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OPTICAL PARAMETERS
OF BIMETALLIC NANOSPHERES

A formula for the relaxation time of electrons at the surface of a sphere consisting of a metal
core and a metal shell (core-shell) has been derived and the frequency dependences of the electric
and magnetic components of the sphere polarizability have been analyzed. The sphere polar-
ization maxima correspond to the plasmon resonances of the core and the shell. Calculations
are carried out for bimetallic Ag—Au, Au—Ag, and Ag—Al nanoparticles embedded in Teflon. A
possibility to control the optical characteristics of bimetallic nanoparticles by changing their
morphology is demonstrated. The extinction and scattering cross-sections and the field en-
hancement factor in the nanoparticle vicinity are calculated in a wide spectral interval and
for wvarious core-to-shell size ratios. The temperature of a photothermally heated bimetallic
nanosphere used for the therapy of malignant tumors is evaluated.
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1. Introduction

The current level of technology makes it possible to
create nanostructures with controlled optical param-
eters. Such systems, in turn, may exhibit unexpected
properties when reflecting and absorbing light.

The research of metal nanoparticles is of interest
because of their wide application in photo- and elec-
trocatalysis, as sensors in biology and medicine, and
so forth [1-8|. Such a variety of potential nanopar-
ticle applications is possible, first of all, due to the
appearance of a plasmon resonance. The shape and
position of the plasmon resonance peak depend on
the particle size and shape, as well as on the hetero-
geneity of particle conglomerates [1,9,10|. Therefore,
those parameters can be adjusted by selecting the cor-
responding synthesis conditions, which is especially
important for creating the information processing de-
vices and for the development of subwavelength op-
tical devices, plasmon nanoantennas, and nanolasers,
as well as elements of optical schemes and photode-
tectors [11].

The interaction of electromagnetic fields with metal
nanoparticles, especially at the frequencies near the
plasma resonance, is known to result in the enhance-
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ment of the field both inside the particle and in its
environment, as well as in the enhancement of light
scattering and absorption by the particle [12-15]. All
those features are associated with the resonances in
the dipole polarizability « (w) of the particle. For a
sphere of radius R embedded into a dielectric matrix
with the dielectric permittivity €, the expression for
the dipole polarizability looks like

@ € — €m

- m 1
R3 €+ 2’ (1)

o

where € is the dielectric function of the sphere. Kno-
wing the polarizability, one can determine the cross-
sections of light absorption, C*%, and scattering, by
the particle. Those quantities, being experimentally
measurable, are of the largest interest. In particular,
the scattering cross-section can be measured in dark-
field experiments, and the sum of both cross-sections
(the extinction cross-section) can be found by mea-
suring the light transmission.

In the framework of the dipole approximation for
monometallic spheres, the absorption, C#P%, and scat-
tering, C®?, cross-sections are determined in terms of
the electric, o, and magnetic, a'™?€, polarizabilities as
follows [1,16,17]:
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are called the absorption and scattering efficiencies,
respectively. In formulas (2) and (3), ¢ is the speed of
light, and the expression for a™?8 reads

wmae  (wRY R3
oM = (c) Em% (6_ Em). (4)

provided that

R
%|€m€@(w)\1/2 <1

In the infrared spectral interval, the contribution of
Im a™?8 in Eqs. (2) and (3) increases with the particle
radius R, and the values of the quantities Im « and
Im ™2 become approximately equal to each other
at R ~ 2 nm [16].

The enhancement factor ¢ for the field near
a monometallic nanoparticle is calculated by the
formula

E (5)
where r > R is the distance from the sphere center
to the point, where the field enhancement factor is
determined [1,18] (see Fig. 1 for a bimetallic sphere).

Provided that the quantum size effects are ne-
glected for the dielectric function of a metal particle,
the modified Drude theory can be used, and

G(r) =1+ 2a/r®

2 2 2
Wiy T L WhT
= 1—|—w272+1w(1+w27—2) (6)

Here, i = +/—1; €™ is the “zero-point term” de-
scribing the contribution of the metal ion core;
wypy = |[ne?/ (eom*)}l/2 is the bulk plasma fre-
quency; € is the dielectric constant; n, m*, and
T are the concentration, effective mass, and relax-
ation time of electrons, respectively; n=! = 4773 /3;
and 7 is the average distance between the conduction
electrons.
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If the characteristic sizes become smaller than the
free path length of electrons, besides the scattering
of electrons at phonons, impurities, and other de-
fects, their scattering at the sphere surface must be
taken into consideration. For monometallic spheres,
the time 7 in Eq. (6) is substituted by the effective
relaxation time 7¢. The latter is determined by the
formula

1 _ 1 . 1
reff 7 rbulk <Z>R/'UF’

(7)

where 7P is the relaxation time in the 3D metal,

(I) g is the average free path length of electrons in the
sphere between their scattering at the sphere surface,
and

h

m*

ve = — (3720)"", ®)

is the Fermi velocity of electrons. The classical ap-
proach can be applied to describe the electron scat-
tering, if fw <K ep.

