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Abstract—The analysis and further development of the experimental-analytical approach for determining the values of
the optical parameters of nanosized particles for a system with a statistically inhomogeneous structure is presented. An
improved experimental-analytical method for determining the complex specific electric polarizability of nanosized particles
in systems with a statistically inhomogeneous structure is based on spectrophotometric and electron-microscopic measure-
ments on two-dimensional structures and application of analytical solution of Rosenberg’s spectrophotometric equations
with the consideration of analysis of particle size distribution.

Experimental spectrophotometric and electron-microscopic studies of nickel islet films with weight thickness from
0.3 nm to 2.0 nm deposited by high-vacuum sputtering on quartz substrates in the range of the spectrum 0.2 + 1, 1 pm are
performed. Islands nickel film presented morphological microstructure in the form of monolayers isolated from each other
nanoislands spherical surface nickel concentration (0.8 + 2.0) - 10*2 ¢cm2 and an average particle diameter 2.5 + 7 nm.

The optical characteristics, namely, the complex specific electric polarizability, optical electric conductivity of nanosized
nickel particles are determined in the spectral range 0.2 + 1.1 pm with the help of the improved experimental-analytical
method. A significant increase to one order of magnitude of the absolute values of complex specific electric polarizability of
nickel particles with a decrease in their size and in comparison with absolute values of complex specific electric polarizability
of model spheres with refractive index and absorption index of nickel in macroscopic volumes was revealed. It is established
that in the spectral dependences of optical electric conductivity of nickel nanoparticles in the range 0.2 + 1.1 pm there is
a band that diminishing size is shifted to a high-frequency region. In this case, the value of optical electric conductivity of
nickel nanoparticles monotonically decreases with a decrease in the size by 1-2 orders of magnitude. Comparison of the
obtained values of optical electric conductivity of particles in the range of the considered interval with the values of optical
electric conductivity of macroscopic samples of nickel in the studied range of the spectrum shows that in particles the value
of optical electric conductivity is 2-3 orders of magnitude smaller than that of bulk metals. It is shown that in the nanopar-
ticles of nickel absorption of “Drude” type in the near infrared region the spectrum is suppressed. The reason for this
phenomenon may be the change of the mechanism of low-frequency electromagnetic response in nanosized metal particles
in comparison with macroscopic metals.

The research results are of interest for the development and optimization of nanostructured systems with the inclusion
of nanosized nickel particles and functional devices based on them with given electromagnetic characteristics.

Ref. 22, fig. 4.
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l.  INTRODUCTION These applied and fundamental aspects cause consid-
erable attention to the study of the optical properties of
nickel nanoparticles. As a rule [1], [7], when solving
problems of developing nanocomposite systems and
optimizing their characteristics, the optical parameters of
nickel nanoparticles are identified with the optical param-
eters characteristic for nickel in macroscopic volumes. It
is obvious that in this case the optical parameters of nickel
nanoparticles should not depend on their size. In the liter-
ature, information on experimental optical parameters
(complex specific electric polarizability a = a3 - ia, cOm-

Nanocomposite systems based on nanosized metal
particles are of particular interest for integrated technol-
ogy, optoelectronics, informatics, and energy [1]-[3].
The prospects of using nickel nanoparticles to create:
electromagnetic filters, miniature laser emitters, light
modulators, photosensitive materials, protective and ther-
moregulatory coatings, high-speed optical devices, mag-
netic memory elements, high-sensitivity optical sensors
and increasing the efficiency of renewable energy sources
were noted in [4]-[6].
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plex permittivity ¢ = &1 - ie; and optical electric conduc-
tivity o) of metal nanoparticles is extremely limited [8],
[9]. The complexity of such experimental studies is that
the electromagnetic parameters of nanosized particles are
not accessible to direct measurements. They can be deter-
mined on the basis of experimental values of various
characteristics of the electromagnetic response of ensem-
bles of particles, such as islet metal films or composite
metal-dielectric structures.

So in [10] it was established by solving the inverse
problem of the well-known Maxwell-Garnett theory [2],
[11] that in the spectral range 0.5 + 6 um in islet nickel
films the values of ¢ (and, hence, &) of an individual na-
noparticle-island fall with a decrease in its diameter Do
(beginning with Do < 25 nm). It should be noted that in
[10] the values of Do were estimated indirectly by the
weight thickness of the films, and ¢ are given in relative
units.

We note that in the optical range of the spectrum
(0.2 + 1.1 um), the reliability of the available experi-
mental data on the dispersion and size changes in the elec-
tromagnetic parameters of particles raises serious doubts:
since they were obtained without accurate consideration
of the particle size and microstructure of the system, by
crude methods involving primitive model representations
of their electromagnetic response. An analytical solution
of the inverse problem of the spectrophotometric system
of equations of the Rosenberg theory was found in [12]
for the optical properties of two-dimensional systems
(monolayers or island films) [11]. The method for deter-
mining the real s and imaginary «» part of the complex
specific electric polarizability of an individual nanoparti-
cle in a system with a statistically homogeneous structure
was developed and justified on the basis of the obtained
analytical solution [12]. As a result of the application of
this method to nickel islet films with a statistically homo-
geneous structure on glass substrates, the values aa, o, of
nickel spherical particles in the spectral range of wave-
lengths 2 =0.4 + 1.1 um were determined [9].

