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The behavior of the diagonal components of the dielectric tensor and the behavior of the absorption cross-
section in the different frequency ranges for the composite cylindrical nanostructures “metallic core — graphene
shell” have been studied. In order to obtain the calculation formulas one uses the relations for the longitudinal and
transverse components of the dielectric tensors for metallic core and graphene shell, which are determined by Drude
model and Cubo model correspondingly. The consideration is carried out in the frameworks of “equivalent”
elongated spheroid approach, according to which the defining dimensional parameter is effective aspect ratio,
calculated from the condition of the equality of the corresponding axial inertia moments for two-layer cylinder and
the “equivalent” elongated spheroid. The numerical results have been obtained for the nanocylinders with the cores
of different metals, different radius and with the different number of graphene layers. The variation of amplitude and
the variation of the location of extremes of the real and imaginary parts of the transverse component of the dielectric
tensor under the increase in radius of the metallic core and the thickness of the graphene shell have been analyzed. It
has been shown that the variation of the radius of the core has the significantly greater influence on the properties of
the polarizability resonances and absorption cross-section than the variation of the number of graphene layers. The
reasons of the presence of two maxima of the absorption cross-section for the metal-graphene cylinders which differ
in both amplitude and width and located in infrared, violet and near ultraviolet parts of the spectrum and their
relation with the surface plasmonic resonances in the metallic core and with the terahertz plasmons of graphene
have been found. The factors which have an effect on amplitude and on the shift of the maxima of the absorption
cross-section have been found. The reasons of the different width of maxima, which are located in the different
spectral intervals, have been determined.

Keywords: metal-graphene nanocylinder, dielectric tensor, relaxation rate, absorption cross-section,
depolarization factor, equivalent ellipsoid, effective aspect ratio

INTRODUCTION hand, improvement in the technologies of their
synthesis [8-12], and, from the other hand, broad
prospects of the application in photonics,
electronics, catalysis and medicine [8, 9, 13-17].

It is known that the use of metallic
nanostructures for the localization of the
electromagnetic field in the domain, the sizes of
which are less than the diffraction limit, has
limitations in the mid-IR range. Moreover, the
recent studies show that the photothermal
stability of the metallic nanoparticles, as the
necessary particularity of the photothermal
cancer therapy, decreases under the long-term
laser exposure [18]. In order to solve these
problems one proposes to use the stable shells,
for example, polymeric ones [19,20], to
preserve the surface structure of the
nanoparticles. Despite the fact that such coatings
reduce the unwanted effect on the body, in

An intensive study of the metallic
nanostructures in the recent two decades is
associated with their unique electronic, optical
and magnetic properties which differ from the
similar properties of bulk substance [1-3]. The
majority of these differences are conditioned by
the large ratio of the surface area to volume and
by the spatial limitations of the electron motion.

One of the most important factors, which
determines the optical properties of the
nanostructures, is their shape. Thus, the non-
spherical metallic nanostructures demonstrate
anisotropic optical and electronic responses,
which are determined by their topological
particularities [4-7]. Among the various
nonspherical  nanostructures  nano-cylinders
receive much attention. This is due to, from one
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practice it is rather difficult to control their
thickness. An alternative approach to this
problem consists in the use of graphene, which
poses the suitable for the biomedical applications
properties [16, 21, 22]. Thus, graphene, along
with the low toxicity and the large ratio of the
surface area to volume, has the high
functionalization rate, which can contribute to
the strong interaction with the biological tissues
and high permeability of the nanoparticles into
the tumor tissues [23]. Apart from this, graphene
with the adjustable thickness (number of layers)
is chemically inert and has the perfect chemical
stability in the physiological solutions [23], and
the thermal stability of golden nanoparticles,
covered with graphene layer, increases under the
long-term laser exposure [24]. Moreover the
peak of the localized surface plasmonic
resonance of the metal-graphene nanocylinders
can be easily adjusted inside the biological
transparency area, controlling both the
geometrical sizes of the metallic core and the
thickness of graphene layers and the aspect ratio
[25, 26]. Due to this fact the nanocylinders,
covered with graphene, has the great efficiency
as the photothermal therapy agents. Most of the
works (see, for example, [25, 26]) do not take
into account the influence of the size effects, the
surface scattering and the radiation attenuation
on the behavior of plasmons under the study of
the optical properties of metal-graphene
nanoparticles.