The following relation is often used in the litera-
ture:

1
(Yr/ve — R/v’

9)

where o7 is an effective parameter that characterizes
the degree of coherence loss, when an electron is scat-
tered at the surface [12-14]. For instance, & = 1
for the classical diffuse scattering regime [12], and
o/ = 3/4 for the isotropic one (see also Fig. 4 in work
[15], where the dependence &/ (w, R) was calculated
for Ag nanoparticles and compared with experimen-
tal data).

After the publication of the famous book [19],
in which the optical size-dependent properties of
monometallic clusters located in various matrices
were analyzed, there appeared only a few reports on
the results of new measurements in the literature,
most likely because of the complicated character of
experiments [20-22|. Interest in the early works was
mainly focused on the absorption by metal particles
in the far-infrared spectral interval (see, e.g., works
[16,17] and the references therein). Nowadays, the fo-
cus of research is aimed at nanoplasmonics, which is
associated, first of all, with its applications in biology
and medicine.
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Obserying
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Fig. 1. Schematic diagram of a bimetallic sphere and the
notations used for its parameters

The frequency of surface plasmons w,, in a
monometallic sphere is determined from the condi-
tion that the real part of the denominator in expres-
sion (1) for a(w) should equal zero. As a result, we
obtain

2 2
wbp 1 (%3
= - praial
Wsp \/eoo + 2€em (Tb““‘ + R)

The core-shell (A-B) structures—in particular,
bimetallic particles [22-27]-are characterized by a
shift in the plasmon resonance frequency as com-
pared with that for monometallic particles. Owing to
differences in the light scattering and absorption by
atoms of different metals, the parameters of surface
plasmon resonance depend on the sizes and materials
of the core and the shell and can vary in a wider
spectral interval. This circumstance, in turn, favors
the enhancement of the photothermal response
of the structures concerned to laser irradiation
[28,29], which is already used for the development of
nanotechnological methods of cancer treatment [30].

Thus, the purposeful control depending on the
needs, over the parameters of bimetallic nanoparticles
can lead to a substantial improvement of the proper-
ties and the efficiency of materials fabricated on their
basis. Therefore, the research of the optical charac-
teristics of bimetallic nanoparticles and the analysis
of how those properties can be controlled by chang-
ing the composition and geometric parameters of the
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nanoparticle core and shell comprise a challenging
task because of wide prospects of the nanoparticle
application in practice.

2. Basic Relations

Let us consider a bimetallic sphere with radius R em-
bedded into a dielectric matrix with the dielectric per-
mittivity €. The shell of thickness ¢ covers a core of
the radius R, so that R. +¢ = R (Fig. 1). The dipole
polarizability aq of this sphere can be written as fol-
lows [31, 32]:

o (es—em) (26 Fec) — (265 +€m) (€5 — €c) B

YO = (e T 26m) (260 + €0) — 2 (eo — ) (€0 —€) B

(11)

where the parameters aa,€s, and €. depend on the
light frequency w, and 8. = R3/R3? is the volume
fraction of the core material in the bimetallic spher-
ical nanoparticle. The parameter §. always acquires
values within an interval of (0,1). If R. =0 or ¢t = 0,
i.e. B = 0 or 1, respectively, then the sphere becomes
monometallic (e; = €. = €), and expressions (11) and
(1) are identical.

