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Abstract. In recent years, there has been increasing interest in the study of the optical
properties of metallic nanostructures. This interest is primarily related to the practical
application of such nanostructures in quantum optical computers, micro- and nanosensors.
These applications are based on the fundamental optical effect of excitation of surface
plasmons. Surface plasmons are electromagnetic excitations of electron plasma of metals at
the metal-dielectric interface, which are accompanied by fluctuations in the surface charge
density. The consequence of this phenomenon is surface plasmon resonance (SPR) — an
increase in the energy absorption cross-section of a metal nanoparticle as the incident light
frequency (laser irradiation) approaches to the frequency of the nanoparticle SPR. The SPR
frequency for metallic nanoparticles in a dielectric matrix e, is found. Light-excited
plasmon vibrations of conduction electrons in metallic nanoparticles located in a dielectric
matrix will eventually attenuate due to various relaxation processes, in particular due to
interaction of the conduction electrons with the crystal lattice (electron-phonon interaction)
or due to electron-electron interaction at the surface of the nanoparticles, when the average
free electron path in the nanoparticles exceeds its size. It defines the natural width of SPR
line. It has been shown that oscillations of the SPR line width can be observed in metallic
nanoparticles with a change in the dielectric constant of the medium in which they are. The
oscillations are well expressed in nanoparticles with smaller radii and disappear for
nanoparticles of larger radii. The magnitude of these oscillations increases with decreasing
the nanoparticle radius and increases markedly with increasing the dielectric constant of the

environment.

Keywords: metal

nanoparticles,

conduction electrons, surface plasmons, plasmon

frequency, surface plasmon resonance line width, dielectric medium, dielectric constant.

https://doi.org/10.15407/spge023.03.308
PACS 73.20.Mf, 78.20.Ci, 78.67.Bf

Manuscript received 02.03.20; revised version received 20.05.20; accepted for publication
10.09.20; published online 22.09.20.

1. Introduction

The optical spectra of metallic nanoparticles are
characterized by the presence in the visible light range of
a pronounced resonance band called the surface plasmon
resonance (SPR) band. This phenomenon — appearance
of local surface modes of oscillations inherent to free
electrons at the surface of the metal nanoparticles — is of
interest from both theoretical and practical points of
view. The presence of enhancement of local fields in
metal nanoparticles caused by SPR can significantly
increase the efficiency of solar cells, create a new
elemental base for the means of information transmitting
and processing [1]. In addition, this resonance interaction
is accompanied by a number of nonlinear optical effects,
such as increased light absorption efficiency, enhance-

ment of luminescence, Raman scattering as well as others
that have been successfully used to enhance the
resolution of microscopes [2], precision drug trans-
portation and treatment of tumor diseases [3]. It is known
that location of the SPR band is significantly influenced
by the shape of nanoparticles and dielectric properties of
the environment (dielectric matrix) [4]. These properties
of metal nanoparticles can be used to improve the
sensitivity of chemical and biological sensors [5]. Plasma
structures are used to improve the efficiency of thin-film
solar cells — placement of metallic nanoparticles onto the
surface, inside or between photosensitive layers of solar
cells (SC). [6]. In these structures, metal (plasmon)
nanoparticles can primarily act as additional scattering
elements for the long-wave component of sunlight
illuminating SC. In particular, in the presence of a
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reflecting rear metal contact, the light reflected in the SC
surface direction will be partially redirected by the metal
nanoparticles back to the semiconductor. Thus, the
incident light will at least once more pass through the SC
material, thereby increasing the length of its optical path
and increasing the likelihood of increasing light
absorption by the light-sensitive semiconductor layer of
SC. Also, to improve the efficiency of energy conversion
in solar cells, a layer of organic PEDOT polymer, which
contains metal nanoparticles, namely gold and silver, is
used [7, 8]. In addition, to increase the efficiency of thin-
film SC, the effect of resonant excitation of plasmon
modes in metal nanoparticles enclosed in a
semiconductor matrix can be used. Then, the metal
nanoparticles (5...20 nm in size) will serve as effective
“antennas” for the incident light. Localized plasmonic
modes will appear on the surface of the metal
nanoparticles, due to the energy of which additional
generation of electron-hole pairs in the semiconductor
will occur, and thus the solar cell efficiency will increase.