Let us point out that the strict theory of the
size effects and their influence on the
characteristics of plasmons in the metallic
spheroidal nanoparticles has been developed in
the works [27-31] adapted for the case of the
metallic nanodiscs and nanorods, two-layer
spherical and cylindrical nanostructures in the
works [32-37]. Hence, the aim of this work is
the study of the optical properties of metal-
graphene nanocylinders in the frameworks of the
kinetic approach to the calculation of the surface
scattering and the radiation attenuation rates.

BASIC RELATIONS

Let us consider metal-graphene 1D-structure
with the thickness of graphene shell t
(t=Ntc=b-a, where N is the number of
graphene layers; tc = 0.335 nm is the thickness
of monoatomic graphene layer; a is the radius of
metallic core; b is total radius of the
nanocylinder), placed into the medium with the
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dielectric permittivity em (Fig.1). Due to
anisotropy of the considered composite
nanostructure its dielectric permittivity is the
diagonal second rank tensor

65 0 O
E@ = O 65 0 ) (1)
0 0 ¢

where the expressions for the components ¢,

in the frameworks of the “equivalent” spheroid
approach, proposed by the authors, coincide with
the relations for two-layer elongated ellipsoid of

revolution [38]
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Here ¢ and <" are transverse

(longitudinal) ~ components  of  dielectric

permittivity of core and shell materials,

correspondingly; £, and L) are transverse

(longitudinal) depolarization coefflcients of the
internal and external layers; . =V, /V , V,_ isthe

volume of the internal ellipsoid, V is the total
volume of ellipsoids.
Let us determine the depolarization factors

4, and £, from the corresponding relations
for the prolate spheroids

qll,z): ng,z)z 1+\/1 Qeflfz L(:f
1Ll e

1 Qeﬁ
1,2 1 1,2
£ = (1-47), )
where o? is effective aspect ratios
a2 " - 0" = 2 ()
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and | — the length of the cylinder, r =a and

r® =p - the radius of the metallic core and of
the entire 1D-particle correspondingly.

Let us point out that the expression for the
effective aspect ratio can be obtained from the
condition of the equality of the corresponding
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axial moments of inertia for the cylinder and the 9 (o Y
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“equivalent” elongated spheroid [39]. S =16 oap
ve — Fermi electron velocity, and the expressions

for . /;(”)(ggg) have the form similar to:
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Fig. 1. Geometry of the problem
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According to Drude theory the components ‘Qe“( et ) et } (11)

of the dielectric tensor of metallic core are
determined by the following expressions

One can write down the following for the
real and imaginary parts of the components of

o’ w’y the dielectric permittivity tensor for the graphene
eci(ll)(m)zew_ p +i p Y eff , (5) |ayer [40] p y grap
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where ¢* is the contribution of ion core into the
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dielectric function of metal; o, =./e’n,/e,m’ is Recg (@) =Recg ot
the frequency of bulk plasmons, e, n. and m” are Reog (o)
charge, concentration and the effective mass of Ime} (0)=——, (12)
electron (n;*=4nr’/3, r, is mean distance S0t
between conductivity electrons), the effective where the permittivity of graphene is determined
relaxation rate [28] by the sum of contributions from intraband and
interband transitions according to Cubo theory
Yif(fl‘) =You T Ysl(“) +'lea(d”) - (6) [40]
In formula (7) is bulk relaxation rate,
(1) () o it O¢ ((D) = Ointra ((D) + Ointer (0‘)) , (13)
v,/ and vy, are transverse (longitudinal)
relaxation rates, associated with the scattering on and
the surface and with the radiation attenuation and
determined by the relations [27-31 ie? B
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where ¢ — light velocity, and the diagonal R0y, (0) = nhz((sz +(;2 ){k T +2|”[e L
components of the conductivity tensor have the A
form
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In formulas (14)—(16): uc — the chemical
potential (Fermi energy) in graphene, yc —
electron relaxation rate in graphene.

