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In the model of infinite depth spherical potential well, using the method of boundary shape perturba-
tion, the effect of cross-section geometry changing on the energy characteristics of 0D metal systems was
investigated. By modifying the boundary conditions of the conduction electrons radial wave function, the
Fermi energy oscillations of metal nanoparticles with small eccentricity were calculated. It is shown that
an increase in the eccentricity value leads to a decrease in the Fermi energy values and a shift of the oscil-
lation maxima towards low frequencies. Applying the obtained results of the dimensional dependence of
the Fermi energy for 0D systems, the calculation of the diagonal component of the dielectric function was
carried out using the expansion of the dielectric tensor by powers of ro/A. The influence of the change in the
cross-section on the absolute value and frequency position of the oscillation peaks of the dielectric function
real and imaginary parts, which are directly related to the size quantization effect, was established. Calcu-
lations of the Fermi energy dimensional oscillation and the diagonal component of the dielectric function
were performed for Ag, Li, and Al nanoparticles. Differences in the obtained results for nanoparticles of

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 14 No 5, 05011(5cc) (2022)

different metals are explained by different values k. and the relaxation time of conduction electrons.
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1. INTRODUCTION

The creation of brand-new optical and electronic de-
vices involves the use of metal 0D systems, therefore
considerable attention is paid to their creation and re-
search. The possible use of metal nanoparticles as sen-
sors in biology and medicine is due to their unique opti-
cal and spectral characteristics [1, 2]. The absorption of
electromagnetic radiation by the specified structures
leads to the appearance of a resonance peak, which is a
consequence of the increase in the energy absorption
cross-section of metal nanoparticles when the frequen-
¢y of incident light approaches the frequency of surface
plasmon resonance. At the same time, the frequency
position and intensity of the absorption peak depends
on the size and shape of nanostructures [3-5]. That is
why the study of the relationship between the energy
spectrum of nanoscale objects and their geometric pa-
rameters is relevant.

Experimental data and numerical modeling indicate
that as the particle size increases, so does the deviation
from spherical shape [6]. From a physical point of view,
the theoretical study of an ellipsoidal nanosystem en-
ergy spectrum is a complex task, as it involves the solu-
tion of the Schrédinger equation for an arbitrary vol-
ume, which is one of the most difficult mathematical
problems of physics. However, for the cases of nearly
spherical shape nanoparticles, the problem is solved
taking into account the perturbation theory [7]. The
calculation of the influence of a spherical nanoobject
shape deformation on the particle quantum states,
within the functional method of surface shape pertur-
bation, is given in [8]. An increase in the degree of mix-
ing of pure states and splitting of energy levels was
established with increasing quantum numbers n and [.
The work [9] presents an analytical model for calculat-
ing the Fermi energy in the context of the deformation
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of a single particle from a spherical shape. The influ-
ence of non-sphericity on the eigenvalues and eigen-
functions of an ellipsoidal quantum dot was studied in
[10] for the case of a finite height potential barrier. In
this work, considering the preservation of the volume of
a nanoparticle, the effect of small values of eccentricity
on its energy and optical characteristics is investigated.
For this, an approach is used that consists in modifying
the boundary conditions of the electron radial wave
function for the case of a spherically symmetric infinite
depth well.

2. STATEMENT OF THE PROBLEM

The relationship between the induction components
D, and the electric field strength Ey in the case of ani-
sotropic systems is described by the expression [11]

D, =€, (q o)E, (1)

where €, is the dielectric tensor:
47re?
€, =0, ————
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Here 6,v is the Kronecker's symbol; i=+/-1; e is the
electron charge; Q=4zr’/3 is the particle volume; me

is the electron mass; f; = [exp((ei —&)l kBT)-lii1 is the

i) =

filling factor of the state with energy ¢ ;
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and (j|=(n,I'm’

; T'is the temperature. Here in after, we will

are the initial and final state vectors;

8 =& — 8

consider 7= 0.

In the general case, the wave functions and energy
spectrum of electrons in the spheroidal 0D metal sys-
tem can be considered in the spheroidal coordinate sys-
tem. However, for the case of an elliptical section with
a small eccentricity (¢ = sin (arcos (b/a))<<1, a and b
are the major and minor semi-axes of the ellipse), by
analogy with the work [12], we will use the method of
shape perturbing of the boundary. As the zero approx-
imation, we will take the radial wave function of an
electron in a metal nanoparticle for the case of a poten-
tial infinite depth well:

Rnl(r):Aﬂjl(knlr)v 3

12
[ [t Zdr] : @)

where ro = (a + b) / 2 is the effective radius, kni = yni/ ro,
X are the positive zeros of the [-th order spherical Bes-
sel function; n =1, 2... number the roots of the [-th or-
der Bessel function.