In this paper, the effect of the dielectric medium on
the width of the SPR line in metallic spherical
nanoparticles contained in a dielectric matrix has been
studied. It is shown that oscillations of the width of the
SPR line can be observed in metallic nanoparticles with a
change in the dielectric constant of the medium in which
they are.

2. Theoretical part

The absorption and scattering spectra of metallic
nanoparticles are characterized by the resonance bands
that are absent in bulk materials. The nature of these
bands is related to the collective behavior of the
conduction electrons of metallic nanoparticles in the light
(laser) wave field. In the electron gas of metals, like to
that in plasma, collective vibrations — plasmons — can be
excited. The plasma (plasmon) frequency (i.e., the
frequency of the bulk plasma oscillations)

®, =/4me?/m (e — electron charge, n — concentration

of electrons in a metal nanoparticle, m — effective
electron mass) is one of the most important
characteristics of metal in general and metal
nanoparticles in particular. For most metals, its order
value 10" s, that is, it coincides with the frequencies
of free electromagnetic waves in the ultraviolet range.
In addition, appearance of the so-called surface
plasmons is possible in metallic nanoparticles. The
surface plasmons in metallic nanoparticles are called
collective electron density fluctuations at the boundary
of the metal nanoparticle. Excitation of surface
plasmons by light (laser radiation) is as follows. The
electric field of the light (laser) wave shifts the cloud of
free electrons and creates uncompensated charges
around the surface of the nanoparticle (Fig. 1) and
causes coherent oscillations of the electron cloud near
the equilibrium position due to the returning forces of
uncompensated charges on the surface.

Electronic cloud

Electric field

~ae

Fig. 1. Schematic representation of localized plasmonic
oscillations in a metal nanoparticle arising under the influence
of laser radiation.

The optical resonance associated with these
oscillations is called localized surface plasmon
resonance. In general, the natural frequency of these
oscillations does not coincide with the frequency of the
incident electromagnetic (laser) wave and is defined by
many factors, including the concentration and effective
mass of the conduction electrons, the shape, structure and
size of the nanoparticles, the interparticle interaction and
the influence of the environment. However, for an
elementary description of the optics of nanoparticles with
SPR, a combination of ordinary dipole approximation
and Drude theory is sufficient for the dielectric function
of a metal. The essence of SPR is that the cross-section
of light absorption by a metal nanoparticle resonantly
increases as the frequency of the external field (laser
wave) approaches to the frequency of plasmon localized
in the metal nanoparticle. That is, the localized plasmon
behaves like a regular oscillator in relation to the
response to external perturbation.

Let us now analyze absorption of laser radiation in
metal nanoparticles at the frequencies close to SPR.
Consider nanoparticles, which linear dimensions are much
smaller than the wavelength of laser radiation A. In this
case, the metal nanoparticle is in spatially homogeneous,

but oscillating electric E = E, exp [i {IZF—mt}] and

magnetic I:|:I:|0exp [i {Ef—wt}] fields in time. The
electric field of laser wave induces a local potential electric
field E,, inside the metal nanoparticle, which in turn

causes an electric current J, . The magnetic field of laser
wave induces a vortex electric field E, in the
nanoparticles, which leads to the emergence of eddy

electric current J,, (Foucault current). Therefore, the total

energy of electromagnetic (laser) wave W absorbed by the
metal nanoparticle will be equal [9]:

W =W, +W,, :%Rej(je Ef +J,, E\fr)dF,

\Y

)

where V is the volume of nanoparticles.
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The first term corresponds to the electric absorption
and the second one to the magnetic absorption. Thus, to
determine the total energy absorbed by a metal

nanoparticle, it is necessary to know the potential E, and
eddy electric fields E, inside the particle, and the

corresponding currents j, and j, . Therefore, the

processes of absorption of light (laser radiation) by metal
nanoparticles need to take into account both electrical
and magnetic absorption. In what follows, we will only
consider the case where electrical absorption is
prevailing. In addition, we assume that the size of the
metal nanoparticle is much smaller than the average free
electron path l.. In this case, the collision of the
conduction electrons with the surface of the metal
nanoparticle becomes the most influential relaxation
process and therefore other relaxation processes, such as
diffusion scattering of electrons by the surface of the
nanoparticle, can be neglected.