It should be noted that in [8], [9] the microstructure of
the nanodispersed system and the particle sizes are esti-
mated formally under the condition of a normal particle
size distribution. This approach is fully justified for sys-
tems with a statistically homogeneous structure, for
example, for islet films with a weight thickness of up to
1nm and a low concentration of nano-islands and
depends on the type of substrate [13]. For systems with
a statistically heterogeneous structure, which, as a rule, is
typical in most island metal films [13], determining the
particle size without taking into account the statistical
analysis of their microstructural parameters leads to
a large error [14].

However, with further development of the experi-
mental-analytical approach, we improved the method for
determining the values of a nanoscale particle for systems
with a statistically inhomogeneous structure on the basis
of spectrophotometric and electron-microscopic meas-
urements on two-dimensional systems and the application
of Rosenberg’s spectrophotometric equations taking into
account the analysis of particle size distribution. It was
shown in [14] that the use of an improved experimental-

analytical method made it possible to increase the accu-
racy of obtaining experimental values of aa and w
nanosized particles.

In addition, in order to study the nature of the dimen-
sional changes in the optical parameters of nickel nano-
particles, it is of interest to expand the spectral range of
their experimental values. For this, it is necessary to
determine the values of a; and a; of nickel nanoparticles
in an islet nickel film on a fused quartz substrate with
a transparency band at electromagnetic radiation frequen-
cies from near infrared to near ultraviolet regions of the
spectrum. We note that nanoscale islet nickel films on
quartz substrate have a statistically inhomogeneous struc-
ture with a significant size fluctuation [15]. Therefore, it
is expedient to determine the experimental values of the
optical characteristics of nanosizeds nickel particles using
advanced experimental-analytical techniques for systems
with a statistically heterogeneous structure.

The present work is devoted to the determination of
the experimental spectral and size dependences of the
optical parameters a, o of nanosized nickel particles in
systems with a statistically inhomogeneous structure in
the spectral range A =0.2 + 1.1 um.

Il.  METHODOLOGY OF EXPERIMENT

An experimental analytical approach is used to ana-
lyze the electromagnetic properties of composite
nanostructured systems and to determine their electro-
magnetic parameter which establishes the relationship
between the electromagnetic parameters of the individual
components of the composite system and its response to
external electromagnetic effects. The general methodol-
ogy for analyzing the electromagnetic parameters of the
components of a nanostructured system in the framework
of the approach under consideration consists of an exper-
imental and an analytical block. The block of experi-
mental metrological support is based on the use of stand-
ard methods for studying the microstructure and electro-
magnetic parameters of materials. The analytical block is
based on solving the inverse problem of the equations
systems of a mathematical model describing the electro-
magnetic properties of the corresponding nanostructured
system.

To determine the experimental optical parameters of
nickel nanoparticles in a system (nanoscale islet film), the
model of the electromagnetic response of a two-dimen-
sional nanostructured system based on the use of Rosen-
berg’s spectrophotometric equations taking into account
the analysis of the particle size distribution is preferred
for use in the optical spectral range [14].

The model establishes the relationship between the
energy characteristics (transmission coefficient T, the
reflection coefficient from the film side R and the sub-
strate R'), the phase shift in the reflection and transmis-
sion of radiation in the system, with the microstructure
parameters (concentration, particle size) and the electro-
magnetic parameter of the nanoparticle (electric polariza-
bility) using Rosenberg’s spectrophotometric equations
[11].
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The model is considered under the following assump-
tions:

e the normal angle of the electromagnetic wave A
falling on the surface of the nanostructured sys-
tem;

o the surface concentration of particles No with
diameter Dy is sufficiently large, so that the dis-
tance between them is much smaller than the
length of the electromagnetic wave;

o particles are spherical and randomly distributed on
the surface of substrate with refractive index no.
The orientation of their dipole moments is arbi-
trary;

o the effective electric field in the film is determined
by the sum of the external field of the incident
wave and the wave scattered by all the particles,
taking into account the separation of the wave
scattered by the layer into a straight and reverse
wave;

o the electromagnetic properties of an individual
particle are determined by the specific (volume)
electric polarizability of the particle «, which is

characterized by the ratio a+b = % , Where
a and b are dimensionless parameters [11].
Specific electric polarizability is determined by the
!
ratio a = 4"7“ where V is the volume of a particle; «”is
the electric polarizability of a particle.
Spectrophotometric systems of Rosenberg’s equa-
tions have the form:
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The system of equations (1) connects T and R of a
nanocomposite system with effective complex polariza-
tion of the entire ensemble of nanoparticles of the system
P = P; + iP; and their average size. The system of equa-
tions (2) expresses P in terms of the specific electric po-
larizability « of the nanoparticle, the concentration and
size of the nanoparticle.