Knowing the dielectric function of metal-
graphene cylinder, one can calculate such
observable value as the absorption cross-section
Cg*. Thus, according to Gans [41, 42], one can

wright down

(17)
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The formulas (2) and (17) taking into
account the relations (3)—(16) are used further in
order to obtain the numerical results.

THE RESULTS OF CALCULATIONS
AND DISCUSSION

The calculations have been performed for
the composite cylinders with the core of different
metals. The parameters of metals, graphene and
the matrix are given in Tablesl and 2,
respectively.

The Fig. 2 shows the frequency dependences
for the real and imaginary parts of the transverse
component of the dielectric tensor for the
nanocylinders Ag@G of the different sizes.

The results of the calculations show the
qualitative similarity of the curves Rec (o)

(Fig. 2a) for the considered structures with

+
2 )2 ) \?
[R965+1_ﬁl emJ +(|m65)2 (Reei@—i-l_qg em] +(|me%,)2
I

metallic core of the different radius, which
consist in the presence of maximum and
minimum on the curves, the sign-variability of
the frequency dependences for the real part of
the transverse component of the dielectric tensor.
It should be pointed out that the greater the
radius of the metallic core is, under the same
thickness of the graphene shell, the less

expressed the maxima max[Ree(g (m)] is with

the simultaneous shift of the maxima into the
lower frequency range. The maxima Ime; (o)

behave in the similar way (Fig. 2 b), and, apart
from this, the increase in their width due to the
increase in the radiation attenuation rate with the
increase in the radius of the metallic core takes
place.

Table 1. Parameters of metals (for example, [7] and the references there)

Metal Parameter
z rs/ ao m*/me € Yourcr 107 57
Al 3 2.11 1.06 0.7 1.25
1 2.67
Cu 1.49 12.03 0.37
2 2.11
1 3.01
A . .84 .
u 3 209 0.99 9.8 0.35
Ag 1 3.02 0.96 3.7 0.25
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Table 2. Parameters of the shell and matrix (for example, [6] and references there in)

Shell Matrix
graphene teflon
U, eV Yo 102 s €m
0.1 6.67 2.3

Fig. 3 shows the frequency dependences for
the absorption cross-sections of the cylinders
Ag@G with the different sizes of the core and

with the different number of graphene layers. It
should be pointed out that the increase in the
radius of the metallic core (under the constant
number of graphene layers) results in the
increase in amplitude of the maxima and in their
“blue” shift. At the same time, if the increase in
amplitude and the frequency shift of the first
maximum are significant, then, as for the second
maximum, these values are significantly less.
Apart from this, the width of the first resonances
is significantly less than the width of the second
ones. Such behavior of the dependences C2*(w)

can be explained as follows: the strongly
expressed maxima of the small width are the
manifestation of the optical properties of
graphene layers and the longitudinal plasmonic
resonance of silver core in the red and infrared
parts of the spectrum, and the weakly expressed
maxima of the large width in the near ultraviolet
range correspond to the transverse plasmonic
resonance of the metallic core. This explanation
is confirmed by the curves of the frequency
dependence for the absorption cross-section with
the different number of graphene layers with the
fixed radius of the core (Fig. 3 b). One can see
that the increase in the number of the layers
results in only the slight decrease in amplitude of
the resonances, and moreover, their spectral
location remains the same. The different width
of the resonances is explained by the fact that

vyl <y and by the small value of the electron

relaxation rate in graphene.