(0,b,0)

Fig. 2. Schematic representation of the ellipsoidal nanoparticle.

Fig. 3. Elongated spheroid (a > b =c).

Fig. 4. Flattened spheroid (a =b > c).

The absorption of light (laser radiation) by a metal
nanoparticle also depends essentially on its shape. The
most widespread model of nanoparticle shape is a three-
axis ellipsoid a > b > ¢ (Fig. 2).

From the viewpoint of practical application,
nanoparticles in the form of elongated or flattened
spheroids — which are formed by the rotation of an ellipse
around a short or long axis — are of greatest interest. Figs
2 and 3 schematically illustrate these two types of
rotational ellipsoids.

In the case of an elongated spheroid (Fig. 3), its two
small half-axes are equal to each other (b = c), whereas
in the case of a flattened spheroid (Fig. 4) its two large
half-axes are equal (a = b).

If you introduce the designation R; for the large
half-axis, and R, for the small half-axis of ellipsoid, then
in the case of elongated spheroid Ryj=a >R, =b=c, and
the flattened Ry=c <R, =a=h.

Analytical expressions for the longitudinal
geometric factor L,=L, of elongated (R;>R,) and
flattened (R, < R,) spheroids with the eccentricity e, are

as follows [9]:
In[ ]— 2ep]

elongated spheroid, R, >R, , e =1-

2
e2 -1

2
2¢?

1+ep

1—ep
AT
2 1

e2

3
p

1_
2e

r_ arctg
2

RY

R

flattened spheroid, Ry <R, €5 =1-
)

The longitudinal L, and transverse L, geometric
factors for spheroids satisfy the relation L+ 2L, =1 (for
the case of a sphere Ly =L, = 1/3).

Fig. 5 shows the longitudinal geometric factors
Ly=L, for the elongated and flattened spheroids
calculated using the formula (2). From Fig.5, in
particular, it is seen that the shape of the flattened
spheroid changes from a disk (e;=1) to a ball (es=0),
and an elongated spheroid from a needle (es = 1) to a ball
(es=0).

Now let’s consider how the environment affects the
surface plasmon resonance frequency. Suppose that a
metal nanoparticle of an ellipsoidal shape (for simplicity,
spheroidal) with the dielectric function g(w) is in a
medium with the dielectric constant e For simplicity,
we assume that Re e, =¢, (i.e., the real part of the
dielectric constant inherent to environment is
independent of frequency), and its imaginary part is zero
Im =¢g,. Inthis case, the relationship between the inner
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Fig. 5. Dependence of longitudinal geometric factors for
elongated (1) and flattened (2) spheroids on the eccentricity
[10].

(local) field generated in the nanoparticle E,j and the

external electric field of the laser wave I§oj is given by
the following relation [11]:
Elj - €m Eé .
em+Lj(e(@)-en)
If we now substitute (3) into (1), then we find the
energy absorbed by the metal particle per unit time W,

for the case where the main mechanism of energy
absorption is electrical absorption:

1 3
We=EVZ

5

= 4l -

= [am +LJ-(fs'—sm)]z-',-(7T JG”)
I0)

3

~ 12
ezm‘EOJ‘

(4)

Here, ¢’ is the real part of the complex dielectric
function of a metal nanoparticle.

For the frequencies of electromagnetic field o those
are large as compared to the frequency of electron
collisions with scatterers y within the Drude model, we
can assume that &'(®)=1+g;, —(o)p/(o)2 (e — an
additive to the dielectric function of the nanoparticle that
takes into account the interband transitions) [12].

