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Single-electron optical properties of a spherical nanoparticle com-
posed of a dielectric core and a thin metallic shell and characterized
by a slight shift of the core center with respect to the geometric
center of a nanoparticle have been studied in the frequency range
far from the plasmon resonance, where the contribution of the
single-electron component is considerable. A model that allows
the wave functions and the wavenumber spectrum for an electron
in the shell of a composite nanoparticle of this type to be obtained
is proposed. The model is used to obtain the matrix elements of
optical transitions and the single-electron optical conductivity of
a nanoparticle both with and without (semiclassical conductivity)
quantization of the electron energy spectrum in the shell. It is
shown that the aforementioned quantization effects result in the
appearance of the oscillatory dependence of the optical conductiv-
ity of a nanoparticle on the light frequency. It is demonstrated that
the influences of the center shift and the spectrum quantization on
the optical conductivity of a nanoparticle can be considered inde-
pendently in the first approximation.

1. Introduction

The development of nanotechnologies in the last decades
enabled nanoparticles possessing various configurations
and, respectively, various properties to be used in tech-
nics and engineering. In particular, metal nanoparticles
are widely used in technical applications, and their effi-
ciency is based, first of all, on their unique optical prop-
erties. For instance, these particles effectively absorb
light with a given wavelength. Composite nanoparticles
of this type, which were obtained during the last years —
the so-called nanoshells [1-4], — allow those technologies
to be developed further, by extending the working range
of wavelengths in comparison with that for traditional
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solid metallic nanoparticles. The nanoshell is a com-
posite nanoparticle consisting of a dielectric core and a
thin metallic shell. Note also that the optical proper-
ties of nanoshells can be controlled more flexibly than
it is possible in traditional systems. Such a flexibility is
associated with the fact that the internal and external
radii of the metallic shell (its optical response is crucial
to the whole particle) can be changed independently. It
makes nanoshells especially promising for technical ap-
plications.

After nanoshells had been obtained, they have been
actively studied for the last years both theoretically [5—
11] (within the classical and quantum-mechanical ap-
proaches) and experimentally [3, 5, 12, 13]. However,
their optical properties were studied mainly in a vicin-
ity of the plasmon resonance frequency. At the same
time, in the frequency range far from it, the contribu-
tion made to light absorption by individual transitions
becomes dominating. In the works, where the contribu-
tion of individual transitions to the light absorption was
studied, either of two opposite limiting cases was usu-
ally analyzed. The first case corresponds to a situation,
when the distances between electron quantum levels are
very small in comparison with the light quantum energy;
then the summation over the discrete levels can be re-
placed by the integration. The second limiting case cor-
responds to a situation where the distances between the
energy levels are of the same order as the light quantum
energy; as a rule. a few (two or three) levels are taken
into account in this case. However, there are many more
electron levels in a typical shell. On the other hand, as
is shown in this work, the quantum-mechanical effects,
arising owing to the quantization of the electron energy
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in a shell, cannot be neglected. The reason for all that
consists in that the energy levels in a thin shell reveal
the quasi-one-dimensional character, and the distance
between them grows.

We show below that taking such dimensional
quantum-mechanical effects into account results in the
emergence of oscillatory dependences of the optical prop-
erties of a nanoshell on the metal coating thickness. The
oscillatory dependences of both optical and electric prop-
erties of a metal nanowire on its thickness, similar to
those obtained in this work, were experimentally ob-
served in work [14]. Such a shape of the dependence
for a solid metal nanowire, the thickness of which is rel-
atively large, means that similar quantum-mechanical
effects for thin shells are much stronger.

Note that, while studying the light absorption in small
metal particles (in particular, in metallic nanoshells),
both absorption components — electric, i.e. coupled with
the electric vector of an electromagnetic wave, and mag-
netic ones — must be examined. This follows from the
fact that either magnetic or electric absorption can dom-
inate in such particles, depending on the particle’s shape
and dimension, as well as on the electromagnetic wave
frequency [15]. However, it was magnetic absorption
that was usually studied in the previous works dealing
with the light absorption in such shells [16-18]. This
makes a research of the electric absorption in metallic
shells of various types challenging.