Expanding the radial wave function at the bounda-
ry in degrees of eccentricity and limiting ourselves to
the first two terms of the expansion, the boundary con-
dition for the case of a weakly deformed nanospheroid
can be written as

dJl(k I’)

ar =0. 5)

r=r

Ji(kyr)+e

Using the recurrence relations for the derivatives of the
whole order Bessel function, we have

(L+el) ji (kyto) —erokyy Jia (Kyf ) =0 (6)

Ratio (6) determines the electron spectrum of an el-
lipsoidal nanoparticle with a small eccentricity in the
case of a potential infinite depth well. Assuming ¢ =0,
we obtain the equation for the spectrum of conduction
electrons in a spherically symmetric potential well with
volume Q.

Since the attention in this work is focused on the
consideration of optical transitions between subbands,
which are formed as a result of the size quantization
effect, we assume that the wave vector lies in the zx
plane, and the z axis is directed along the direction of
wave propagation (qx=qy=0; q°*r=¢g:2z<<1). There-
fore, we obtain for the diagonal component of the die-
lectric tensor

872'e a2
Cu =1 iz,;sl (g —hu) )KJ‘D#M ’ @

where index p={x,y,2z}, and the calculation of the
square of the matrix element of the projection of the
momentum operator takes the form
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Absorption in (7) is taken into account by replacing
®—>o+i/r, where 7 is the relaxation time. To locally

conserve the number of electrons, we use the complex
dielectric function €(w,7) associated with e(w,7) by

the following relations:

ReE(m,r)=Ree(m+i/1)—ilme(c«)+i/r), €)
o7

Ime(o,7)= Ime(co+i/r)+i[Ree(w+i/r)—l]. (10)

Substituting (7) into (9)-(10) and summing over n’,
n, I and m, we obtain

Ree (k. k)=1-"%5 o )
ee/w( O r)_ th (-)°
_ 4k k?
Imew(kw,k,):—hzlz fz%r (12)
where
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k2=2mw,/h, Kk?=2mw/h, k?=2m/hr, o} =4ze’i/m,
and a step function was used as an approximation of
the filling factor f, =©(s.—¢,,)-

To carry out calculations according to formulas (11)
and (12), it is necessary to take into account the follow-

ing transcendental relation, which determines the
Fermi level er in the 0D system [13]:

= Zsm TREn (13)

x=1,3... 7K "n]

where N 1is the concentration of conduction electrons.
Ratio (13) together with equation (6) describes the
dependence of the Fermi level position in a spheroidal
nanoparticle with small eccentricity depending on its
size.

3. ANALYSIS OF CALCULATION RESULTS

The calculations were performed for slightly de-
formed spheroidal nanoparticles Ag (Z=1), Li (Z=1)
and Al (Z=3), where the electron concentration

n= (47”5’/3)71
average distance between electrons rs = 3.02ao0, 3.28a0
and 2.07ao0, Z is the valence of the metal.

with the corresponding values of the
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Fig. 1 — Size dependence of the Fermi energy of Ag and Al
nanoparticles at different values of eccentricity ¢

Fig. 1 shows the dimensional dependence of the
Fermi energy of Ag and Al nanoparticles at different
eccentricity values. The dependences for a spherical
nanoparticle (¢ =0) and a weakly deformed spheroid
(¢ =0.025; 0.05) are similar and have a "stochastic"
character due to the presence of a pair of quantum
numbers n and [. The period and amplitude of the oscil-
lations approach the Fermi energy values in a 3D met-
al er, with an increase in the diameter d = 2ro of the
nanoparticle. Filling a higher energy level leads to a
"jump-like" growth of er. The appearance of each indi-
vidual peak is due to the fulfillment of the following
condition for each individual pair of numbers (n’, ['):

X = Kelo.-

An increase in the eccentricity value leads to a de-
crease in the amplitude of oscillations and their slight
shift to the area of lower frequencies. The decrease in
the values of the Fermi energy dimensional dependence
is caused by the lowering of the energy levels and the
decrease in the distance between them.

The difference in the Fermi energy dimensional de-
pendence of Ag and Al nanoparticles is due to different
values of kn. Thus, in the case of Al nanoparticle, the
root distribution density yn: is greater and, as a result,
the scale of oscillations is smaller.
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Fig. 2 — Frequency dependences of REEW and ImEW with

radius ro = 1 nm at different values of eccentricity e

Fig. 2 and Fig. 3 show the frequency dependences of
the real Re€, and imaginary Ime,, dielectric function

parts of Ag nanoparticle with radius r0=1 and 2 nm,
taking into account different eccentricity values. A
characteristic feature of the given dependences is the
presence of resonance peaks formed as a result of the
size quantization effect. The frequency position, num-
ber, and absolute value of resonance peaks are directly
related to optical transitions between subbands.