Upon receipt (5), the imaginary part of the dielectric
function of the metal nanoparticle material was
considered to have the form Ime(w) = 4nc j;(w)/o . Now,

taking into account the approximations made, instead of
(4) we obtain the following expression for the energy
absorbed by the metal nanoparticle per unit time:

2 4|g]
gm0 |Ed

If we introduce the notation
Lim :Lj/[(l— Lj)sm +L Soo] , then from (5) for W, we
get the following expression:

L& (eno? '-jm/'-j)z‘éé ‘2011
W, = 5vz . (6)
=1 [mz—(o?m]z +(4nijcsjj)20)2
Here, (5) and (6) introduce the notation
€ =1+€jy -

From (6), it follows that the SPR frequency for the
spheroidal nanoparticle ws, Which is in the dielectric
medium with a dielectric constant g, will now be given
by the following expression:

L
L j . 7
Ores = O jm \/ (1— Lj)8m+|-j (1+8int)mp v

It follows from (7) that for particles of the
ellipsoidal shape there are at least two SPR frequencies —

longitudinal o (L; +L;) and transverse wpq(L; +L, ).

For the spherical nanoparticle Lj=L; =L, =1/3, & =0
and for the SPR frequency, we obtain the following
expression:

©Op

Dppe= ;) F—————, 8
res m m ( )
Excited by light plasmon vibrations of conduction
electrons in metallic nanoparticles contained in a
dielectric matrix, they attenuate over time due to various
relaxation processes, in particular, due to interaction of
the conduction electrons in the nanoparticles with the
crystal lattice (electron-phonon interaction) or due to the
scattering of electrons by the inner surface of the
nanoparticles, when the average electron free path in the
nanoparticles exceeds its size. It defines the natural width
of the SPR line ['(w, &,) (full width at half maximum),

which in general, based on (6) and (7), can be entered
using the relation:

F(o),sm):41tijcjj =

ci(®). (9

i
-1, )en+Lje.,

It can be seen from (9) that the width of SPR line

(or as it is called the SPR attenuation rate) for a metal

nanoparticle contained in a dielectric matrix depends on

the corresponding (diagonal) components of the optical

conductivity tensor for the nanoparticle o (), its

geometric shape (geometric factor Lj), and dielectric
constant of the dielectric matrix (environment) &,

1 3
We=2V2, .

Ljop

®)

4TELJCTH

= [(1-1;Jem + L8, F x

[z_

2 2
2
(1—Lj)am+Ljst +[ (1—Lj)sm+Ljaw] ©
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The line width (speed of extinction) I'(w, &) is an
important characteristic of SPR. The parameter I'(w,,,)

is the main parameter important for evaluation of the
possibility to use the SPR phenomenon in nanosensorics
[13], in photovoltaics [6], and in computing [14].
Therefore, as it follows from (9), in order to find the
width of SPR lines in a metal nanoparticle I'(w, £, ), it is

necessary first to ascertain the frequency dependence of
the real part of the nanoparticle conductivity tensor
(o).

There are different ways to calculate it. We turn to
the method of kinetic equations proposed in [15]. Its
advantages, in particular, include the ability to study
nanoparticles which dimensions are so small that the
scattering of conduction electrons by the inner surface of
the nanoparticle begins to play a major role. We will
confine ourselves to considering the nanoparticles of
spheroid shape. In [15] obtained was a general view for
the electric energy absorption of laser radiation
(electromagnetic waves) by metal nanoparticles of the
ellipsoidal shape in the form:

3 223
1 = ne’m°R
W, ==R j.] EVJdf = ————
e =5 N€ (e J)r (2mn %

j=1
><Re|:

J|\7I§?|8(€—8F)‘I’(ﬁ)d\7]

where R is the radius of the sphere corresponding to the
ellipsoid in the deformed coordinate system, v — velocity
of conduction electron in the nanoparticle, € = mv?/2 —
electron energy, s — Fermi energy, v — frequency of
collisions between conduction electrons in the
nanoparticle. In addition, introduced in (10) is the
following notation [14]:
)

(10)
1

y—i®

4 2 4

4

___(14_1
3.9 ¢ ¢’ g

¥(a)

q=q1—iq2=zv—3(v—iw)- (12)
Note that the formula (10) describes the electrical
absorption of laser radiation by a metal nanoparticle of
an ellipsoidal shape at an arbitrary ratio between bulk
and surface scattering.
If g>>1, from (11) it follows that when
¥(q)~4/3 (bulk displacement is predominant), then

from (11) we obtain:

(12)

Here, t=1/y is the time of free electron travel

between collisions, n=87t(va)2/3(27ch)3 — electron

concentration, Vg =4/2¢:/m — Fermi speed.