By analogy with Eq. (1), expression (11) can be
written in a more compact form,

Ea@/RB,

~ €@ €m
e = ——— 12
@ [$@) + 26m ’ ( )

thus introducing the dielectric constant of the two-
layer sphere

1+ 28.0a

Q@ = €g———, 13
T~ eda (13)
where

€. — €
g = —=,
@ €c + 2€4

Following the style of the Drude theory [Egs. (6)
and (7)], let us express the complex dielectric function
of the core(shell) in the form

2
2 T
e Yipe) (T&s))
€c(s) = €c(s) — 2
14+ w? (Teﬁ)

c(s

Wiy, o(s) Tele)
2
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where
Teff - Tbulk’ Teff - rbulk <Téurf> ’
c c s s R

and determine the average mean free time <T&“rf> R=

= (l/vp)p in the form corresponding to the case of
diffuse scattering. The expression for the probability
of the electron scattering at angles within the inter-
vals (0,0 + df) and (p,p + dp) with respect to the
tangent plane of the sphere (Fig. 2) looks like

dW = Wy cos0do dp,

where 6 € (0,7/2) and ¢ € (0,2n). Finally, the av-
erage relaxation time at the surface is defined by the
formula

sur fTsurf dW
<T@ f>R = f@dW ’

Then, for the “subcritical” angles 6§ < 6*, where
cosf* = R./R, an electron is scattered only in the
shell, whereas at § > 6*, it can be scattered in both
the shell and the core (two different metals). In this

connection, let us write <T&“rf> p in the form

(16)

0*
2Rsin 6
surf
<T@ >R:/TSCOSGd9+
4 )
w/2
Lo 1y s
+ + + cos 0df. (17)
UF,s VF,c UF,s
0*

For the parameter [y, by solving the geometric
problem, we obtain the quadratic equation

I3 = R — R* + 2l1 Rsin 6.
Its solution equals

l1 = Rsinf — \/R? — R?cos? 0.

Analogously, for the parameters [y and 3, we obtain

R - R2 -2
="
L

l3 = 2Rsinf — lg — ll.

In the case of monometallic sphere — for instance, if
we put (Rc, Sc) — 0 — we arrive at expressions (6),
(7), and (l/vr)z = R/vp.
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Fig. 2. Geometry of the electron scattering in a bimetallic
sphere

Now, integrating in Eq. (17) and accounting for
the expressions obtained for Iy, lo, and I3, we finally
obtain

surf

(T8 (18)

>R = P2

where
1 UF s
— =1 = -1
&f * <'UF,c ) x
1 1+ B3
1/3 _ + _ n2/3
x [ﬁc > (1 32 )1n (1_/301/3 .

3. Calculation Results
and Their Discussion

By analogy with the case of monometallic spheres
[formulas (1)—(9)], let us calculate the frequency de-
pendences of the polarizability, the absorption and
scattering efficiencies, and the field enhancement fac-
tor for bimetallic Ag—Au, Au-Ag, and Ag—Al spheres
embedded into Teflon (e, = 2.3) using the direct
substitutions of the corresponding quantities [formu-
las (12)-(18)]. The parameter values for the examined
metals are quoted in Table.

Parameter values for various
metals [ap = ?/ (mce?) is the Bohr radius]

Parameters Al Au Ag
7, ao [35] 2.07 3.01 3.02
m* /me [10] 1.48 0.99 0.96
€> [10] 0.7 9.84 3.7
rhulk 10—14 ¢ [35] 8 29 40
521
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In the case of a bimetallic sphere, there arises a
potential difference at the interface between different
metals owing to the flow of AN electrons between
them, which equalizes the chemical potentials of elec-
trons in both metals. As a result, the bottoms of the
conduction bands in the metals become shifted. As a
rule, the thickness of the contact layer is equal to sev-
eral Bohr radii. Therefore, the abrupt change in the
velocity of a classical scattered particle (its charge
does not matter at that) is a model feature and has
no physical consequences.

Let us consider the influence of the contact between
the metals on the electron velocity. For this purpose,
let us conditionally divide the bimetallic sphere into
two clusters (a solid core and a hollow shell, which
are made of different metals), and let those clusters
be located at a large distance from each other in an
insulator with the dielectric permittivity e,,. Neglec-
ting the quantum-size effects, the work required to
transfer AN electrons from either cluster into the in-
sulator (ionization) and then into the other cluster
(sticking) can be found. The energy of electrons is
reckoned from their energy level in the insulator. As
a result, we obtain the equalization condition for the
chemical potentials of electrons in those clusters,

AN)? (1 1
—|WS—WC|AN+% <C+C) =0, (19)

where W(c)(em) is the work function for the semiin-
finite metal the shell(core) is made of, possessing the
flat surface, and contacting with the semiinfinite insu-
lator (therefore, this parameter depends on e, [33]),
whereas Cy and C. are the electric capacitances of
both clusters embedded into the insulator [34]. The
last terms in Eq. (19) is the charging energy of two
clusters with the capacitances Cs(€y,) and Ce(€en ). As
a result, we obtain

8megem RR:|Ws — We|
AN = .
e2(R+ R.)