Fig. 4 shows the frequency dependences for
the absorption cross-sections for Me@G
cylinders with the core of different metals. Let us
point out that the variation of metal of the core
results in the significant shift of the second
maximum, while the shift of the first maximum
is insignificant. It is also indicates that the
properties of the second maximum are
determined exceptionally by the characteristics

ISSN 2079-1704. CPTS 2022. V. 13. N 4
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of metal, while the plasmons of graphene layers
have an effect on the properties of the first
maximum.

The frequency dependences for the
absorption cross-section of the nanocylinders
Au@G and Cu@G in the cases of different

valence of metal atoms (Fig 4 b) indicate that the
valence variation also has the significant effect
on the location of the second maximum and has
the insignificant effect on the location of the first
maximum. The similar effect also takes place in
the case of the different effective masses of
electrons, illustrated by the example of the
nanocylinders AI@G (Fig. 4 c).

15

ho, eV

Fig. 2. The frequency dependences for the real (a)
and imaginary (b) parts of the transverse
component of the dielectric tensor for the

nanocylinders Ag@G with the different
radius of the metallic core and the number of
graphene layers N=15:1 - R.=10nm; 2 —
Rc=25nm; 3—R;=50nm; 4 - R. =100 nm
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Fig. 3. The frequency dependences for the
absorption cross-sections for the

nanocylinders Ag@G under the fixed
number of graphene layers (N = 15) and the
same values of the core radiuses as in Fig 2 a
and with the fixed core radius (Rc =25 nm)
under the different number of graphene
layers (b): 1 -N=1;2-N=10; 3—-N=15;
4-N=30

CONCLUSIONS

The relations for the frequency dependences
for the diagonal components of the dielectric
tensor and the relations for the frequency
dependences for the absorption cross-section of
metal-graphene nanocylinders of the finite length
have been obtained using the “equivalent”
spheroid approach.

It has been shown that the increase in the
radius of the metallic core under the same
thickness of graphene shell results in the
decrease in amplitude of the extremes of the real
and imaginary parts of the transverse component
of the dielectric tensor, and also in the “red” shift
of the extremes for the nanocylinders Ag@G .

It has been found that the frequency
dependences for the absorption cross-section
have two maxima. At the same time, the strongly
expressed maxima of the small width are situated
in the infrared and red parts of the spectrum (in
the biological window of transparency) and
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associated with the excitation of plasmons in
graphene layers and with the excitation of the
surface plasmonic resonances in silver core. The
weakly expressed wide maxima in the near
ultraviolet domain are caused by the excitation
of the transverse surface plasmonic resonance.
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Fig. 4. The frequency dependences for the
absorption cross-section for the
nanocylinders Me@G under R¢=25nm,

N =10 for the cases: cores, produced of
different metals (a); cores, produced of gold
and copper with atoms of different valence
(b); cores, produced of aluminum under the
different values of effective mass of
electrons (c)
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The presence of the maxima of the metal are significantly less than transverse
absorption cross-section in the biological components.
window of transparency indicates the It has been demonstrated that the variation of
appropriateness of the use of metal-graphene metal of the core, the valence of atoms of core
nanocylinders as the cancer phototherapy agents. metal, and also the variation of the value of the

The different width of the maxima of the effective mass of electron result in the significant
absorption cross-section is explained by the low shift of the weakly expressed maxima. At the
electron relaxation rate in graphene and by the same time, the mentioned factors have the
fact that the longitudinal components of the insignificant effect on the shift of the maxima,
tensor of the effective electron relaxation rate in caused by the transverse surface plasmonic

resonance.

