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ON BASIC FEATURES OF EM SIGNAL TRANSPORTING ALONG LINEAR
WAVEGUIDES COMPOSED OF NOBEL METAL NANOSPHERES

Abstract - Propagation of surface dipole oscillations along a linear chain composed of spherical nanoparticles of
noble metals is considered. Within the RPA method applied to the "jelly model” it was calculated the EM signal longitudinal

group velocity Var.z and the effective length L, of the signal “run” along waveguides composed of Au (Ag, Cu) nanospheres

at room temperature and the most frequently used parameters of such waveguides (nanoparticle radius a = 25 nm, with an
interparticle spacing of 75 nm, merged into vacuum): the values are in good agreement with experimental data. The fact can
be used to transfer information over relatively large distances: L, > 1 um, Le. over the distances which exceed 200 periods of

the nanoscale linear structure.
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Onecckas HanMoHalIbHas akagemus cBssu uM. A.C. ITonosa

Ob OCOBEHHOCTSX PACITPOCTPAHEHUSA DM CUI'HAJIA BJOJIb BOJIHOBOJA, COCTABJIEHHOI'O U3
HAHOC®EP BJIATI'OPOJHBIX METAJIJIOB

PaccmompeHo pachpocmpaHeHue NhOo8epXHOCMHbIX OUNOJIbHbIX Ko/e6aHull 80016 JAUHEUHOU Yenoyku, cocmas/neHHoU us3
chepuieckux HaHouacmuy 6.1a20po0HbIX Memannos. B pamkax memoda RPA npumeHUMeAbHO K «MOOeAU Jiceae» 8bIMUCAEeHbl NPOJOAbHAS
ckopocmb npoxodicoeHust IM cueHaaa u agpekmugHasn 0auHa «npobeza» cuzHaaa 800b HAHOPA3MEPHO20 801HO800A NPU KOMHAMHOU
memnepamype u Hau6o.1ee Yacmo Ucno/ab3yeMblX Napamempax makozo poda 8041H080008 (paduyc HaHocgep 25 HM, paAcNON0HCEHHBIX 8
8aKyyMe 3K8UOUCMAHMHO C pACCMOSIHUEM 75 HM): nosydyeHHble paciems! HAX00siMcs 8 XOPOWeM co2/1acuu ¢ 3KCnepuMeHmoM. Imom

akm moxcem 6bimb ucnoav308aH 045 nepedawu uHGOpMayuu Ha cpagHumeawvHo 6Goavwue paccmosnusi L, > 1 mkm, me. Ha

paccmosiHus, npesvlwaroujue 200 nepuodos makoil AUHEUHOU cmpyKmypbl.
Kawuesblie cn08a: nogepxHOCMHble JUNo/IbHble KOe6aHUs, Memaaau4eckue HaHo4acmuybl, HaHOpa3MepHblii 80HO800.

Introduction

Investigations of plasma oscillations in metallic nanoparticles has been discussed for a relatively long time
and are of great practical value (nanophotonics and optical telecommunications). An important role in such systems
assigned to nanoscale waveguides which are possible basis for development of new generation of optical
communication systems [1-3]. One-dimensional ordered arrays of noble metal (Au, Ag, Cu) spherical nanoparticles’
are increasingly seen as this kind of waveguides. It is well established that the nanoparticles of noble metals support
plasmon resonances within a wide frequency range (UV — visible — near IR) [1-3].

When studying plasma oscillations in nanoparticles as small as 1 nm or less, methods of local density
functional theory (LDA) and “a time-dependent density functional” (TDLDA) are generally used. When studying
plasma oscillations in metallic nanoparticles of several tens of nanometers “random phase approximation” (method
RPA) can be successfully used [4-6].

Most often, both theoretically and experimentally someone investigates the properties of plasma
waveguides composed of noble metal nanoparticles of spherical shape (for example, silver and gold nanosphere of
radius 25 nm and 50 nm) and of cylindrical form (“nanorods”) of similar size [7].

Rather recently there were several experimental studies of plasma waveguides [8]. Within these studies
there were published micrographs obtained by means of optical near-field microscopy, which clearly show the
passage of an electromagnetic signal along nanochains of gold spheres (of the radius @ = 50 nm): the signal passes
along the waveguide with almost no damping, though the total length of nanoscale waveguides were more than
5.10° m with following parameters: a= 50 nm (the radius of the nanospheres), d = 200 nm (d stands for the
distance between the centers of metal nanospheres), ratio d/a =4 [8].

