Ry= 10 nm / 2 3'-R~=10; Ry= 10 nm v
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Fig. 2. — Frequency dependence of the absorption coefficient of the composite based on Ag@Au bimetallic
nanowires: a — Rc = 10 nm; Rsn = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsh = 10 nm.
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Fig. 3. — Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag
nanowires: @ — Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsh = 10 nm.

to 2,62 eV in the Ag@Au nanowire, has the same origin
as the high-frequency maximum Zwsp+) in the AU@Ag
structure, which shifts from 4,3 to 4 eV. Both maxima are
a consequence of the plasmon interaction of the outer shell
wall and the dielectric matrix em. In turn, Awspy in the
Ag@Au nanowire and Awsp-) in AU@AQ also have the
same origin, which is the result of the surface charges
induction of the inner shell wall and the core.

It is known that resonant oscillations of free electrons,
which are weakly connected to the cation lattice,
determine the frequency of SPR. As shown in [8], the
stronger the bond between electrons is, the greater the
energy of the SPR is and the higher the frequency is. On
the contrary, weak electron coupling reduces the SPR
value and shifts the resonance towards low frequencies.

293

Thus, in the Ag@Au structure, Ag electrons move to the
Au shell as a result of the "attraction"” of positive charges.
This leads to a decrease in electron coupling and a red shift
of the maximum (Awsp+) I Figure2 (a)). Instead, the blue
shift of the maximum of the Au@Ag nanowire (ficwsp— in
Figure 3(a)) occurs due to the repulsion of the Au core
electrons from the negative charges of the Ag shell.

Thus, a characteristic feature of a two-layer bimetallic
nanowire is a frequency shift of resonance maxima due to
variations in the ratio of the values of the core radius and
the shell thickness. However, in order to be able to
estimate the SPR position and their frequency shifts, it is
possible to go another way. For this, it is sufficient to
consider formula (6). It is known that the polarizability of
the 1D-system will be zero if the following condition is
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fulfilled for the numerator in (6):

gm_gsh_ 2 € T Esp

Em T Ean e+ gg

The fact that polarizability is equal to zero means the
invisibility of the wire metal core together with the shell.
In the case of equating the denominator (6) to zero, we
obtain the condition for the occurrence of plasmon
resonance. Due to the large number of parameters, we will

perform analytical calculations taking into account some
approximations. Let us assume that wr>>1 and the
dielectric constant is also a real value (at the same time,
Em = 1)

2
w
pl(c,sh)
gesn(w) =1 — Tl
Substituting the last expression into the denominator
(6), we have

2 2 2 2 2 _
4w, — wSZP(4wpl(sh) + zwpl(c)) + Wyisn) (wpl(c)(l + B2) + wpysmy(1 — Bcz)) =0,

where the substitution o = ws, is introduced.

Then the resonance in (6) occurs at the following frequencies:

1
1 — =
Wper) =5 (szzvl(sh) + whie) F (40pusm B2 (Wpisny = @pio)) + w;fz(c))2> (10)

It follows from (10) the presence of two surface
plasmon resonances in the bimetallic 1D-system.
Considering boundary conditions g. = 0 (absent core) and
Pc = 1 (absent shell), we obtain the following results:

Wpl(sh) w?]l(sh)"'wlzjl(c)
Wspol g o =g Al wgp|, =T

“pl)
w _ =
sp(=) | =1 NG

and wepen|, = Opicey

The minus sign "-" leads to the equality of the
frequency of the first resonance wsp-) with the frequencies
of the localized surface plasmon of the shell and core. As
a result, the frequency range for the first resonance at
0<p:<1 varies within
Wpi0)/ V2 € Wsp(oy < Wpi(spy/V2. As for the last two
results, they testify to the equality of the frequency of the
second resonance Wsp(+) to the value

\/(wzznl(sh) + w?,,)/2 and bulk plasma frequency of the

shell wpisny. It is obvious that the solutions wsp+) at fc = 0
and Bc =1, indicating the absence of a surface plasmon,
have no physical meaning, since they are a consequence
of the boundary conditions which are used to obtain

relation (6). Therefore, the frequency range of the second
resonance lies in the region

wpl(sh) < (l.)sp(+) < \/(wlzjl(sh) + w;l(c))/Z

Let's continue further evaluation judgments for the
Ag@Au bimetallic structure. By substituting the value of
wpieshy (See Table 1), we obtain for wsy—) a shift towards
low frequencies when S — 0 (increasing Rsn), while wsp(+)
moves towards high frequencies. There is a "repulsion" of
maxima from each other. On the contrary, when . — 1
(increasing R¢), there is an "attraction™ of resonance peaks.
However, for Au@Ag, when pf.— 0, the maxima
converge, and when S. — 1, they move away from each
other. It is obvious that the fulfillment of the condition
Wpi(c) > Wpi(sh) at fc — 0 leads to the "removal™ of the
maxima; wpyc) < Wpish) 1S responsible for their
"convergence". It can be argued that to determine the SPR
shifts depending on the value of g, it is sufficient to
calculate the bulk plasmon frequencies wpic) and wpigsh),
while neglecting other constants (zoui, em and ).