The microstructure of a nanostructured system is
characterized by parameters: particle size distribution
function, particle size, concentration which are deter-
mined taking into account the nanoparticle size distribu-
tion statistics based on the Pearson’s consensus criterion

2 [16].

The determination of T and R from the known values
of the electromagnetic parameters is called the direct
problem of spectrophotometry of a two-dimensional
nanocomposite system. The solution of the direct prob-
lem of the spectrophotometric equations (1) and (2) does
not present fundamental difficulties and is unambiguous.
The inverse problem of the Rosenberg’s spectrophoto-
metric equations is the calculation of the specific electric
polarizability of a nanoparticle according to known val-
ues of T, R. We obtained analytical solutions of the in-
verse problems of systems of equations (1), (2) [12].

The choice of the physical solution from two mathe-
matical roots (P; <0, P, > 0 and P, < 0, P, <0) of the so-
lution of the system of equations (1) and (2) was carried
out on the basis of the generally accepted principle —
according to the conditions of the anomalous dispersion
of the effective permittivity eeff = 1eff - icoert  Of
a nanostructured system near the dipole (Rayleigh) reso-
nance band in a separate nanoparticle. In accordance with
[1], €1eff > 0, &2t >0 in the region 1> /g and e <0,
&2t > 0 for A < Ag, and Ar is the resonant wavelength. In
order to find the conditions for the anomalous dispersion
of Pi, P, near Jg, it is expedient to use the relation

Eopr—1= iniDOP established in [11] between e and P.

It follows from the singularities of the dispersion e
in a neighborhood of Ar that the physical meaning in the
domain 1< Ag has a mathematical root with the values
P1 <0, P2>0, and in the range 4> Ar the root P, <0,
P2 < 0 (A is the point of the stitching of mathematical so-
lutions). It should be noted that in the spectrophotometric
systems of Rosenberg’s equations the concept of e for
two-dimensional systems is not introduced. At the same
time, comparing the results of investigations [1], [8], [9]
of the optical properties of three- and two-dimensional
systems, it can be concluded that the obtained conditions
for the anomalous dispersion of P; and P, near A are also
preserved in the case of two-dimensional systems. The
resonance wavelength Ag is determined from the condi-
tions [1]:

gl(lR) = —2¢,,
3
{ EZ(AR) = 0. ( )
where &, is the permittivity of the environment surround-
ing a particle.

Typically [1], when assessing Ar on expressions (3) is
used approximation ¢ = &n and en is determined by the
values of the refractive indices n and k of the absorption
of metals in macroscopic amounts. The data on nickel
n and k available in the literature [17], [18] indicate that
the dipole resonance in its particles (in the ¢ = em approx-
imation) should take place in the far ultraviolet region.
This serves as the basis for choosing in the investigated
range A > 0.2 um as the physical solution of the root with
P1 <0, P, <0 and the corresponding values a1, ax.

To determine the optical characteristics of nanoparti-
cles by experimental and analytical methods in experi-
mental software made a series of experimental models of
islet nanoscale nickel films and held their spectrophoto-
metric and electron microscopic studies.
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Nanoscale islet films of nickel with effective thick-
nesses of 0.5 + 2.0 nm were obtained by thermal evapo-
ration of nickel (with an initial purity of 99.99%) in a vac-
uum of 10® mmHg at a rate of 0.5 nm/s on thoroughly
quartz substrates heated to 650 K. The effective thickness
of the films and the rate of their deposition were con-
trolled by the quartz resonator method. After spraying and
cooling in vacuum to room temperature, the samples were
exposed to air.

Coefficients of transmission of T and reflection R
films were measured in the range of lengths of waves
A =0.2 + 1.1 microns with an accuracy of 3% at a normal
hade of light for a film on the spectrophotometer SF-16
with a special prefix for light reflection measurement.

Microscopic studies of the structural phase composi-
tion of nickel films were performed using an electron
microscope BS-613. Electron microscopic images
showed that nanoscale nickel films possess an island-like
statistically inhomogeneous structure, and the shape of
the islands is close to spherical.

The parameters of the microstructure of nickel island
films: the particle size distribution function, the average
particle size Do of the island particles, the average surface
concentration of No were determined by analysis of the
distribution of nickel nanoparticles in size using the Pear-
son criterion. With an increase in the effective thickness
of samples of nanosized films, the values of Do grew from
2.5 nmto 7 nm, and N, dropped, respectively, within the
interval (0.8 + 2.0) - 10*2 cm.