The experimenters associate this observation with a point dipole model that can be applied when describing
the transport process of the electromagnetic signal by a plasma waveguide, and they give their estimate of the group
velocity and attenuation coefficients for one-dimensional arrays of nanoparticles. Within this model of a point dipole
some characteristics of such waveguides were calculated using FDTD method. But the authors themselves recognize
that there is a significant divergence between the calculations of linear damping coefficient for the waveguide
(~3dB/15nm), presented in the above-mentioned papers, and the experimentally observed results (see [9]).

Micrograms obtained with a scanning tunneling microscope clearly show that the electromagnetic signal
passes through the Au nanochain a considerable distance (the length of about 6.75x10* nm) without any significant

!so-called nanochains
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attenuation. Very similar result to this experimental one was obtained when passing an electromagnetic signal along
nanochain of gold spheres with a diameter of 100 nm [9]: it is evident that the electromagnetic signal while passing
along such nanochains slightly damped over a length of at least of 5x10° nm.

The author investigates plasma (dipole) waves, which arise within a linear array made of metallic spherical
nanoparticles. It is shown that the dipole eigenwaves generated in the linear array, decay with time exponentially.
The waves which arise in the chain due to the external electromagnetic wave source (generator), do not decay
eventually, the frequencies of these plasma waves equal to the frequencies of the external alternating field, and their
amplitudes depend on these frequencies. The greatest amplitudes of the plasma waves appear at the resonance
frequencies.

The aim of this work is the calculation of certain characteristics of nanoscale waveguides in the form of a
chain composed of nanospheres of noble metals with the following parameters: the radius of a nanosphere is a =25
nm; the nanochain length is Loy (Lepain>> a ). It was assumed that metal nanospheres are arranged equidistantly
with the distance d between the centers of the nearest particles, and that nanochain merged into a medium with

dielectric constant of gy, .

Theory

Consider an infinite chain composed of noble metal nanoparticles of spherical shape of radius a and
merged in a dielectric medium with the permittivity € . We suppose that the nanospheres are arranged along an
axis Z at an equal distance of d >2a from each other (i.e., their centers are spaced at equal distances from each
other). Let the origin of coordinates is located at the center of one of the particles, for example at the nanosphere
with index / =0 . Further suppose that there is an external source of electric field, which is located on one of the
particles of the nanochain, for example, on the particle with index / = 0 . At the center of the particle with / =0 this
electric field produces a point dipole moment which, in its turn, will also radiate a certain electric field.

Let the intensity of the radiated electric field at any point of the axis Z at any given time ¢ is equal to

EO(O;z;t) , in this case EO(O;z;t) = Eo (0;—2z;1) .

Then projection of the considered electric field intensity onto the coordinate axe Z at each /-th node of
the chain, where are located metal nanoparticles, will be determined by the following relations:
Eo,(0;ld;t)= lim Eq,(0;z;1).

z—ld

It means that at the center of each metal nanoparticles (see [5, p. 124322, Eq. (27)]) it will arise additional
dipole moments, committing with time compelled transverse and longitudinal vibrations.

According to the general theory (see [9]) dipole moment ﬁ(ﬁ,t) located at the point R radiates an electric
field intensity at a point (R + Ro) is equal to:

2
XD(E;t—Ro/vh )+$ Ri8+%i%+}:—oé;—2 7 -(ﬁo ~D(ﬁ;t—R0/vh>>,

where 7 :ﬁo/RO , Vi :c/\/g.

Plasma oscillations arising on the particle with index / also emit electromagnetic field, which is
accompanied by power emitted by the influence of the field on the conduction electrons of the particle with index /
(Lorentz force). The presence of this force is equivalent to the presence of an external electric field effective, the
source of which is located in the center of the particle with index /, and the intensity of this field is given by the
expression (see [9]):

Vh

_ 3 3=
- 2ees 03 3
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Thus, the equations describing the behavior of the dipole moment ﬁz(ld,t) along the longitudinal
direction ( Z axis) of the particle with index / are of the form (see [5, p. 124322, see Eq. (28-29)]):