It is interesting to compare the results of the study of
the thin bimetallic wires absorption coefficient with
similar results for bimetallic spheres. The starting point
can be considered the polarizability formula for a layered
0D-system [18]:

_ (ec+2€5n)(esh—Em) +BE (ec—&sn) 2Esntem) (11)

aOD(c—sh) -

Equating (11) to

(ec+2&5p) (sp+2em)+2BE (ec—sp) (Esn—Em)’

€0D(c—sh)~€m

aOD(C_Sh) - €0D(c—sh)t2&m
we get
_ (ec+2e5p)+2BE (ec—£sn)
SUD(C—Sh) - sSh (£C+2‘€Sh)_ﬁg(‘gc_85h) . (12)

For the case of a spherical coordinate system (P, = P, = P, = 1/3), the absorption coefficient of the composite takes

the following form
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3/2

Im &op(c-sh) (13)

9
Nop(w) = Twﬁem

2 2
(Re SOD(C_Sh)+2£m) +Im E(Z)D(c—sh)

and the real Re gyp(c—sny and Im gyp(.—sp) imaginary parts of the bimetallic nanoparticle dielectric function

&lez(e2+e2)+2¢82 (2828384 +&1 (s%—22))+q(£§+£2)(£1§+2£3€)

Re €op(c-sh) =

(e18+€36)2+(e28+£46)?

5554(5%+£%)+2§’2(2£1£3£4—£2 (832,—&%))+§(£?2, +£3) (20 +2£4%)

, (14)

Im gOD(c—sh) =

(18 +£36)%+ (28 +€46)2

) (15)

where the following notations are entered: § = 1 — 83, { =1+ 2B3 i ¢ =2+ 3.
To calculate the attenuation decrement of spherical nanoparticle dipole plasma resonances, we use the expression

givenin [19]

2
_ vasn (9 (4 _ vesh
yOD(c,sh)(w) - 9 (w) <1 (u stn

where ve g = Up(c,sny/2Rc,sn 1S the frequency of electron
oscillations from one potential wall to the opposite one.
Note that for the case of a nanoparticle in vacuum at
frequencies w = wpl/x/§ and v.gp < w we obtain a
well-known result
Yob(c,sh) (a’) = 3UF(c,sh)/4Rc,sh-

The differences in the indicators of the bimetallic
cylinder and the sphere (Fig. 4) are related to the
dimensionality of the systems, which is expressed in a
significant difference in the forms of the dielectric
function real and imaginary parts. Small low-frequency
"stochastic™ oscillations #7op(w) are a consequence of the
presence of a parenthesis in expression (16). As for the
position of the resonance peaks, it is comprehensively
explained by the conditions of the SPR, which follow from
the denominators of ratios (2) and (13):

Re &1p(c-sny = —€m;  Re &pc-sny = —2&m.

It should be noted that the maximum /iwsy— in
Figs.4(a) and 3(a) (at Rsh — ) is the result of the
interaction between the shell inner wall and the core, while

v:h +2 (V;—Sh)z (1 — cos v:’Sh)), (16)

hesp+ arises as a result of the induction of surface charges
at the separation boundary metal shell and external
dielectric medium. However, when R, — oo (Figs.4(b) and
3(b)), similar regularities are not observed. Indeed, the
interaction between the shell and the core is determined by
the maxima of Zicwsp-) for the wire and Awspe) for the
particle. In turn, ziwsy+ in the case of a cylinder and fiwsp(-)
in the case of a sphere is responsible for the connection of
the shell outer wall and em. It is clear that the given
regularities of bimetallic systems are "conditional". Real
estimates of the position of the SPR maximum can be
made only for monosystems. In the case of two-layer
structures, the assessment of the predominance and
influence of the shell and core metal fractions is a difficult
task due to the consideration of a large number of
constants included in the Drude formula and their
subsequent "mixing™" due to the substitution of the latest
equation in the expression for the polarizability of
bimetallic systems.

Figure 4 demonstrates the "merging" of #opo(w)
maxima with increasing Rsn, While increasing R leads to
their "repulsion”. It is quite obvious that the given nature
of shifts of the 0D-systems SPR is similar to that presented

5 U T T
1017 —R.=10; Ry=0nm I'=R:=0; Ry= 10 nm ) 2
2—R=1 2'-R=15; Ry= 10 nm ,,»4
3—R=10; 3'= R:=10; Ry= 10 ny '
1k R.= 10; 2 | |4~ R=20; R4=

1 ho,,
10 l

0,2 2 4
ho, eV

6 0,2 2

ho, eV
Fig. 4. — Frequency dependence of the absorption coefficient of the composite based on bimetallic Au@Ag
nanoparticles: @ — Rc = 10 nm; Rsh = 0; 5; 10; 20 nm; b — R¢ = 0; 5; 10; 20 nm; Rsy = 10 nm.
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in Figure 3 for the case of 1D-systems. Again, using the
previous judgments and equating the denominator (11) to

zero, we obtain the equation for the plasmon frequencies
for a bimetallic nanoparticle