In addition, in order to compare the size and disper-
sion characteristics « obtained by the experimental-ana-
lytical method with the results given in [5], it is necessary
to determine the values of the optical electric conductivity
o of the nickel nanoparticles. Optical electric conductivity
of spherical particles is related to o by means of the rela-
tion:

_ i 9eqay
o= am (3—a1)?2+a3 w, (4)
where &, is the permittivity of the environment surround-
ing a particle. Formula (4) follows from expression [1],
[11]:
£—€&q
a= eqtf(e—eg) ®)
where f is the particle shape factor.

For a spherical particle f=1/3 [11]. In this case, ¢z and
o are determined by the relations [1], [11]:

o = 3[(e1—eq)(e1+28)+€5] (6)
1 (e1+2e4)2+¢3 ’
9eq &2
ay = ———— 7
2 (e1+2€4)2+€2’ ( )

where &1, ¢, are real and the imaginary parts of the com-
plex permittivity, respectively.

The permittivity and the optical constants of the film
(index of refractive n and absorption k) are related by the
relations [1]:

(8)

{el =n? —k?,
&, = 2nk.

The value of &, according to [19] was estimated on the
basis of the expression €, = (1 + &,)/2, where g is the
permittivity of the substrate.

The permittivity of the substrate was determined from
the measured values of the transmittance of the substrate

To, taking into account its dispersion dependence from the

- . 2 - - .
relationship T, = % where ng is the refractive index of
0

substrate [20].

IIl.  RESULTS AND DISCUSSION

The obtained experimental dispersion dependences of
the real 1 and imaginary o parts of the specific complex
electric polarizability of ultradisperse nickel particles are
shown in Fig. 1, and the dimensional ones in Fig. 2

For comparison, in Fig. 1 shows the dispersion de-
pendences of aini and ani of @ model spherical particle,
with properties of “bulk” (in macroscopic volumes) of
nickel. aini and aoni calculated from the formulas (5-8)
and the data on n and k for nickel in the macroscopic vol-
umes contained in [18].

From the above results it can be seen that dispersion
changes of a» of nickel nanoparticles are monotonic, and
their dispersion curves qualitatively coincide in the inter-
val 4 = 0.2 + 0.9 um with the corresponding dependences
for model particles with the properties of “bulk” nickel.
The experimental values of o1 and a2 grow to one order
of magnitude with decreasing particle size, and in com-
parison with the absolute values of o1 and a, of the model
sphere with refractive index n and absorption
index k of nickel in macroscopic samples.

From Fig. 2 it follows that when the size of the nickel
nanoparticle decreases from 7 nm to 2.5 nm, ez and
increase by more than three times in the blue region of the
spectrum, and approximately twice in the red region.

It should be noted that in the range A > 0.9 um, the op-
tical constants n and k of “bulk” nickel were determined
in [18] with a step A ~ 0.1 um. This probably explains the
differences between curves 1-5 and 6 (Fig. 1) for the spec-
tral dependences of o, for 2 > 0.9 pm. More detailed stud-
ies [17] of the dispersion of optical conductivity of con-
tinuous (d ~ 60 nm) chemically pure nickel films indicate
the detection of a weak band near /iw~1.4eV
(1 ~ 0.88 um), which is attributed to the long-wavelength
interband absorption of nickel.

The presence of this band is confirmed by the spectral
dependences of the optical conductivity ¢ of the nickel
particles are shown in Fig. 3. The optical conductivity
was determined from the experimental values of a1 and
o2 obtained on the basis of relation (4). In Fig. 3 also
shows the dispersion dependences o of nickel in macro-
scopic volumes, contained in [18].

A comparison of the dimensional and dispersion
dependences o obtained by us and in [5] showed that they
are qualitatively similar. In both cases (except for small
deviations caused by the long-wave band in the disper-
sion o), a decrease in ¢ with a decrease in the size of the
nanoparticles is observed.
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The significant difference in the dispersion ¢ of bulk
nickel and its particles attracts attention in the spectral
range A = 0.2 + 1.1 um. As is known [21], the absorption
of metals in macroscopic volumes is due to intraband
transitions of conduction electrons. In accordance with
the Drude model [21], o should increase with decreasing
hw, which is observed on the dispersion relation ¢ for
bulk nickel.

From Fig. 3, we can conclude that in nickel particles,
the “Drude” type absorption in the near infrared region of
the spectrum is suppressed. The reason for this phenome-
non may be a change in the mechanism of the low-fre-
quency electromagnetic response in ultradisperse metal-
lic particles in comparison with macroscopic metals.

From Fig. 3 it follows that the values of ¢ of the par-
ticle fall monotonically with decreasing Do by 1-2 orders
of magnitude. Comparison of the obtained values of o
particles within the considered range Do with the values
of ¢ macroscopic samples of nickel, silver in this spectral
range shows that in the particles the values of o are 2-3
orders of magnitude smaller than in bulk metals. We note
that, in order of magnitude, the o of nickel and silver par-
ticles are close to each other, and the degree of decay o
with decreasing Do depends little on the type of metal
[22].