(20)

Due to the contact, the electron concentrations in
the core and the shell change together with the Fermi
velocities in those metals. For example, if W, > W,
then, according to Eq. (8),

v A N, + AN

%_ ms (1> L, (21)
Vpg Mg Be Ny — AN
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where N. and N, are the numbers of conduction
electrons in the neutral core and shell, respectively,
i.e. before the core and shell recharging.

Let us make some estimates. For example, using
the values R, = 10 nm, ¢t = 5 nm, SB. ~ 0.3, W, =
= 4.52 eV, and Wy = 5.10 eV for Ag—Au particles,
we obtain N, = R3/r3 = 2.11 x 10°, Ny = (R3—
—R3)/73 = 5.08 x 10°, and AN ~ 11 < (N, Ny).
For the values R. = 20 nm and ¢ = 20 nm, we have
N, = 1.7 x 10%, Ny = 1.2 x 107, and AN =~ 24.
Therefore, since AN < (N, N;), the contact effect
in Eq. (21) can be neglected.

Figures 3 and 4 illustrate the frequency depen-
dences of the real and imaginary parts, as well as
the absolute value, of the electric and magnetic com-
ponents of the polarizability of the spherical Ag—Au
nanospheres with various sizes. Note that the func-
tion Re da(w) is alternating, whereas Im Ga(w) > 0
in the whole frequency interval. In addition, the
growth of the core radius (the increase of the Ag frac-
tion in the nanoparticle) results in a reduction of the
distance between the maxima of Re aq, Im aq, and
|&dal, and the increase of their magnitudes. Further-
more, the second maxima of Im & and |G| become
more pronounced. The polarizability maxima corre-
spond to the plasmon resonances in the core and
the shell.

On the basis of expression (10) for the frequency
of surface plasmons in a monometallic sphere, one
may expect a red shift of the plasma frequency when
the sphere radius R decreases. However, as follows
from Fig. 3, if R. decreases, and if the shell thick-
ness t remains constant, i.e. the total cluster radius
R decreases, the red shift of the first resonance really
takes place (the maxima of the curves in the sequence
3—2—1 are shifted to the left along the frequency
axis). The red shift of the second resonance is also
observed for the same curves, but it is much smaller.

At the same time, for the sequence 5 — 4 — 2 of
the curves (here, R, = const and ¢ decreases, so that
R decreases), the effect is opposite, i.e. a blue shift of
the resonances is observed. Thus, as the radius of the
sphere decreases, the resonances “repulse” each other.

Similar calculations carried out for the Au-Ag
and Ag—Al nanoparticles with the same R.- and ¢-
values resulted in the shift of all spectra (Fig. 3) to-
ward high frequencies and the repulsion between the
resonances. They also confirmed the indicated size-
induced red and blue shifts of plasma resonances.
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Fig. 3. Frequency dependences for the electrical component
of the polarizability of Ag—Au spheres in Teflon. Curves 1-
8: the shell thickness ¢t = 5 nm and the core radius R. = 10
(1), 20 (2), and 30 nm (8). Curves 4 and 5: the core radius
Rc = 20 nm and the shell thickness ¢t = 10 (4) and 20 nm (5)

In order to determine the influence of the selected
parameters, we also made calculations for the fol-
lowing parameters of the Drude theory: €* = 1
and m*/m, = 1. As a result, the whole picture of
resonances became shifted by about double frequen-
cies, but the size-induced red and blue shifts did not
change qualitatively.
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Fig. 4. Frequency dependences for the magnetic component of
the polarizability of Ag—Au spheres in Teflon. The parameter
values are the same as in Fig. 3

Thus, formula (10) describes the resonances only
partially. An analogous formula for a bimetallic
sphere has to make allowance for a substantial num-
ber of metal parameters (see Table), as well as the
radii of the core and the shell. Therefore, it is eas-
ier to perform the relevant analysis using numerical
methods in this case.

Figure 4 demonstrates the frequency dependences
of the magnetic polarizability of nanoparticles,

523



A.V. Korotun, A.O. Koval, V.V. Pogosov

10°

10° |

10" f

abs
@

Q

10° |

10" f

Sca
@

107 |
10-3 3
104 f
10°
10°°

9

2 2.5 3 3.5
ho,eV

Fig. 5. Frequency dependences for the absorption and scat-
tering efficiencies of Ag—Au spheres in Teflon. The parameter
values are the same as in Fig. 3

ag ®(w). Their specific features are similar, in whole,
to those shown in Fig. 3, but in accordance with
formula (4). In the examined frequency interval,
g ¥(w) < aa(w). But ag™(w) > aae(w) in the
far-infrared interval for a sphere with the indicated
size. Those inequalities determine the main contribu-
tion of the electrical and magnetic components to the
absorption efficiency.