One of the unique properties of nanoparticles is known
to be the dependence of particle’s optical properties on
the particle’s shape and dimension (see, e.g., work [15]).
Therefore, the optical properties are usually studied sep-
arately for nanoparticles with a specific shape; the par-
ticle can be either solid or composite, the latter case
representing even a wider range of configurations.

In this work, we study a class of composite nanopar-
ticles, which drew attention of researchers not too long
ago: the so-called nanoeggs [19-21]. These are usual (i.e.
close to spherical) nanoshells with a symmetry violation.
To be more specific, these are nanoshells, the core center
of which is shifted with respect to the center of the whole
nanoparticle. Besides the external dimension and the ra-
tio between the dielectric core and shell dimensions, the
optical properties of the nanoparticle are also governed
by the relative shift between the core and nanoparticle
centers. Hence, such composite nanoparticles propose a
wider range of application, and their optical properties
can be changed even more flexibly than the properties of
symmetric composite nanoparticles. This work aimed at
a theoretical study of the optical properties of a nanopar-
ticle, in which the shift of its dielectric core center with

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 6

respect to the nanoparticle geometric center is small,
i.e. in the case of weak symmetry violation. Namely,
we determined the optical conductivity in the aforemen-
tioned shells taking the electric absorption into account
in the single-electron approximation and for frequencies
far from the plasmon resonance. When calculating the
optical conductivity, the discreteness of electron energy
levels was considered, which makes the results obtained
applicable even to very thin shells.

2. Formulation of the Problem. A Working
Model

Consider a nanoparticle consisting of a dielectric core
and a thin metallic shell. Let the nanoparticle have a
shape close to spherical-both the external boundary of
the nanoparticle and the boundary of its dielectric core.
Let the quantities ¢ and b stand for the internal and
external radii of the shell, respectively. We consider the
case of a thin shell, so that the inequality I’_Ta < 1lis
satisfied.

In this work, we consider a nanoparticle, the internal
and external centers of which, i.e. the geometric centers
of the dielectric core and the external shell boundary,
respectively, are shifted with respect to each other by
a small distance Al, so that the inequalities % < 1,
bffla < 1, and, consequently, % < 1 are satisfied. To
take such a small shift into account, let us first apply
the well-known model of a symmetric spherical nanoshell
[22] to determine a small correction to the optical con-
ductivity of the shell stemming from the relative shift of
the shell centers. According to work [22], we model the
spherical metallic shell (the dielectric core does not give
a substantial contribution to the particle conductivity)
by an infinitely deep potential well for electrons (the va-
lidity of this model follows from the ratio between the
Fermi energy and the work function for typical metals)
and apply the single-electron model.

Let an electromagnetic wave, the length of which is
much longer than the external shell size, fall on the
nanoparticle described above. Then, the field created
by the wave can be considered uniform inside the shell.
Let the Oz axis be directed in the wave propagation di-
rection, and let us consider the case where this direction
coincides with the direction of a center shift in the shell.
Then, passing to the corresponding spherical coordinate
system (r, 6, ¢) from the Cartesian one by the formulas

T =rcospsind

y=rsinpsing (1)
z=rcosf
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the small center shift Al can be described, by making
the substitution

o= al < 1, (2)
b

where the signs “+” and “—” correspond to the cases

where the center of the external sphere is shifted with

respect to the internal center in the wave propagation

direction or oppositely to it, respectively.

From the condition lﬁ—la < 1, it follows that the shell
thickness changes slowly and by a small value. Since
the problem of finding the wave functions, energy spec-
trum, and wave numbers of an electron in the thin shell
is reduced to a quasi-one-dimensional problem (i.e. an
electron in a one-dimensional potential well), then, pro-
vided that the variation of the shell thickness is small
and slow, we can use a relevant expression for a spheri-
cal shell, when considering every direction (6, ¢). Hence,
while finding a correction to the optical conductivity
associated with a small shift between the centers, we
can use the wave functions and the spectrum of wave
numbers obtained for a spherical nanoshell in a weakly
deformed potential well (with respect to the spherical
one: a = b = r), the boundaries of which in the spher-
ical coordinates are given by the equations » = a and
r = b(l+acosd). The obtained wave functions and
spectrum should be substituted into the matrix element
of an optical transition.