2 +00
0°D:(d1) , 2 OD:UdD) | 21y (1.1 =epa’@?| S Eo (R Rogtot) + Epz(1d.0.0) + Eq (0,1d.1)
or? 9 Ot (1)
m=—o0
(m#l)

>
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-1
where 1 = (ZVTF +;—Fj is the decay time of plasma oscillations due to their interaction with phonons of bulk
0 2a

metal and surface of the nanoparticles.
For the particle with index m (m # [), equations (1) can be rewritten as
O b+ 22 b 2D, (ld,1) =
61‘_2 Z( ’t)+¥5 Z( ’t)+0)1 Z( 7t) =

3| 4o 3 43
=207 | Y 4 O md -y +d—a—D (ldt) |+ epa’ 0P Eg, (0;1d;1) .
13 3 2 v !
d” | =\ Im " v [m] h
(m=0)
Here /-d is the discrete variable. To solve these equations, assume that D, (/d,t)= lim D,(z,t), where
z—ld

z is the continuous independent variable, and functions D, (z,?) satisfy the following equations:
62

D,z H+=>9p ¢, 1)+ 02D, (z,0) =
a2 T( Ot

3| +» 3 33
:20)120_ Z[ ! + d a}«DZ[md+z;t—|m|dj d a—Dz(z;t) +eha30312EOZ(O;z;t).

3 3 2 3
d° | o\ m P vy im0 Vh 3vh ot
(m=0)
0)2
Here mlz = 3—p is the frequency of plasma oscillations in a medium where the nanoparticles are placed;
€h

@, is the eigenfrequency of plasma oscillations of the electron gas of the nanoparticles.

2 3
! ~ ®pd < [ﬁj <<1
w17 cﬁ d

is satisfied, these equations become much simpler and for functions 52 (k,t) in a first approximation they
take the form:

If the condition

o2 20
—+——+(oz(kd) D L (k,t) =¢gpa (olEoz(k t). )
6t T0 Ot

The frequencies of ®,(kd) have the following properties: aﬁ (kd) = o5 (—kd) = 5 (kd +2m) .

It is well known, that the general solution of the inhomogeneous equation (2) with constant coefficients
equals the sum of two functions (see [9]): 52 (k,t) = 502 (k,t)+ 51 5 (k,t), where 502 (k,t) is the general solution
of the homogeneous equation as it follows:

2
‘3—2 + 22 G2 (ka) |Do (k1) = 0. 3)
ot T ot

and the functions 51 ,(k,t) are particular solutions of inhomogeneous equations (2).

Solutions of equations (3) have the form (see [9]):

Dy (k,t) = A5 (k) - exp(—idyt — t/tq ) + B, (k) - explidyt — 1/7¢) ,

where ©7, = @} (kd) = +/07 (kd) - 1/ 1(2) ,and A,(k) and B, (k) are arbitrary functions of k determined from both

the initial and physical conditions. Consider the case when an external electric field is turned on at the moment
t =0 . Since before the event the system under consideration was in a state of equilibrium and it was free of any

excitations, it is necessary to assume that A4,(k) = B,(k)=0. In this case 502 (k,t=0)=0, and when >0 we

obtain:
3 2

t
jexp t1/70)Eoz (k.ty) - sin(@ (kd) - (¢ = 1))- iy ,
0

~ ~ a
D (k,t) =Dy, (k,t —
z( ) lz( )= eh & (kd) exp t/’t()

here ¢; is time, and besides #; #¢.

ISSN 2219-9365 Bumiprosansna ma o6uucniosansha mexuika ¢ mexnonoziunux npoyecax N 3’2015 163



OOMiH IPaKTHYHUM JOCBIZIOM Ta TEXHOJIOTISIMH

~+00
The desired function D,(z,t), according to (2) is defined by the equation D,(z,t) = jelkz 52 (k,t)dk .
—o0
In the linear array, we will primarily be interested in the electric dipole moment of the metal nanospheres
located in the /-th node of the chain, and the dipole moment is defined by the following relationship:
D,(ld,t)= lim D,(z,t)= lim Dj,(z,t)=D,(ld,?).
z—>Ild z—>1d

Next we suppose that the external electric field is turned off at the moment of 7. Under the conditions
z=1Id and ¢>T the mentioned above short-term effect of external electric field on the dipole moment of the / -th
nanospheres of the nanochain takes the form (see [9]):

3.2
epa”®
D, (id, =122 _28K
@ (n) exp(t/7o)

sin| 1d — ik - 40z
dk n/d - ~
xIm| F, (ko,T) , Jexp(i®, () -t + ikgld )+ exp(id’, () - £ — ikqld )], (4)
(0]
ld — tAk - <=2
dk n/d

here we have denoted: ko = Ak =n/d .