It seems necessary to compare the results of studies of
nickel island nanoparticles on a quartz substrate using the
experimental-analytical method developed for systems
with a statistically inhomogeneous structure with optical

60
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A, pm

a)

parameter values for nickel nanoparticles in the “island
film on a glass substrate” system, obtained earlier in [9].
A comparative analysis of the spectral and size depend-
ences a1, az (Fig. 1, Fig. 2) with the corresponding values
for nickel islands nanoparticles for systems with a statis-
tically homogeneous structure [9] shows that they are
gualitatively identical. In quantitative terms, the differ-
ences between the experimental values of a1, oz for both
indicated cases reach 30%.

It should be noted that such significant quantitative
discrepancies are due to the following aspects:

e In [9], the microstructure of the nanodispersed
system and the particle sizes are estimated for-
mally from the corresponding histogram of the
particle size distribution for the pre-selected sam-
ples. This approach is completely justified for sys-
tems with a statistically homogeneous structure,
which is typical, for example, for islet films with
an effective thickness of up to 1 nm and a low con-
centration of nanoislands.

e For systems with a statistically heterogeneous
structure, which, as a rule, is typical for most is-
land metal films [13] determining the particle size
without taking into account the statistical analysis
of their microstructural parameters leads to a large
error [14].

0,2 0.4 0,6 0,8 1,0 1,2

A, pm

b)

Fig. 1 Spectral dependences of the real o; (a) and imaginary a, (b) parts of the complex specific electric polarizability of the nanoparticles of nickel
at different values of the diameter D, of the nanoparticles of nickel: 1-Dy=2.6nm; 2-Dy=3.4nm; 3—-Dy=5nm; 4-Dy=5.6 nm;
5 - D, =7 nm; 6 — for a model sphere with values of electromagnetic parameters characteristic of nickel in a macroscopic volume [18]
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Fig. 2 Dimensional dependences of the real o, (a) and imaginary o, (b) parts of the complex specific electric polarizability of the nanoparticles of
nickel at different valuesof 2: 1 -2=0.24 yum; 2-1=0.32 pm; 3-1=0.48 um; 4 -1 =1 pum
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Fig. 3 Spectral dependences of optical electric conductivity ¢ of nanoparticles of nickel at different values of their size Dy: 1 — Do = 3.4 nm;
2-Do=5nm; 3 -Dy=5.6 nm;4-Dy=7nm;5 - for a sample of nickel in a macroscopic volume [18]
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Fig. 4 The scatter of the values of the real (a) and imaginary (b) parts of the complex specific polarizability of nickel nanoparticles (on their
dimensional dependencies) determined for different hypotheses of the type of particle size distribution functions at 2 = 0.4 um

e The results of electron microscopic studies have
shown that islet nickel films on glass substrates
have a statistically homogeneous structure, and on
quartz substrates it is statistically inhomogeneous.

o Experimental information on the optical charac-
teristics of nanoparticles indicates the determining
effect of the actual distribution function of nano-
particles on their properties. The development of
the experimental-analytical method for determin-
ing the values of the complex specific electric po-
larizability of nanoparticles, taking into account
the analysis of the statistics of their distribution by
size, made it possible to increase the accuracy of
obtaining experimental values of the optical pa-
rameters.

Fig. 4 shows the dimensional dependences of a; and
oz of nickel nanoparticles in a statistically inhomogene-
ous system and shows the possible interval of the scatter
of the values of a determined for different hypotheses of
the form of the particle size distribution functions. Thus,
the accuracy of determining the values of «; and a; of na-
noparticles increases to 30% with using of experimental-
analytical method, taking into account the size distribu-
tion function of the nanoparticles for the investigated sys-
tems, by estimating the particle size (Do < 7 nm) with a
credible probability of 0.95.

CONCLUSIONS

The analysis and further development of the experi-
mental-analytical approach for determining the values of
optical parameters of nanosized particles in a system with
a statistically inhomogeneous structure is presented.

Experimental-analytical method for determining the
complex specific electric polarizability of nanosized par-

ticles in systems with a statistically inhomogeneous struc-
ture is based on spectrophotometric and electron-micro-
scopic measurements on two-dimensional structures and
using an analytical solution of the Rosenberg’s spectro-
photometric equations, taking into account the analysis of
particle size distribution, is proposed.

Experimental spectrophotometric and electron micro-
scopic studies of islet nickel films with weight thick-
nesses from 0.3 nm to 2.0 nm deposited by high-vacuum
deposition on quartz substrates in the spectral range
A=0.2+ 1.1 pm are performed. The island nickel films
represented a morphological microstructure in the form
of monolayers of isolated nickel nanoislands with a sur-
face concentration No= (0.8 +2.0) - 102cm? and an
average particle diameter Do = 2.5+ 7 nm.