A change in the geometry of a nanoparticle affects
the position and magnitude of size quantization peaks.
Thus, an increase in the eccentricity ¢ leads to a slight
fluctuation in the amplitude of oscillations and their
shift towards low frequencies, which is associated with
a decrease in energy levels. Assuming that n =n’, the
position of peaks can be estimated using the formula

hw:hz(knz, —knz,l,)/2me_ A decrease in the distance be-

tween subbands causes the appearance of optical peaks
at lower frequencies.

An increase in the radius of a nanoparticle (Fig. 3)
shifts oscillations towards low frequencies, the distance
between them decreases, and the oscillations begin to
merge with each other. New peaks appear in the entire
frequency range due to the increase in the number of
subbands. At the same time, the influence of eccentrici-
ty on the frequency position of resonant peaks decreas-
es since the difference between the distances of sub-
bands decreases as the radius increases.
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Fig. 3 — Frequency dependences of Re€, and Ime, with

radius ro = 2 nm at different values of eccentricity e

Functions Re€,, and Im€, in the low frequency
range behave differently. That is true that Refg,, is
sign variable, while Ime, remains positive over the

entire frequency range.

Differences in the optical characteristics of nano-
particles of the same radius (ro = 1.5 nm) and eccen-
tricity (¢ = 0.05), but made of different metals, are pri-
marily explained by different values of kn. As a result,
the maximum of Ime€,, for Al is shifted to the right, in

contrast to Ag and Li nanoparticles (Fig. 4). The
smoothness of the curves of Al and Li nanoparticles is
due to the small value of the parameter 7. A characte-
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Fig. 4 - Frequency dependences of Im¢,, for nanoparticles of

various metals at eccentricity value € = 0.05
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Enepreruuni xapakrepucTuku Mmake cpepuIHUX METAJIEBUX HAHOYACTHHOK
A.O. Kosasn!:2
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Y monesi cepruHOl MOTEHITIHHOI AMU HECKIHYEHHOI TNIMOWHW 3 BUKOPUCTAHHSIM METOAy 30ypeHHS
dopmu Mesxi JOCTIPKEHO BILIUB 3MIHHU TeOMeTpil IIOIIePevHOro mepepidy Ha eHepreTHIH] XapaKTePUCTUKNA
0D-merameBux cucrem. [lasxom mogudikallii rpaHUYHUX YMOB PaIiajbHOI XBUJIBOBOI PYHKIII €JIeKTPOHIB
IIPOBIIHOCTI PO3paxoBaHo ocuiiAllii eHeprii Pepmi MeTaIeBUX HAHOYACTUHOK 3 MAJIMM €KCIIEHTPHCHTE-
toM. [TorasaHo, 1110 301JIbIIEHHS 3HAYEHHS €KCIIEHTPUCUTETY IIPU3BOJUTE 10 3MEHIIEHHsS 3HAYEHHs eHep-
rii @epmi Ta 3CyBy MAKCHMYMIB OCIHJIAINN y OlK HU3BKHUX YACTOT. 3aCTOCOBYIOUM OTPHMAHI Pe3yJIbTaTH
poamipuoi sasesxnocti eHeprii @epwmi mis 0D-cucreM, IpoBeIeHO OOYMCIIEHHSA JlaroHAJIBHOI KOMIIOHEHTH
mieqeKTpuaHOol (PYHKINI 3 BUKOPHCTAHHAM PO3KJIAMAHHS JIeJeKTPUYHOIO TeH30pa 3a CTYIeHAMH Io/A.
BeraHoBieHO BIUIMB 3MIHM IIOTMEPEYHOTO Iepepidy Ha aOCOTOTHY BEJIMYHNHY TA YACTOTHE IIOJIOKEHHS 0C-
IMMISAIIAHUX [IKIB peajbHOI Ta ysSIBHOI YACTHH [leJIeKTpUdYHOl (yHKINI, gkl Oe3mocepeHBO IIOB'A3aHl 3
edexTOoM po3mipHOro KBaHTyBaHHs. PospaxyHrm poamipsHoi ocrmsiii exeprii ®epmi Ta giaroHaspHOL
KOMIIOHEHTH JieJIeKTPUYHOI QPyHKINT BUKoHAH] 1 HaHouyacTuHOK Ag, Li Ta Al. BiqminHocti ofgepskanHux
Pe3yJIbTAaTIB [JIsT HAHOYACTUHOK PI3HUX METAJIB IOSCHIOITHCSI PI3HUMH 3HAYEHHSIMH kn TA 9aCOM peJiak-
carril eJIEKTPOHIB IIPOBLIHOCTI.

Kmiouosi cnosa: Excuenrpucurer, Exnepria ®@epwmi, Hienextpuuna dynkiis, MeraneBa HaHOYACTHHEA.
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