The curves describing the frequency dependences
of the absorption and scattering efficiencies are de-
picted in Figs. 5 and 6. Since Q2 ~ Imda, the be-
havior of the curves Q&*(w) shown in Fig. 5, a is
similar to that of the dependence Iméag (w). Further-
more, Q% < Q2 (see Fig. 5, b) so that Q& ~ Q2P
and, therefore, the losses of the incident electromag-
netic wave energy are mainly governed by absorption
processes.

In Fig. 6, the frequency dependences of the ab-
sorption efficiency of bimetallic nanoparticles with
the same size but with different elemental composi-
tions are compared. Depending on which metal (Ag
or Au) prevails in the nanoparticle, either the sec-
ond or the first maximum is more pronounced. Howe-
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Fig. 6. Frequency dependences for the absorption efficiency of

the Ag-Au (a), Au-Ag (b), and Ag—Al (¢) nanoparticles with

t =10 nm and R =10 (1), 20 (2), and 30 nm (3)

ver, there are no Q2 (w)-maxima in the studied fre-
quency interval for the Ag—Al nanoparticles. Instead,
the absorption efficiency increases with the growing
frequency, which is especially noticeable for nanopar-
ticles with larger Ag cores.

In Fig. 7, a, the frequency dependences of the field
enhancement factor 4 for the Ag—Au nanoparticles
with R./R = 0.8 are shown. One can see that this
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quantity decreases as the distance from the nanopar-
ticle surface increases, and its maximum %,.. is
reached at fuw >~ 2.5 eV irrespective of the distance
from the nanoparticle surface. The influence of the
elemental composition on the value of the field en-
hancement factor at the fixed value R/r = 0.8 is
illustrated in Fig. 7, b. In this case, the maximum
of the quantity ¢4 becomes shifted, which is a re-
sult of the change in the frequency of the surface
plasmon resonance. Analogous dependences for the
Ag—Au nanoparticles with various values of the ra-
tio R./R are shown in Fig. 7, ¢. The reduction of the
R./R-value leads to an increase of ,.x owing to the
growth of the Au content in the nanoparticle.

An important application of nanoplasmonics is the
photothermal therapy of malignant tumors. After the
external pumping of light, the average temperature of
the sphere rises by AT. Provided that the optimum
temperature of the sphere should be 42°C, we obtain
that AT =42 °C — 36.6 °C = 5.4 °C.

The growth of the sphere temperature can be eval-
uated using the formula

1 IR .bs

TR O = T O 22)
where Iy is the intensity of incident light, and & the
thermal conductivity of the environment [36]. Let us
evaluate the temperature increase for a bimetallic
Ag—Au nanoparticle with the parameters R. = 10 nm
and t = 5 nm embedded into a Teflon matrix (k =
= 0.25 W/m/K and for the intensity Iy = 1 mW /um?
of incident green light with the wavelength \ =
=530 nm (the parameter values were taken from
work [36]). According to Fig. 6, we have Q25 = 10 at
hw = 2.34 €V, so that AT ~ 150 °C. If the nanopar-
ticle is embedded into water (x = 0.6 W/m/K and
€m = 1.77), then AT ~ 60°C. Such a temperature
growth exceeds the necessary one by about an order
of magnitude. However, it can be easily controlled by
changing the parameters of the sphere and the dis-
tance r from it because the spatial temperature dis-
tribution looks like AT /r at r > R.

Figure 7 illustrates the results of calculation ob-
tained for the field enhancement factor in the case of
a single nanoparticle. For a conglomerate of nearby
located spheres, there is a possibility to strengthen
the external fields both inside and near the conglom-
erate by orders of magnitude. Therefore, we may as-
sert that owing to this effect, the value of Iy in for-

AT ~
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Fig. 7. Frequency dependences of the field enhancement factor
(a) at various distances from the sphere surface for the Ag-Au
spheres with /R./R = 0.2, (b) at R/r = 0.8 for spheres with
R./R = 0.2 and various compositions, and (c) at the surface
of the Ag—Au spheres with various R./R values

mula (22) can be reduced by orders of magnitude,
which, nevertheless, will be enough to achieve a re-
quired temperature for the treatment of malignant
tumors. Perhaps, such therapy may probably occur
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per se, i.e. without using a fixed external radiation
source (Ip = 0) but only due to weak random sources
activated by the waves within the tissue transparency
window.