Optical characteristics of nanodimensional nickel par-
ticles, namely, complex specific electric polarizability,
optical electric conductivity, using an improved experi-
mental-analytical method in the spectral range
A=0.2+ 1.1 ym are determined. A significant increase to
one order of magnitude of the absolute values of a1, a2
nickel particles with a decrease in their size and in com-
parison with the absolute values of a; and a2 model
spheres with refractive indices n and absorption k of
nickel in macroscopic volumes was found.

It is established that in the spectral dependences of ¢
of nickel nanoparticles in the range 1=0.2 + 1.1 um,
a band is observed which, with decreasing size, is shifted
to the high-frequency region. At the same time, the values
of the nickel nanoparticle decrease monotonically with
decreasing size by 1-2 orders of magnitude. Comparison
of the obtained particle values ¢ within the interval Dg
with the values of ¢ macroscopic samples of nickel and
silver in the investigated spectral range shows that in the
particles the values of o are 2-3 orders of magnitude
smaller than in bulk metals. It is shown that in nickel
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nanoparticles the absorption of the “Drude” type in the
near infrared region of the spectrum is suppressed. The
reason for this phenomenon may be a change in the mech-
anism of the low-frequency electromagnetic response in
nanosized metal particles in comparison with macro-
scopic metals.

Research results are of interest for the development
and optimization of nanostructured systems and func-
tional devices based on them with specified electromag-
netic characteristics.
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Peghepam—IIpencraBiennii aHa i3 Ta NOJANBLINNI PO3BHTOK €KCIIEPUMEHTAJbHO-aHAMITUYHOIO MiAX0AY /18 BH3HA-
YeHHs 3HAaYeHb ONTHYHUX NMapaMeTpiB HAHOPO3MiPHHX YACTHHOK B CHCTeMi 3i CTATHCTHYHO HEOTHOPITHOIO CTPYKTYPOIO.
BnockoHaneHunii ekcnepuMeHTAIbLHO-AHAJTITHYHNIT MeTOl BUZHAYEHHS] KOMILIEKCHOI MUTOMOI eJIeKTPUYHOI NOJIIPH30Ba-
HOCTi HAHOPO3MIPHUX YACTHHOK B CHCTeMAaX 3i CTATHCTHYHO HEOJHOPIAHOIO CTPYKTYPOIO 32CHOBAHO HA CNIeKTPo(doTOMeT-
PUYHMX i €JIeKTPOHHO-MIiKPOCKONMIYHUX BUMipaxX HA ABOBUMIPHHX CTPYKTYPaX i 3aCTOCYBaHHI aHAJITHYHOIO PillleHHSA cIle-
KTpPo(oTOMeTPHYHUX PiBHAHDb Po3eHOepra 3 ypaxyBaHHSM aHAJI3y po3MOAiTy YacTOK 3a po3MipaMu.

IIpoBeneHo ekcnepuMeHTANBHI cIEKTPOGOTOMETPUYHI TA €J1eKTPOHHO-MiKPOCKOMIYHI T0CTi/I>KEeHHSI OCTPiBKOBHUX ILTi-
BOK HiKeJI10 3 BAT0OBOI0 TOBLIMHOIO Bin 0,3 10 2,0 HM, HAHECEHHUX METOJ0M BAKYYMHOI'0 PO3IHJICHHS HA KBAPLOBI MiAKJIa KK
B Aiana3oHi cnekrpa 0,2 + 1,1 Mxkm. OCTpiBKOBi IVIIBKH HiKe/I10 mpeacTaB/sId MOPG0JIOriYHy MIKPOCTPYKTYPY y BULJIAAL
MOHOIIAPIB i30,1b0BAHUX OJMH BiJ 0HOI0 chepMYHUX HAHOOCTPIBKIB HiKe/II0 3 NOBEPXHEeBOI0 KoHUeHTpauiew (0,8 + 2,0) -
10'2 em? i cepeanim giaMeTpOM YacTHHOK 2,5 + 7 HM.