Hence, our task consists in finding the optical con-
ductivity of the nanoparticle described above, when an
electromagnetic wave with a large (in comparison with
the nanoparticle size) wavelength falls on it.

b—b(l+acosh),

7

3. Expression for Optical Conductivity in
Terms of a Sum Over the Electron States

In order to calculate the optical conductivity of the
nanoparticle described in the previous section, let us ap-
ply the method presented in work [22]. First, let us write
down components of the conductivity of the nanoshell in
terms of optical transition matrix elements for an elec-
tron. The optical conductivity in the wave propagation
direction (the Oz axis) looks like

o= LMl FEI - f(Bp)x
if
X8 (Ef — E; — hw), (3)

where Vi is the nanoshell volume; w is the wave fre-
quency; the indices i and f denote the initial and final
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electron states, respectively; E; and Ey are the energies
of an electron in the initial and final states, respectively;
and f(F) is the distribution function of electrons over
the energy states.

To find the matrix elements, let us apply a technique
used in work [22]. First, we find the wave functions
and the spectrum of wave numbers for an electron in the
metallic shell. Then, using them, we calculate the matrix
elements of the z-coordinate operator. At last, summing
up over the initial and final states of the electron, we
obtain the conductivity.

Consider firstly a spherically symmetric shell. The
wave functions and the spectrum of wave numbers for it
can be obtained after separating — in spherical coordi-
nates (1) — the variables in the Schrédinger equation for
the electron in an infinitely deep potential well. Accord-
ing to work [22], after solving the Schrodinger equation,
satisfying the boundary conditions, and taking into ac-
count that the shell is thin (23 < 1), the wave function
1 and the spectrum of wave numbers k in the case of a
spherical shell look like

Y(r,0,p) ~

2 \'"*1 7r
z(ba) ;sm(kr—(l+1)§+a>}ﬁm(0,g@), (4)

™

T b—a 5)

where Y}, are the Legendre polynomials, and a and b
are the internal and external, respectively, radii of the
potential well, which correspond to the internal and ex-
ternal, respectively, radii of the metallic shell.
Substitution (2) changes the matrix element of the
optical transition in the wave propagation direction. The
matrix element for a spherical nanoshell looks like

k

2m g b
(ilz|f) = /dgp/sin@d@/rzdrYlmﬁ,gp)Yﬁm,O,go)x
0 0 a

2 1 . T
xbaﬂ51n<kr—(l+l)2+a>><

xsin(k’r—(l’+1)g+a’>rcos9. (6)

Notice that this expression includes the reciprocal of the
difference b — a. The integral over the radial variable

b

/rsin(kr—(l—i—l)g—&—a)x

a
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X sin (k’r— 1"+1) g +o/) dr =

_(_ n+n/ ’
1 21) 25 2k 2 ™
(G

includes the square of this difference, because, accord-

. kk’ 2 .
ing to Eq. (5), (G (b —a)”. Ultimately, after

substitution (2) into the matrix element (6), the integral
over the radial variables changes proportionally to the
quantity

(b—a)’b-a) =b—a— (b—a) <1:l:boibacost9).

This means that, for the integral over the radial variable,
which enters into the matrix element (6), we obtain

2 ™ 2
/d(p/dGYlZ@(O,ap) €08 0Yr (0, ) sin — /d<p><
0 0 0

< / O (6, ) 08 O i (0, 0) x
0

ab
xsinf |1+ cosf ). 8
(152 cost) )
Let us calculate this integral. For convenience, we
introduce the notation % = (. From the well-known

formulas for Legendre polynomials,

241(0-m)! im
lem(a,gﬁ)z 47_[_ (l+m)'Pl (Cose)e 90’
(9)
- l-m+1_,., l+m _,,
R ) = e Pt g P

the following recurrent relation can be derived:

2[41 (I —m)!
ir (I +m)!