4. Conclusions

The spectral dependences for the real and imaginary
parts, as well as the absolute value, of the polariz-
ability of a spherical bimetallic (core-shell) nanopar-
ticle have been obtained. The frequency dependences
of the polarizability and the absorption and scatter-
ing efficiencies are calculated for nanoparticles with
various elemental compositions, core radii, and shell
thicknesses.

In the case of Ag—Au nanoparticles, the first or the
second maximum in the frequency dependences of the
imaginary part and the absolute value of the nanopar-
ticle polarizability turns out more pronounced de-
pending on which metal prevails in the particle com-
position. The maxima themselves correspond to the
plasmon resonances in the particle core or shell. If the
core radius decreases and the shell thickness is fixed,
i.e. the overall radius of the nanoparticle decreases,
an appreciable red shift of the first resonance and a
much smaller red shift of the second resonance take
place. In the case where the core radius is constant
and the shell thickness decreases, so that the outer
radius of the cluster also decreases, a blue shift of res-
onances is observed. Thus, as the radius of the sphere
decreases, the resonances “repulse” each other.

The scattering efficiency turns out much lower
than the absorption efficiency at the same frequen-
cies. Therefore, we may assume that the energy losses
of the incident electromagnetic wave are mainly asso-
ciated with absorption processes.

The behavior of the frequency dependences of the
absorption efficiency substantially depends on the el-
emental composition of the nanoparticles. The corre-
sponding curves for the Ag—Au and Au—Ag nanopar-
ticles have two maxima in the examined spectral in-
terval. But, for the Ag—Al nanoparticles, there are no
maxima at those frequencies (see Fig. 6, c).

It is shown that the maximum position of the field
enhancement factor is determined by the frequency
of the surface plasmon resonance.

The temperature growth near bimetallic spheres lo-
cated in various media due to absorption from exter-
nal sources is evaluated. Note that there is a possibil-
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ity to weakly heat the nanospheres in the radio fre-
quency interval, which is favorable for the deep ther-
apy of malignant tumors.
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Translated from Ukrainian by O.I. Voitenko

A.B. Kopomyn, A.O. Kosaav, B.B. Ilozocos

OIITUYHI XAPAKTEPUNCTUKI
BIMETAJIEBUX HAHOKYVYJIb

B poborti oxgepxxano dbopMyity aiis dacy pesakcamil eJIeKTPOHIB
Ha MOBEPXHI i MPOaHaJi30BaHO YaCTOTHY 3aJIE2KHICTh €JIEKTPH-
9HOI i MarHiTHOI KOMIIOHEHT IOJIIPU30BHOCTI JIBOIIApPOBOI Me-
TaJIeBOl HAHOKYJI. MaKCUMyMHU HOJIIPU30BHOCTI BiAIOBIIA0TH
IUTA3MOHHUM pe30HAHCaM sapa Ta 06ooukn. Po3paxynku 6yiro
[IPOBEJIEHO Jist GiMeTasieBux HaHOYacTUHOK Ag—Au, Au—Ag ta
Ag—Al, posramosanux y TedJioni. [IpogeMoOHCTPOBaAHO MOXKJIH-
BICTH KepyBaHHS ONTHYIHIMHI XapaKTEPUCTHUKAMU OiMeTaseBux
HaHOYACTUHOK 3MiHOIO X Mopdoutorii. IIpoBeneHo pospaxyHku
repepisiB eKCTHHKINI 1 po3citoBaHHA Ta (aKTopa IIiJCUICHHS
[10JIs1 B OKOJIi HAHOYACTUHOK Yy IIUPOKOMY CIIEKTPAJILHOMY iH-
TepBaJli 3a Pi3HUX CIIIBBIIHOIIIEHDL PO3MIPIB si/ipa Ta 0OOJIOHKH,
a TaKOXK OIIHEHO TeMIepaTypy OiMmeraseBol HAHOKYJI Ay dO-
TOTEPMIYHOI Tepalril 3JI0IKICHUX ILyXJIUH.

Katowoei caoea: biMerajieBa HAHOYACTUHKA, JIUIIOJIbHA I10-
JISIPU30BHICTD, JAieJeKTpudHa (DYHKIiS, IOBEPXHEBUI IIJIA3MOH,
daKTOp HiACUIEHHS OJIA.
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