From (12), the known Drude formula for the real
part of the dielectric function of the nanoparticle directly
follows o(w)= eznr/m(1+ 0321:2).

We now consider the case where nanoparticle sizes
are smaller than the average electron free path (surface
scattering dominates). This situation is matched by
inequality g, =(2y/V)R<<1. As for the parameter

9, = (20/V')R, it can be either larger or smaller than
unity. Therefore, two limiting cases can be considered:

(13)
(14)

If you enter the frequency of electron oscillations
between the walls of the nanoparticle
s =Vg /2R ~V'/2R, it can be assumed that the case (13)

corresponds to high-frequency (w >> ;) and the case
(14), when (w<<w;), to the low-frequency surface
scattering.

If we neglect the bulk scattering (q; — 0), then for
g, from any of (12) it follows:

Re{ ! ‘P(q’)}zi 1—isinq2+%(l—cosq2) =
Y—lo ®q; 4z 2
EV— 1 2lsmv—+— l1-cos—|]|.

®2 oR  oR 20R oR

(15)

Substituting (15) into (10), we obtain the general
expression for the laser radiation energy (electromagnetic
wave) absorbed by a metal nanoparticle of a spheroidal
shape (electrical absorption) as follows:

ne’m3Rr?

ool

(16)
XI‘VE|O‘2V'dV5(8—8F)

To study the dependence of the influence of the
shape of the nanoparticle on the absorption (to find the
components of the conductivity tensor of the
nanoparticle), it is sufficient to limit by the rotational
ellipsoids. In this case, for the “deformed velocity” of the

electron V', we can use the relation

2 2
cos0
+— .
R
l
Here, 0 is the angle between the axis of rotation of

the spheroid and the direction of the velocity of electron,
v — velocity of electron in a spherical particle of radius R.

sin®

vV =VvR || —
5

L

(17
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3. Results and discussion

We apply our theory to metallic spherical nanoparticles.
In this case R, =Ry =R, then V', q and ¥(q) cease to
depend on the angle 0, and from (17) for the real part of
the electrical conductivity of the spherical nanoparticle
osp () we obtain the following expression (provided that

Os >>7, V' ZVp):
{1— 2 (1—cosﬂﬂ.
(DS

(18)
For a spherical particle, the geometric factors
Ly=L,.=1/3 and then from (10), taking into account
(18), we obtain the following expression for the SPR
attenuation rate (SPR line width) in the spherical
nanoparticle I'(e, &, ):
]2
2

()] ()]
25 1-cos—
w (‘OS

2
205

0)2

3 60% Vg
16m »? R

O . O
Sin—
(DS

+

O (®)

(O]

_ 8
2(2e, +1)

O

(O]

VE

F(w,em)z R X

b ]

Considering only the first additive in (19), we
obtain the well-known (1/R) dependence for the SPR
attenuation rate in a spherical particle [16]:

©p

gl

()

As it follows from (19) and (20), the lifetime of
SPR (SPR line width) in a spherical metallic nanoparticle
depends on both the particle radius R and the frequency
of the laser-excited SPR ® and consists of two additives
describing the smooth I’y part and the oscillating one
inherent to the SPR line width:

(19)
20,

(O]

.0
sin—
(DS

+

3

\'
h=— F
0" 22, +1)

R’ (20)

2
3 ®p | Ve
I (0en)=———|—| =&
o (0m) 2(28m+1)[wj 2R
(21)
2
{—ﬁsin2+ (025 (1—(:052]}.
o [ ) (O
For the frequency wzcoreszoop/,/ng +1

corresponding to the excitation of surface plasmons in a
spherical metallic nanoparticle embedded into a dielectric
matrix having a dielectric constant g, > 1 from relation
(21) in energy units, the following parameter can be
entered:

3nve _

4 R

Ehco

5 (22)

res _
1—‘O - S

and at the SPR frequency mrefﬁ)p/«/zgm +1 for the

oscillating part of the line width the following expression
can be obtained:

2
3 h(v
r'sR,e,)=——| —+& A 26 +1x%
osc( ) 4mp(2RJ m
. 2Ro, Ve 28, +1 2Rw
x| —sin + 1-c0S—F———
Vey2en +1 2Rw Veq/2e, +1
(23)
provided that s >>1v. The amplitude Alee and period T

of these oscillations can be estimated using the
expressions:

2
res _ 3 M (Vg
== D2 J2e, +1
* 40,\2R meT @)
T=-""[2¢,+1. (25)

@y

Therefore, the total width of the full SPR line for a
spherical metal nanoparticle at the plasmon resonance

frequency = mp/,/Zsm +1
[es(R,e,) consists of two terms that describe the
(R, e, ) parts of the SPR

0sc

in  energy units

smooth T§

line:
lﬂres(Rl gm): F0res + F::(R’ Sm):

and oscillating

3mve 3 h (v Y
=P | B 2 +1x
4 R 4mp(2R) m
< sin 2Ra +VF1/28m+1 1 cos 2Rw .
VF\/ZSm +1 2Rw Veq/26, +1

(26)

Let us consider the calculated dependences of the

full and smooth width of the SPR line on the dielectric

constant of the environment for K and Ag nanoparticles

shown in Fig. 6. It follows, in particular, that both the

amplitude and the oscillation period of the SPR line

width increase in small spherical K and Ag nanoparticles

placed in a dielectric matrix with a larger dielectric

constant &,. However, the amplitude of plasmonic

oscillations decreases quadratically with increasing the
radius of the spherical nanoparticle.

As can be seen from Fig. 6, since the magnitude of

em increases, the width of the SPR line gradually

increases and increases around its smooth part T'5*°. The

oscillating additive to the SPR line width (R, &) i

an important correction to I;*°, especially for the

particles of small radius (the oscillations of the SPR line
width are well expressed for K and Ag nanoparticles of
small radii and practically disappear for large
nanoparticles. The least admissible nanoparticle radius
that can be considered in the framework of the above
theory is limited by some value R, = 2ni/mvg . For K

nanoparticles, this value is R, = 0.855nm.
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Fig. 6. The dependence of full (solid lines) and smooth (dashed lines) components of the width of the SPR line on the dielectric
constant g, of the environment for spherical nanoparticles K (a) and Ag (b) with the radii of 20, 30 and 50 nm.

Figs 6a and 6b also show that as the radius of the
spherical nanoparticle grows, the width of the SPR line
decreases substantially and increases around a certain
constant value in mediums of greater value g, The
magnitude of these oscillations is larger, the smaller the
size of the nanoparticle, and the larger ¢,

4. Conclusions

Theoretical studies have shown that in metallic
nanoparticles contained in a dielectric matrix, under the
conditions of surface plasmon resonance, the full width
of the SPR line in a spherical metal nanoparticle depends
both on the radius of particle R and laser radiation
frequency o exciting this SPR, which is described by the
smooth and oscillating parts of the SPR line width. The
oscillations are well expressed for nanoparticles with
smaller radii and disappear for nanoparticles of larger
radii. The magnitude of these oscillations increases with
decreasing nanoparticle radius and increases markedly

with increasing the dielectric constant of the
environment.
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IupuHa JiHil TOBEepPXHEBOro MUIA3MOHHOI0 Pe30HAHCY B ChepHYHHX MeTaJIeBUX
HAHOYACTHHKAX