HiesekTpuyHa pyHKIis | mepepi3 NorJMHaAHHA MeTAJ-TpadeHOBUX HAHOUMJIIHAPIB
CKiHY€eHOI 10B:KMHHI

SA.B. Kapannace, A.B. Koporyn

Hayionanvnuii ynieepcumem «3anopizbka noaimexuika»
sy JKykoscvkozo, 64, 3anopidcocs, 69063, Yrkpaina, andko@zp.edu.ua
Inemumym memanoghizuxu im. I'.B. Kyporomosa Hayionanvroi akademii nayk Yrpainu
oynveap Axademixa Bepnadcwvkoeo, 36, Kuis, 03142, YVkpaina

B pobomi docnidoceno noedinky 0iacoHanbHUX KOMNOHEHMI8 JieNeKMPUUHO20 MEeH30pa i nepepizy NOIUHAHHS
Y PI3HUX YACMOMHUX OIanA30HAX Ol KOMNOZUMHUX YUNIHOPUYHUX HAHOCMPYKMYD «Memdnesa cepyesuna —
epagenosa 06010HKAY. 3 MemO OMPUMAHHA PO3PAXYHKOBUX DOPMYN BUKOPUCINOBYIOMbCA CNIGGIOHOUEHHS Ol
N03008CHUX MA NONEPEYHUX KOMNOHEHMIE OleIeKMPUYHUX MeH30Pi68 Memaneso2o ocepos i epaghenogoi 00010HK,
wo eusHauaromecs modenamu Jpyoe i Kybo, ionogiono. Poszensio npogodumsci 'y pamxax nioxooy
«EKBIBANEHMHO20» BUMACHYMO20 cPepoioa, 32I0H0 3 AKUM BUSHAUATbHUM POIMIDHUM NAPAMEMPOM € eheKmusHe
acnekmue 8IOHOWLEHHS, WO OOUUCTIOEMbCA 3 YMOBU PIBHOCTI BIONOBIOHUX OCbOBUX MOMEHMI8 iHepyii 08ouapoeoeo
YUTIHOPA Ma «eK8i8ANeHMHO20» eumscHymozo c@epoioa. Hucenvui peyiomamu ompumani 01 HAHOYULIHOPIB i3
CcepOeyHUKAMU Pi3HUX Memaiis, PisHo20 padiyca ma 3 pisHuM quciom epagenosux wiapis. Ilpoananizosano 3minu
amnaimyo i noNoXdceHb ekcmpemymie OliCHOI ma YA8HOT YacmuH nonepeyHoi KOMnOHenmu OieleKmpUUHO20 MeH30pa
30 30inbeHHAM padiyca Memaneeozo ocepis i moswunu epagenosoi oboronxu. Iloxazamno, wo Ha enacmueocmi
PE30HAHCI8 NOAPU30GHOCII | nepepizy NO2AUHAHH 3MIHA padiyca ocepos 6nausac OibuL ICMOMHO, HIdNC 3MIHA
Kintbkocmi epagenosux wapie. Bcmanosneno npuuunu Has8HOCmi 080X MAKCUMYMI6 nepepizieé No2IuHaHHL Meman-
epaghenosux yuninopis, wo GIiOPI3HAIOMbCA K AMILIMYO010, MAK i WUPUHOIO, T PO3MAUOBYIOMbCA 8 THPPAUePBOHill,
Qionemositi ma Oaudcuin yrompaghionemosii obnacmsax cnekmpd, a MAKoOXC IXHiU 36 530K I3 NOBepXHe8UMU
NIA3MOHHUMU PE30OHAHCAMU Y Memanesomy ocepoi I mepazepyesumu niasmoramu. Busmaueno ¢paxmopu, wo
BNIUBAIOMYb HA AMRIIIMYOY Ma 3MIUjeHHs MAKCUMYMI6 nepepizy NO2IUHAHHA. 3 CO8AHO NPUYUHU DI3HOT WUPUHU
MAKCUMYMIB, WO 3HAXOOSIMbCA Y PI3HUX CNEKMPATIbHUX THMEPBANAX.

Knrwowuoei cnosa: meman-epagenosuii Hanoyuninop, Oienekmpudnuil mensop, WeUOKicmy peiakcayii, nepepiz
NO2TUHAHHS, (aKMOop 0enonapu3ayii, ekeieaieHmHuull enincoio, eghekmuene acnekmHe 6iOHOUIeHHs
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