B cnexTpanbHoMy iHTepBani qoBxkuH XBWIb 0,2 + 1,1 MKM 0TpHMaHi eKcIepUMEHTAJIbHI ClIeKTPaJIbHi Ta po3MipHi 3a-
JIESKHOCTI eJIEKTPOMArHiTHUX napaMeTpiB, a caMe: KOMILJIEKCHOI ITUTOMOI eJIEKTPHYHOI MOJISPU30BAHOCTI i ONTHYHOI po-
BiTHOCTI. BUsIB/IEHO 3HAUHE 3POCTAHHSA A0 OHOT0 MOPSAAKY BeJUYNHU A0COTIOTHUX 3HAUeHb AiCHOI i yIBHOT YacTHH KOM-
IUIEKCHOI ITMTOMOI eJIEKTPHYHOI MOJIAPU30BAHOCTI YACTHHOK HiKeJII0 i Mpu 3MeHIIeHH] iX po3Mipy Ta B nopiBHsIHHI 3 adco-
JIIOTHUMM 3HAYEHHSAMM JilicHOI i YABHOI YaCTHH KOMILIEKCHOI MUTOMOI eJ1eKTPUYHOI MOJISIPU30BAHOCTI Mo/IeJIbHUX cdep 3
ONTHYHHMH NapaMeTPaMu I MAKPOCKOMIYHHUX 00’ €MiB Hike/10. BcTaHOBIIEHO, IO B CHEKTPAILHUX 32JI€KHOCTSIX ONTH-
YHOI NPOBIAHOCTI HAHOYACTHHOK HiKeJI0 B Jiana3oHi 10B:kMH XBWIbL 0,2 +~ 1,1 MKM crocrepiraerbes cMyra, sika 3i 3MeH-
IIEHHSM PO3Mipy 3Millly€TbCsl B BUCOKOYACTOTHY 00J1acTh. IIpn nboMy 3HaueHHsI ONTUYHOI NPOBIAHOCTI HAHOYACTHHKHU
HiKeJII0 MOHOTOHHO NAaJal0Th 3i 3MeHLIEHHAM pPo3Mipy Ha 1-2 nopsaaku BeJmunHU. [lopiBHAHHSA 0TPHMAaHNX 3HAYEHb ONTH-
YHOI eJIeKTPOHHOI MPOBiIHOCTi YACTHHOK B MesKaxX PO3IVIIHYTOIO iHTepBaJly 3i 3HAUEHHAMH ONTHYHOI eJIeKTPOHHOI Npo-
BiIHOCTI MakpocKoniyHUX 00’ €MiB HiKeI0 B 10CTIIKYBAHOMY Aiana30Hi CEKTPa MOKA3Y€, 0 B YACTUHKAX 3HAYEHHS OIl-
THYHOI eJIeKTPOHHOI MPOBITHOCTI Ha 2-3 MOPAAKH BeJUYHHH MeHIle, Hik B MacMBHUX MeTaJax. [loka3zaHo, o B HaHOYacC-
THUAX HiKeJI0 MOrJIUHAHHA "IpyAiBchbKkoro' tumy B 0JuskHil inpayepBoHiii 00macTi cnekTpa npuaymene. [Ipuunnoro
IbOro Moxke OyTH 3MiHA MeXaHi3My HU3bK0OYaCTOTHOIO €J1eKTPOMATHITHOI0 BIATYKY B HAHOPO3MIPHHMX MeTaJIeBUX YaCTHH-
KaX y NOPIiBHAHHI 3 MAKPOCKOIIIYHUMH MeTAa1aMH.

Pe3yabTaTu qociizKeHb MPeACTABIASIOTH iHTEpec AJs Ppo3po0KH Ta oNTUMI3alii HAHOCTPYKTYPHHUX cHCTeM i (pyHKIiO-
HAJILHAX NPHUCTPOIB Ha iX OCHOBI i3 3a1aHUMM e1eKTPOMATHITHUMH XapaKTePHCTHKAMU.

Bioa. 22, puc. 4.
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poii. YcoBepIIeHCTBOBAHHBIN 3KCIIEPUMEHTAIbHO-AHATUTHYECKHIT MeTO/ opeeIeHHs1 KOMILIeKCHOM y/1eJbHOI 3JIeKTpH-
4ecKoil MoJAPH3yeMOCTH HAHOPA3MEPHBIX YaCTHII B CHCTEMAX €O CTATUCTHYECKH HEOJHOPOJHON CTPYKTYPOil OCHOBAH Ha
CIeKTPOGOTOMETPHYECKHX M 3JIEKTPOHHO-MHKPOCKONHYECKHX H3MEPeHHsIX HAa JBYMEPHBIX CTPYKTYpaxX W NMpPHMEeHEHHUH
AHAIMTHYECKOT0 pellieHNs cneKTpo(oToMeTpHYecKNX ypaBHeHnii Po3enbepra ¢ yueToM aHain3a pacnpesejeHHs1 YaCTHIL
Mo pazMepam.

IIpoBeaeHbl 3KkcHepUMEHTANIbHBIE CIEKTPO(OTOMeTPHYECKHE U 3JIEKTPOHHO-MHKPOCKONMUYeCKHEe HCCIeJ0BAHUA OCT-
POBKOBBIX ILICHOK HHKeJs ¢ BecoBOil ToamuHoii ot 0,3 10 2,0 HM, HAHECEHHBIX METOJOM BAKYYMHOI'0 PACHBLICHUS HA
KBapleBble MOJJI0KKH B AHana3one cnexkrpa 0,2 + 1,1 mxM. OcTpoBKOBBIE IJICHKH HUKeJISI IIPEACTABJISAJIN MOP(doIoruye-
CKYI0 MUKPOCTPYKTYPY B BH/I¢ MOHOC/I0€B H30/IMPOBAHHBIX APYT OT APYra cepuyecKuX HAHOOCTPOBKOB HUKeJIS C II0BepX-
HOCTHOH KoHueHTpauueii (0,8 +~ 2,0) - 1012 cm-2 u cpeHUM AUaMeTPOM 4YacTul 2,5 + 7 HM.

