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Abstract

The field for linear aggregates of metallic nanospheres is calculated. This field is analogous to that of
the surface TM( wave of a metallic cylinder with a negative dielectric permittivity. The spontaneous
emission of an atom into a surface wave is shown to be greatly enhanced. This enhancement is as
great as 10'* times for a two-photon process (Raman scattering). The TM, wave is concentrated in
the vicinity of the nanocylinder surface instead of extending in space to infinity. Being restricted in its
length, the nanocylinder radiates efficiently into free space in contrast to the case of an infinite (plane
or cylindrical) surface. The duration of the atomic dipole radiation is about 1 fs under the conditions
discussed. The situation considered can be realized readily in actual experiments. It can explain the
pronounced increase in the Raman intensity in the experiments described by Nie and Emory in 1997.
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1. Introduction

We consider below the surface TMy wave of a metallic cylinder. The zero critical frequency sets off
this wave from other surface waves of the cylinder [1]. This means that the TMy wave exists at an
arbitrarily small radius a of the cylinder.

The surface waves, so-called surface plasmons (in metals) and surface polaritons (in ionic crystals),
exist in the frequency range where the dielectric permittivity of the material is negative and greater (in
absolute value) than that of the material adjoining the metal or ionic crystal. In what follows we shall
consider a surface plasmon on a small silver cylinder.

The following problems are considered sequentially. First we describe a surface TMy wave and cal-
culate the wave numbers and propagation losses. We then normalize this wave similarly to the field
oscillators in quantum radiation theory. Thereafter the probability of spontaneous radiation of an ex-
cited atom (molecule) in the field of the surface TMy wave is calculated and compared with that for
spontaneous radiation of an atom (molecule) in the empty space. Hereinafter we use the term “atom” to
mean both atom and molecule. We have found a pronounced increase in the probability of spontaneous
emission of an atom in the vicinity of the surface of the cylinder section of length L. = 7/h and of
small radius a < A\g. Here, h > w/c is the wave number of the surface wave, \g = 27c/w, and w is
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the frequency of the atomic transition. We show next that the surface wave on the restricted cylinder
section radiates into ambient space in contrast to the same wave on the infinite cylinder and calculate
the radiating power. The excitation efficiency of the surface wave is then determined by the reciprocity
theorem. The consideration performed is then used to interpret the experimental data on the observation
of surface-enhanced (giant) Raman scattering (SERS) by molecules on so-called hot colloidal particles of
silver and other metals [2].

2. Results and Discussion

In our previous paper [3] we have presented the investigation technique for the problem of atomic
radiation in the vicinity of small bodies. The atomic radiation in the vicinity of a small metal sphere
and of the apex of a metal needle supported by a plane (bicone) has also been considered. In this paper,
we continue our studies of various bodies. We have found such bodies that produce the pronounced
amplification effect of radiative processes.

The electromagnetic field in the space without charges and currents is described by the wave equation

VV-A-VxVxA+kA=0, k=cp(w/c)? (1)

with the subsidiary condition
divA = 0. (2)

A TM, wave is one of the eigenwaves of the vector wave equation. The solutions of Eq. (1) in the form of
surface waves can be found using the general expression for the eigensolutions of Eq. (1) from [4]. These
general formulas are in the form of the following functions:
. . 1 L 1 .
M/\ZVXC_L"lp)\,N)\:7VXM)\,M)\:7VXN)\. (3
Vi Vi )
The vector @ in (3) is a fixed arbitrary unit vector whose choice depends on the selection of the frame of
reference and 1), is the eigensolution of the equation

V2 4+ k% = 0. (4)

In cylindrical coordinates (r,0, z) the unit vector i, of the z axis has to be chosen as a.
The eigensolutions of Eq. (4) have the form

Yr=theny = Zn(/\r)(;?sneeihz, k2 = h? 4+ A% (5)
On the left-hand side of (5), A serves as the collective subscript and then denotes the transverse wave
number. Z,(Ar) designates Bessel functions of the integer index. In the case of surface waves, the trans-
verse wave number A is the imaginary quantity (or complex quantity with a small real part). Therefore,
the real quantity v = —¢\ is conveniently entered instead of A, while the Bessel functions of the pure
imaginary argument Z,(Ar) = Jp(Ar), Y, (Ar), H,SLQ)()\T) are conveniently replaced with the modified
Bessel functions I,(v,r) and K,(y,7). In what follows we need the formulas for the derivatives with
respect to the argument for modified Bessel functions of zero index (n = 0). They have the following

form:
d d

710(3;) = Il(m), %

dx K()(JJ) = —K1(.CE). (6)
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The description of the Bessel functions can be found in [5]. We obtain after the necessary rearrangements
that the eigenwaves in cylindrical coordinates have the form

My =V x Zz : wgnv = n‘igmem,

— 1 - R

Ny = ?V X M)y = ngnvezhz’

men'y =F—Zn (PYT)C no - ET - A (VT)C no - ig,
0 sin n (7)
R ih d Zo(y )C 9. thn hn )c P 72 Zn( )cos 0
Nne n Z T n 19 — —F— r n (3
On"/ \/7(1 T :F \/FT ’7 0 \/k;72 n ’Y in z

Zn(’W“) = In(”ﬂ'% Kn<7r)7
v =Vh?— k2

Formulas (7) are written in an easy-to-use form for considering the surface waves. Since k? can be both
positive and negative quantity (see below), we write Vk2. With k2 > 0 we have Vk2 = k, while for
k2 <0, VE2 = ilk|.