A+1(L—m)! s, (1—m+1
— m Pm
\ 4 @ m) i1 T

:\/(l+m+1)(l—m+1)

Yim (0, @) cos 0= P (cos 6)e™? cos ) =

l+m
P )=
20+ 1 H)

Ym
(21 +1)(20 + 3) it
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(+m)(I=m) .,

(20+1)(20 —1) 7" (10)

Using this property of Legendre polynomials and their

orthogonality, we obtain

27 ™

/dap/dGYl’:n(G, ©) o8 0Y)rm (0, ) sin € (1 + Bcosh) =
0 0

27 i
= [de [ d0r(t-+ 1m)Yit (L)Y

0 0
By + 1,m)y(l +2,m)Y] s, + (Y2(1 4 1,m) +v*x
X(m)Y Ay (Lm)y(I=1,m)Y ) Y (0, ) sin 6 =
= O (YWU', )01 -1 + (1, M) 141 %

iﬂ(fY(l/a m/)’}/(l/ - 1a m/)(sl,l/—2+

+(*(+1,m) + (1, m)) S0+

+7(l7m)7(l - 17m)5l,l’—2))' (11)
Here, we introduced the function

l+m)(l—m
H(tm) = [ m) (12

20+ 1)(20—1)

of two integer arguments. After the integration over the
angular and radial variables, we substitute the obtained
value of the matrix element (i|z|f) into expression (3)
for the conductivity. Owing to the mutual orthogonality
of delta indices, we obtain

2me? kit 1

7T Vomdw® (b— a)? (= (1R (R

1] ’
n,l,m,n’ I’ m

% () (1—f (B )3 (B~ Ei—h)m o (77 (U )10t

+72 (L, m)o 1 £ B2, m )V — 1,m )G p—at
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+(’yz(l +1,m)+ ’yz(l,m))%l,l/%—

2 (Lm)Y* (L= 1,m)dp—2)).

Let us sum up firstly over the quantum numbers [, I’
m, and m’. The number m is known to vary within the
limits -1 < m <[, and the number [ from 0 to 2n. The
presence of the delta indices 0y, ,,,y and 0;,;/11 affects the
summation procedure. Actually, the numbers [ and [’
vary from 0 to 2 x min(n,n’) & 1, and the number m
from —min(l,1") to min(l,!’). If the absorption takes
place, as it is in our case, n is smaller than n'; therefore,
0 < (I,I") < 2n. Here, we neglect 1 in comparison with
2n, because the summation is carried out over a narrow
region of thermal smearing near the Fermi energy, for
which n > 1. It also follows that the terms with small
I, ', m, and m’ cannot give a substantial contribution
to the final sum, so that we can consider those quantum
numbers to be much larger than 1 and, in particular,
that v2(I,m) ~ 122/2”2. After taking all those facts into
account, the summation over the quantum numbers [, I,
m, and m’ can be carried out as follows:

Z 5m m/

Lym,l’ m’

(13)

l ,m )51 -1+ (l m)5l r+1E

02V (U, m )P (1 = 1,m )2 + (VP (L + 1,m)+

72 (L,m)) 6 + (L m)Y (L — 1L, m)dp—2)) ~

%

Z 5m,m’5l,l’ (272 (lv m) =+ 6ﬁ74(lv m)) =

’ ’
lm,’m

U
= Z (272(I,m) £ 66~*(1,m)) ~

%

. (14)

21 I 2 3 5

:i:6[357 3 <1:l:5ﬂ>.
Here, [ = min (1,1').

We see that taking the shift of centers in a deformed
ellipsoid into account results in the appearance of the
constant factor 1+ % (32 in the expression for the conduc-
tivity already at this stage. Summing up further over

L
2 _ 2
:2(1) ak) 7
™

Zl B 2n -1 ~ (2721) (15)
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and substituting the result obtained into expression
([13]), we arrive at the expression for the optical con-
ductivity in terms of the sum over n and n/,

8e2h? 3( ALY
S L
7 37rVSm§w3< 5<b—a>>x

xZ(l— - ”+n)k4(k) F(B)x

n,n’

x(1— f(E))S(E' — E - hw). (16)
The core shift has no effect on the total shell volume,
and the volume V; in this formula remains therefore un-
changed.