Results

From Eq. (4) we can see that the function is a wave packet: the last factor here is so-called a "rapidly-
oscillating" function, and the factor in square brackets before is the amplitude of the changing with time dipole
moment of the nanoparticle with index /.

This maximum of the amplitude can be achieved at the moment ¢ =ld/ Vgr,z» Where
doy, (kd) Ty (kd) doa'z(kd)|
=Ty )T T |
k=n/d \/(10 oy (kd))” -1 k=n/d

which it moves along the nanochain.
The dipole moment D,(/d,t) of the particle with index / after termination of external influence, i.e. at

T is the group velocity of the wave packet, at

t > T , has the following form:
3.2 :
a’m sin(®’, (w) - ¢ s1n(1tl—1t~v rzt d)
D,y = ey L -yl SO )1) g2t/ d) [expltr/0)Eo- (0:0:11 )1, 5)
% (1) exp(t/7p) n~(l—vgrbzt/d) 0
From the eq. (5) one can see that the dipole moment of the / -th nanoparticle reaches its maximum value at
t=t;=1d / Vgr,z » and the maximum value at this moment is directly proportional to the value of exp(— i/ ’E()).

T

Hence the distance L; =vg, ,-To, on which a signal can be transmitted along a linear array of nanoparticles, is

aboutof L,~/-d.

Calculations of some characteristics of nanoscale waveguides were carried out ab initio within the RPA
method and theoretical positions, published in [6, 10]. After Fourier transformation of Eq. (5) one can get the
following relation for the longitudinal group velocity vy, , :

0 .
2d -2 - Z sin(m-kd) ( cos(m-oid/vy)
1 m m

+w1d /vy -sin(m - o1d /vy, )j

m=1

Vgr,z =

3 3 o '
(dj . (o12 {1—4(0) : Z cos(mz-kd) -(Cos(m o1d/vh) +ord /vy ~sin(m-m1d/vh)j]—12

a d mol M m 5

The results of calculations are presented in the Table 1.
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Table 1
The results of calculations of certain parameters of nanoscale waveguides (7 = 300 K):
the signal the lifetime of the the length of the signal
nanoparticle material group velocity vgy. 7 wave packet propagation
T(, S€c L,,pm
Ag (0,1600£0,0002)x¢ 2,42x10™" 1,16
Au (0,158040,0002)x ¢ 2,14x10™ 1,01
Cu (0,0480£0,0001)x ¢ 1,91x10™ 0,27

Note #1: here ¢ — the speed of light in vacuum. These characteristics of such excitations are in good
agreement with the experimental data [11-13].
Note #2: for presented in the Table #1 calculations it was taken the following basic conditions: a = 25 nm;

d/a = 3; temperature = 27 °C; dielectric medium is vacuum.

Summary

In this paper, the subject of the study was the spread of EM signal along a one-dimensional array composed
of noble metal spherical nanoparticles. If external electric field source will be placed amongst such ensemble of
nanoparticles, and one of the particles would be affected by a short pulse, then in this linear array the pulse will
cause additionally arising of dipole waves with a frequency lower than the plasma one. As it was shown, under
certain parameters of described nanoscale waveguides undamped dipole oscillations may occur in the form of a
wave packet. The fact was confirmed experimentally [3, 6] and it can be used to transfer information over relatively
large distances: L., > 1 um, i.e. over the distances which exceed 200 periods of the nanoscale linear structure.

It was calculated the signal longitudinal group velocity vg, ; and the characteristic length of the signal

propagation along the linear array of nanoparticles L, and at the same time good agreement between calculations

and experimental results was achieved. The presented results clearly show that the longitudinal group velocity of
EM signal propagation along Ag or Au nanochains much more (in ~3.3 times more) than along Cu ones of the same
parameters (see Table 1).

One can see the perspective use of the described nanoscale waveguides: 1) light energy conversion inside
semiconductor photodiode systems with active nano-modified surface; and/or 2) transportation of EM energy and
information within respective nano-optical devices.
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