B cnextpaabHOM mHTepBaJe JIMH BoJH 0,2 + 1,1 MKM noJiy4eHbl IKCIIePUMEHTA/IbHbIE CHIEKTPaJbHbIe U Pa3MepHbIe
3aBHCHMOCTH 3JIEKTPOMATHHTHBIX NMapaMeTPOB, 2 HMEHHO. KOMIUIEKCHOW yJeJIbHOW 3JIeKTPUYeCKOil MOJIsipu3yeMoCTH
M ONTHYeCKOii mpoBoauMocTH. OOHApY:KeH 3HAYUTEAbHBINH POCT A0 OJHOI0 MOPSAAKA BeJUYHUHbI a0COJIOTHBIX 3HAYEHHI
AedCTBUTEJbHOW U MHUMOM 4YacTedl KOMILIEKCHON yIeJbHOH 3J1eKTPHYecKOil MOJIAPHU3YeMOCTH YACTHUI HUKeJS M NpHU
yYMeHbIIEHHH UX pa3Mepa U 10 CPABHEHHIO ¢ A0COTIOTHBIMHU 3HAYEHUSIMU 1efiCTBUTEIbHOI U MHUMOI YacTeil KOMIIEKCHOI
YAeJIbHOI 3JICKTPHYeCKOI MOIAPH3yeMOCTH MOJEJIbHBIX c()ep ¢ ONTUYECKUMH IAPAMETPAMH VI MAKPOCKONMYEeCKHX 00b-
€MOB HHKeJIsl. YCTAHOBJICHO, YTO B CIIEKTPAJIbHBIX 3aBUCHMOCTAX ONITHYECKOM NPOBOAMMOCTH HAHOYACTHUI HUKeJIS B 1HA-
na3oHe JJuH BoJH 0,2 + 1,1 MmxkM Ha0/1101aeTcsl 10710¢a, KOTOPAsi ¢ YMEHbLIEHHEM pa3Mepa CMellaeTcsl B BBICOKOYACTOTHY IO
o0acThb. Ilpu 3TOM 3HaYeHHSI ONTHYECKOI MPOBOANMOCTH HAHOYACTHIBI HUKeJISI MOHOTOHHO NA/IAI0T C YMEHbIIIEHHEeM pa3-
Mepa Ha 1-2 mopsaka BeanunHbl. CpaBHeHHe MOJTYYEHHBIX 3HAYEHHII ONTHYECKOl 371eKTPOHHOI NPOBOAMMOCTH YACTHIL
B NpesieJiax pacCMOTPEHHOI0 MHTEepPBaJia €O 3HAYEHHSIMH ONITHYeCKOM 3JIEKTPOHHOIl MPOBOAMMOCTH MAaKPOCKONMHYEeCKHX
00beMOB HHKeJIsl B HCCJIelyeMOM JHANAa30He CIEeKTPa MoKa3bIBaeT, YTO B YACTHIAX 3HAYEHHUs ONTHYECKOIi 3JIeKTPOHHOIH
NMPOBOAMMOCTH Ha 2-3 Mopsi/iIka BeJINYHHBI MeHbIIIe, YeM B MaCCMBHBIX MeTaJl1ax. [lokazaHo, 4T0 B HAHOYACTHLAX HUKEJIS
MOIJIOLIeHHe “ApyAeBCcKOro” Tuna B 6sim:xHeil nHppaxkpacHoii 001acTH cnekTpa noaasaeHo. [Ipu4nHoii 3TOr0 MoKeET OBITH
H3MEHEHHEe MEXaHH3MA HU3KO0YACTOTHOI0 3JICKTPOMATHHTHOI0 OTKJIMKA B HAHOPA3MEPHBIX METAVINYECKUX YACTHIAX 110
CPAaBHEHHUIO ¢ MAKPOCKONUYECKUMH MeTAJLJIaAMH.

Pe3yabTaThl Hccilel0BaHMIl NMPeACTABJIAIOT MHTepec JJisl pa3spadoTKH M ONTHMH3ALMHM HAHOCTPYKTYPHBIX CHCTEM
" QYHKIHOHATBHBIX YCTPOIiCTB HA MX OCHOBE € 33aIaHHBIMH 3JIeKTPOMAarHUTHBIMH XapaKTepHCTHKAMH.

buoa. 22, puc. 4.
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