4. Calculation of the Optical Conductivity

We calculate sum (16), which was obtained for the op-
tical conductivity, in two stages. At first, we replace
the sum over the electron states by the integral, neglect-
ing the effects connected with the energy quantization of
the electron spectrum. Calculating the obtained integral
similarly to how it was done in work [22], we write down
the optical conductivity og in this approximation in the

form
1+ § 7Al
5\b—a

where Fy is the Fermi energy, v = fw/Ep, and

32¢% (b—a)’
T 3m3htW3YV

) ) Edgan (v), (17)

/ : ))3/2
anl) = [ ¥*VaFdg = <<q<q+3>>_

v(2q +v)\/q(q +v) 1

3 +V831n(\/§+\/q+u))

. (18)

1—v

The expression obtained does not take into account
quantum-mechanical effects associated with the discrete-
ness of the electron spectrum (information about the
quantization becomes lost at the stage of changing from
summation to integration). However, it makes allowance
for the Pauli principle.

Now, let us insert corrections to expression (17) by
considering the discrete behavior of the wavenumber
spectrum. For this purpose, instead of replacing the sum
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over n and n’, which enters into formula (16), by the in-
tegral, let us use the exact summation formula, namely,
the Poisson formula

Z y1(n) = /dn <y1 (n)+2 Z y1(n) Cos(27rsn)> ,
n=1 0 s=1

(19)

where y; is an arbitrary function of the positive integer
argument n. To calculate the sum in Eq. (16), the Pois-
son formula must be applied twice: while summing up
over n and n’. When summing up over n’, the Poisson
formula has to be applied to the expression that con-
tains the delta function of discrete indices, namely, the
function

oo

GEM) +hw)= > (1 - (_1)%"’) X

n’=1

x§ (E(n') — BE(n) — hw) . (20)
For this operation to be correct, it should be noted that,
as the delta function, we mean the limiting case for the
family of classical functions (e.g., belonging to the class
C). At the passage to the limit, the area under the
classical function remains equal to 1, when the charac-
teristic width of a figure confined by the curve tends to
zero, and its height grows infinitely. For our purposes,
it is convenient to use the family of classical functions,
which look like

0, z< —ATE,
5 (@)= g~ <a<4E, (21)

at AE — 0. The Poisson formula is applied to the
expression that contains §*. Then the passage to the
limit AF — 0 is made. In addition, the multiplier
(1 — (—1)"Ln) in expression (20) can be replaced by its
average value — it is unity — not only when changing from
summation to integration (this replacement is evident in
this case), but also when using the Poisson formula for
the summation. The correctness of this approximation
can be proved rigorously by separately considering the
variants of even or odd n’ in expression (20). The ap-
plication of the Poisson formula to both cases produces
identical expressions.

Bearing in mind those remarks, we replace the discrete

function (1 — (71),1,”/) in Eq. (20) by its average value,
which equals 1, and the delta function by 6*. Then, we
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apply the Poisson formula to the obtained sum, similarly
to how it was done in work [22]. Having applied the
Poisson formula twice (for summations over n and n')
and taking into account that F ~ Er and Ep > 0,
where 6 is the temperature in terms of energy units, we
obtain the sought optical conductivity in the form

o(w) = op(w) + Ao = op(w) x

hw

270 (1 - 6_7)_1 (®(Er) — ®(Byp — hw))
A EfGon () B

+? (ﬁ)) R

hw

20 (1 - 6_7)_1 (®(Er) — ®(Bp — hw))

T rih b — a3

_ 8¢ (b—a)? (1

< ERv3gspn (v) ’
(22)
where
_ 3/2 1/2 — sin ¢s(EF)
@ (Be) = B” (Br + ) * ) ooy @)
oo (B) = 20 o, (VET R - VE), (@)
and
N 270 (1 _ e*%“)_l ((Er) - ®(Br —hw))
T EZGepn () -
8e2 (b— a)? 3 Al \?
:%(b‘gia)ggsph(l/) <1i5 (ba) > X
210 (1 - e—%“’)*l (®(Ep) — ®(Ep — hw))
X (25)

Eg‘gsph (V)

is a correction to the conductivity associated with the
spectrum quantization.