A.A. Bimok, O.10. Cemuyk, O.0. I'aBpuiniok

AHoTtanisi. B octaHHI poku 3pic iHTepec 10 BHBYECHHS ONTHYHHMX BJIACTHBOCTEH MeTaneBUX HaHOCTPYyKTyp. llei
IHTEpecC y Meplly 4Yepry IOB’S3aHUH 3 MOXKJIMBICTIO MPAaKTHYHOTO 3aCTOCYBAaHHS TaKMX HAHOCTPYKTYP Y KBaHTOBHUX
ONTHYHHUX KOMIT FOTEpaX, MiKpo- Ta HaHOCEHcopaX. B OCHOBI LMX 3acTocyBaHb JEKHUTh (PyHIAMEHTAIBHUH ONTHYHUH
e(exT 30yMIKEeHHS TTOBEPXHEBHUX IUIa3MOHIB. [IoBepXHEBi IIa3MOHU — IIe €NEKTPOMArHITHI 30yKEHHS €NeKTPOHHOI
TUTa3MH METAJIiB HA TPaHUIl METaJI-TieJIeKTPHUK, SKi CYIPOBOIKYIOTECS (DIYKTyalisMi TYCTHHH ITOBEPXHEBOTO 3apsay.
HacmigkoM mporo sBuIa € moBepxHeBHH ma3MoHHMHA pe3oHaHC (IIITP) — 3pocTanHs mepepisy NOTIMHAHHS €HEpTil
METaJICBOI0 HAHOYACTHUHKOIO MPH HAOIIKEHHI YacTOTH IaNalovyoro CBiTia (JIa3epHOTO BUIIPOMIHIOBAHHS) 1O 9aCTOTH
[ITP wanowactuHkH. 3HaiineHo wactoTy IIIIP mis MeTaneBMX HAHOYACTHHOK, IO 3HAXOAATHCS B [iCIEKTPHYIHIM
MaTpuii. 30y/DKEeHI CBITIOM IUIA3MOHHI KOJIMBAaHHA EJIEKTPOHIB IPOBIAHOCTI y METaJeBMX HAHOYACTHHKAX, IO
3HAXOJATHCS B JIENEKTPUYHIM MaTpHIli, 3 4aCOM 3aTyXaTUMYTh 32 PaxXyHOK PI3HHX pellaKkcalifHUX MPOLECiB, 30KpeMa
32 paxyHOK B3a€MOJii EJNEKTPOHIB MpPOBITHOCTI HAHOYACTMHOK 3 KPHUCTAJIIYHOIO IPATKol0 (eNeKTpoH-(pOoHOHHA
B3a€MOIis), 00 3a paXyHOK PO3CISHHS €JIEKTPOHIB Ha BHYTPILIHIN MOBEPXHI HAaHOYACTUHKH, KOJH CEpeIHs AOBXKHHA
BIJIBHOT'O IPOOITY eNIEKTPOHIB Y HaHOYACTHHILI nepesuinye il po3mip. Lle 3ymoBiroe mpupoany mmwmpuny jinii TTTTP.
[TokazaHo, 0 B CepUYHHUX METAIEBUX HAHOYACTMHKAX MOXXYTh cHocTtepiratucs ocuwmiuii mmpunu minii TITIP 31
3MIHOIO JII€JIEKTPUYHOT IPOHMKHOCTI CEpeAOBHINA, B SIKOMY BOHHM 3HaXoJsaTbes. Ocummsauii noOpe BHpa)KeHi Iuis
HAHOYACTUHOK 3 MCHIIMMHM PajiycaMi 1 3HHKAIOTh JUI1 HAHOYACTHHOK BENUKHX paniyciB. BemudmHa mux ocnuisimii
30LTBITYEThCA 31 3SMEHIIICHHAM PaJiyCy HAHOYACTHHKH i IOMITHO 3pOCTa€ 3i 30LTBIICHHSAM HieTIeKTPUIHOI IPOHUKHOCTI
OTOYYFOYOTO CePEAOBHILA.

KoarouoBi cioBa: MeraneBi HaHOYACTHHKH, €JIEKTPOHH IPOBIAHOCTI, MOBEPXHEBI IUIa3MOHHM, IIa3MOHHA YacToTa,
MIOBEPXHEBUH IIIa3MOHHUH pe3oHaHC, mupuHa tiHii [1[1P, nienekrpuune cepenoBuile, NieNeKTPHIHA TPOHUKHICTb.
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