1
1 — 2\z
Wp) =5 <3w1271(sh) + whie T (80 (Opicsm ~ Whice) + (@feemy + Vo)) > : 1n

whence the conditions of plasmon resonances
corresponding to the limiting cases are the following:

_ (Upl(sh)
wsp(—)|BC=0 N

202 +w?
— ’ pl(sh) pl(c).
and wSp(+)|Bc=0 = —3 )

_ Ypl©) _
Wsp()| o1 g3 and wsp(+)| Bo=1  @pi(sh):

Substitution of the values of the shell and core metals
bulk plasma frequencies for the case of a bimetallic
nanoparticle leads to similar conclusions about the SPR
shifts that were obtained for the case of a nanowire. It is
obvious that similar regularities in the position of
resonance maxima should be expected for multilayer
systems when calculating the optical characteristics of the
composite.

Conclusions

Based on the Drude-Lorentz theory, the ratio of
frequency dependences for polarizability, dielectric
function real and imaginary parts of bimetallic 1D-
systems was obtained. Taking into account the obtained
expressions, the electromagnetic radiation absorption
coefficient of the composite based on inclusions in the
form of bimetallic nanowires was calculated. The

presence of two frequency maxima of the absorption
coefficient is shown, which is the result of the interaction
of the shell inner wall surface charges and the core on the
one hand, and the shell outer wall with the dielectric
matrix on the other. The ability to control the composite
optical characteristics by changing the core radius and the
shell thickness is demonstrated.

The influence of the elemental composition on the
optical characteristics of 1D-systems was investigated.
When the shell thickness increases, for the Ag@Au
structure optical absorption maxima are "repelled”, while
for Au@Ag the maxima are "converged". The resulting
equation for the frequency shift of the surface plasmon
resonances of bimetallic nanowires indicates the presence
of two limiting cases that determine the position of the
optical absorption peaks. Fulfillment of the condition
Wpi(c) > Wpy(shy 1€ads to "repulsion” of the maxima with
an increase of the metal layer thickness. At the same time,
when wpc) < Wpysn), there is a “convergence” of
resonance maxima. As a result, the character of the shift
of surface plasmon resonances is evaluated by comparing
the values of the core and shell bulk plasma frequencies.

Analogous judgments can be extended to systems of
other dimensions. In particular, for OD-systems, the
characters of the calculated dependences are similar to
those obtained for the case of bimetallic nanowires.

Koval A.0. — PhD student.
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A.O. Kosanpl?

YacToTHIi 3CyBH NOBEPXHEBUX IUIA3MOHHUX PE30HAHCIB IIPU 00UYMCICHHI
Koe(illicHTY MOTJIMHAHHS KOMIIO3UTY Ha OCHOBI OiMeTaiunnx 1d-cucrem

Hayionanvnuii ynisepcumem "3anopizvka nonimexuixa”, eyn. JKykoscokozo, 64, 60063 3anopisicoca, Ypaina
2Hayxoso-eupobuuuuii komnnexc "Ickpa”, eyn. Mazicmpanvna, 84, 69071 3anopiscocs, Yrpaina, andrej.koval@ukr.net

B poGoti mpoaHami30BaHO TOTJIIMHAHHS EJIEKTPOMArHITHOTO BHUIPOMIHIOBAaHHS KOMIIO3UTOM Ha OCHOBI
OiMeTaivHUX HAHOIPOTIB. 3 BUKOpHCTaHHAM Teopii Jpyne-JlopeHma oxepxaHo CIiBBIIHOUICHHS TS YaCTOTHUX
3aJIe)KHOCTEH TOJIIPU30BHOCTI, AIHCHOI Ta YSBHOI YacTHH AienekTpu4Hoi ¢yHKUii mapysatux 1D-cucrem.
INoka3aHo, MmO CTPYKTypa y BHIJISIII METaJeBOro sApa, HMOKPUTOrO MIApOM IHIIOTO MeTaily, HPU3BOAUTE 0
pO3IIEIUICHHs Ta IOSBH JBOX MaKCHMYMIB y YacTOTHIM 3anexHocTi koedirieHTy mornuHanHs. [TomoxxeHHs
MaKCUMYMiB BU3HAYAIOTHCSI CKIIaJOM OiMETaTiYHNX HAHOAPOTIB 1 06’ €MHUM BMiCTOM MeTaltiB. Brumms po3mipHoCTi
CHCTEM OLIHIOETHCS NUIIXOM IOPIBHSIHHS YAacCTOTHHX 3aleKHOCTEH KOe(illieHTy IMOTIIMHAHHS KOMITO3UTY Ha
OCHOBI OiMeTaNiYHIX HAHOAPOTIB Ta HAHOYACTUHOK. Po3paxyHku npoBeaeHi 1t HaHoapoTiB AG@AU ta AU@AQ,
3aHypeHuX y Te(IIoH.

KiawuoBi cioBa: OimeramiyHuii HaHOAPIT, MMOBEPXHEBHH IUIA3MOHHHH pPE30HAHC, MOJSPU3OBHICTD,
nienexTpuyHa QyHKIs, Koe(ilieHT MOTIMHAHHS.
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