The obtained expression (22) for the conductivity con-
sists of two components. These are the semiclassical con-
ductivity (formula (17)), which does not make allowance
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Dependence of the relative quantum-mechanical correction oo On the light frequency for a nanoparticle with Er = 5.53 €V (the Fermi
energy for gold), the dielectric core radius a = 40 nm, and the average shell thickness b — a = 100 nm

for the discreteness of the wavenumber spectrum of an
electron in the shell, and the small correction (formula
(25)), which takes those effects into consideration. One
can see that the initial sum for the optical conductivity
(16) differs from the corresponding sum for a symmetric

2
spherical nanoshell [22] by the multiplier 1 + 2 (béla)

before the sum. This multiplier is independent of n.
Hence, the optical conductivity of a nanoparticle differs
from that of the corresponding spherical nanoshell by

2
the same multiplier 1 + % (%) .

A graphic representation of the relative quantum-
mechanical correction ﬁ—;’ as a function of the parameter
v for a spherical nanoparticle with Er = 5.53 eV (it is
the Fermi energy for gold), the dielectric core radius a =
40 nm, and the average shell thickness b —a = 100 nm
is shown in Figure (as is seen from Eq. (22), this correc-
tion does not depend on Al, the distance between the
centers). The figure, as well as the results of numeri-
cal calculations, testifies that the quantum-mechanical
corrections cannot be neglected. For thinner shells, the
contribution of that correction is even more consider-
able. Hence, the account of the electron energy quantiza-
tion leads to the appearance of an oscillatory dependence
of optical conductivity components on the frequency of
light that falls on the shell. The corresponding analysis
shows that the frequency of oscillations depends on the
shell thickness. As was already mentioned in Introduc-
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tion, the dependence of such kind was observed even for
rather thick nanowires [14].

Hence, a small shift Al between the shell and core cen-
ters along the wave propagation direction gives rise to

2
the appearance of the term % (ﬁ—la) of the second or-
der of smallness in the expression for the corresponding
conductivity component. One can see that the effects as-
sociated with the discreteness of the electron spectrum
in the shell and the effects associated with a shift of
the centers affect the optical conductivity independently.
Therefore, the core center shift in a nanoparticle with a
very thin shell (i.e. when the account of electron spec-

trum quantization is needed) can be taken into account
2

by introducing the same multiplier 1 + g (%) into

the conductivity formulas; this concerns both the gen-

eral expression for the conductivity in terms of a sum

over electron states (formula (16) and the semiclassical
one (formula (17)).

5. Conclusion

The optical properties of a metallic nanoparticle, the
shape of which is close to spherical, have been studied in
the case of a small shift between the dielectric core center
and the external shell center. In particular, we obtained
an expression for the single-electron optical conductiv-
ity of such a nanoparticle. The shell was considered thin
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in comparison with nanoparticle dimensions, the condi-
tion being satisfied for typical nanoeggs. The final ex-
pression (22) takes into account the effects associated
with the discrete electron energy spectrum (they mani-
fest themselves as oscillations in the dependence of the
optical conductivity on the incident light frequency) and
demonstrates the following:

— The small relative shift between the centers of the di-
electric core and the external boundary of a nanoparticle
Al results in a variation of the nanOQparticle conductiv-
Al

7 as compared with
—a

ity by a small relative value % (

the conductivity of corresponding spherically symmet-
ric nanoshell. The optical conductivity increases, if the
external shell center is shifted with respect to the core
center in the wave propagation direction, and decreases,
if the shift is in the opposite direction;
— The account of quantum-mechanical effects associ-
ated with the discreteness in the spectrum of wave
numbers of an electron (and, accordingly, in its en-
ergy spectrum) results in the appearance of an oscil-
latory dependence of the nanoparticle optical conduc-
tivity on the incident light frequency. The frequency
and the relative amplitude of oscillations increase, if
the thickness of the metallic shell decreases. The os-
cillatory dependence is similar to that obtained in work
[22];
— The electron spectrum discreteness and the relative
shift between the nanoparticle centers, when calculated
to the first order of smallness, gives rise to independent
corrections to the optical properties of the nanoparticle.
As one can see, the relative change of the con-

2
ductivity %(ﬁ—la) connected with the shift be-
tween the nanoparticle centers is proportional to the
squared shift and reciprocal to the squared shell thick-
ness. Since this correction is of the second or-
der of smallness, this means that the optical prop-
erties of a metallic nanoshell are stable with re-
spect to small relative shifts between the core and
shell centers, and their dependence on this shift is
weak.

A further development of this topic may include the
study of spherical nanoeggs making no assumptions con-
cerning the smallness of the relative shift between the
centers of the dielectric core and the external shell
boundary.

The author expresses his gratitude to the Correspond-
ing Member of the NASU P.M. Tomchuk and Corre-
sponding Member of the APSU Yu.l. Gorobets for their
attention to this work and the useful discussion.
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OJHOEJIEKTPOHHI OIITUYHI

BJIACTHUBOCTI METAJIEBIIX HAHOOBOJIOHOK

3 HEKOHIIEHTPUYHUM d1POM. BPAXYBAHHA
KBAHTYBAHHA EJIEKTPOHHOI'O CIIEKTPA

B.B. Kyaiw
Peszmowme

PoboTy npucBsieHO DOCIIIKEHHIO OJHOEJEKTPOHHUX OINTHYIHHX
BJIACTHBOCTEHl (BHECOK OJ[HOEJIEKTPOHHOI KOMIIOHEHTH € CYTTEBHUM

584

y 06JIaCTSX YaCTOT, AAJIEKUX BiJ| IVIA3MOHHOIO Pe30HAHCY) chepu-
YHOI HAHOYACTHHKH, IO CKJIAJAETHCS 3 JIEJIEKTPUIHOTO sIpa Ta
TOHKOI MeTaJjieBOl ODOJIOHKHU, 31 CJIAOKMM 3MIIEHHAM [IEHTPa A1pa
BIJJHOCHO M€OMETPHUYIHOIO IIEHTPA BCi€l HAHOYACTUHKH. 3AIIPOIOHO-
BAHO MOJEJIb, 10 JO3BOJISIE 3AlUCATH XBUILOBI MYHKIIT Ta CIIeKTp
XBUJIBOBUX YHCEJI JIJIsi €JIEKTPOHA y OOOJIOHIIi KOMIIO3UTHOI HAHO-
YaCTUHKU TAKOTO TUILY. 3a JOMOMOIOK Ii€1 MOJEsi OTPUMAHO Ma-
TPUYH] €JIEMEHTU OITHYHUX IIEPEXOMIB Ta OJHOEJEKTPOHHY OIITHU-
9HY [POBIJIHICTH HAHOYACTUHKY siK 0e3 ypaxyBaHHsI (HAIIBKJIACH-
YHA NPOBIIHICTD), TaK i 3 ypaxyBaHHAM KBAHTYBAHHS XBUJIHLOBUX
4qucesl eJleKTpoHa y obosionIi. [lokasaHo, 1110 BpaxyBaHHSI BHUIIE-
Ha3BaHMX e(EKTIB KBAHTYBAHHSI IPUBOJIUTH JIO IOSIBH OCI[UJIIOIO-
90T 3aJI€2KHOCTI ONTUYHOI IIPOBIIHOCTI HAHOYACTUHKHU BiJl YaCTOTH
cBiTiia. ITokazano, 110 BILINMB 3MIIlEHHS IIEHTPIB Ta KBaHTYBAaHHS
CIIEKTPa Ha ONTUYHY IPOBIAHICTH HAHOYACTUHKHU y HEPIIOMY Ha-
GJIMKEHHI MOXKHa BPAXOBYBATH HE3AJIEXKHO.
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