We shall consider a metallic cylinder with radius a. The parameters of the medium and space inside
the cylinder will be designated by the subscript ¢ = 1, while those characterizing the space outside the
cylinder will be supplied with the subscript i = 2. At n = 0 formulas (7) take the form

Moy; =V X iy - Yoy = Moyi€™?, Moy = —%Zo(’w“) " 19,
- 1 - .
— h
No,ﬂ' = 72v X MO'yi = no,ﬂ'ez z
\/ kz

ih d - 2 -

d C T —
Zo(nr) = Io(mr), Zo(yar) = Ko(var), vi =/ h? — k7.

The parameters of the problem should be chosen, since further investigation will be carried out numeri-
cally. The cylinder will be considered to be made of silver. We take the permittivity €; of silver at the
wavelength Ao = 633 nm from [6] (¢} + ie” = —19 + i0.53). The space denoted by the subscript i = 2
will be considered as the free space, €2 = 1.

The admissible values h are determined from the characteristic equation. The latter arises when
equating the tangential field components E and H at the interface of two media. The E and H fields
can be obtained using the vector-potential A. Tt can be chosen for the TMq wave in the following form:

[—3mm|7yy; =

104, -1
P24, Hy = —rotd;, i=1,2. (10)
c Ot c 7%

A standing wave on the cylinder section of the resonance length (A/2 = 7 /h) is considered. The reference
point for z is placed in the cylinder mid-length. Such a choice of the reference point for z along with
the boundary conditions implies a distinct choice of the arguments ¢4, and ¢4, in the expressions
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Ay = |A1]e"¥41 and Ay = |Agle$42. We put o4, = /2 and ¢4, = 0. By this is also meant (as will be
seen from further consideration) that (2 = +7r/2h) = 0 and £5'(z = 0) = 0. The vector-potentials of
fields A% in the corresponding spaces ¢ = 1 and i = 2 written in the real-valued form can be presented
as follows:

st __ h71 . e '7% . -
1 =2|A1| ———ILi(mr)sinhz - i, — —Iy(vy17) cos hz - i, p coswt,
K1 R1
(10)
h 2
Ast = 2|A1|Ra {I;YQKl('ygr) sin hz - i, — Z—Ko(’mr) cos hz - zz} cos wt.
2 2

Formulas (10) are written with con81derat10n for the boundary conditions that consist in the equality of
the tangential field components £ = 5215, H5t = H3t at r = a (a is the cylinder radius). The electric
field written in the real-valued form (k3 = —k?) is given by

hyi . > ’Y% - .
8 ]A1| —K—lfl(’ylr) sinhz -4, — K—llo(fylr) coshz - i, ¢ sinwt,

. h .
&t = 2%|A1|RA {WKl(’ygr) sinhz - i, —

2
’ 7—2K0('ygr) coshz - zz} sin wt.
2

ko

The magnetic field (also in the real-valued form) is written as

= 2|A1\—I1(717“) cos hz cos wt - ig,
HQ = 2|A1\RATK1(727“) cos hz coswt - 1.
2

One can see from (11) that the z-components of the electric fields on each side of the interface of two
media are in phase, while their r-components are out of phase.

The ratio |A;|/|A2| and the characteristic equation have been found equating the z-components of
gft and fSt and the f-components of ﬁﬁt and ﬁ%t with r = a. The amplitude ratio is

_ Ao “ky Io(pa)  ppyim Lina)
Ra={"= —— : (13)
Al \ 2/ k1 Ko(y2a) 72 k2 Ki(v2a)
The characteristic equation has the form

v2 Ko(12a) 1 k2 Ki(12a)

The electric field pattern close to the surface of a nanocylinder with radius a = ag/kp = 10 nm
at wavelength \g = 633 nm (kg = 0.993 - 10° cm™1) is presented in Fig. 1. The parameter A = 27/h
appearing in the variable along the abscissa axis is the wavelength and A is the longitudinal wave number
of the surface wave along the cylinder of radius a. In Fig. 2, the dependence of the longitudinal wave
number h on the nanocylinder radius a is presented. The longitudinal wave number of a surface wave is
always greater than w/c. For the flat surface it is expressed as

1/2
w €
h=— ,
c <5—|—1>
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Fig. 1. An electric field pattern for a TMy wave close to the surface of a nanocylinder with radius a = ag/ko =
10 nm at wavelength Ay = 633 nm. The nanocylinder axis coincides with the abscissa axis.
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Fig. 2. Longitudinal wave number h = hgkg of the surface TMy wave on the silver cylinder of radius a = ag/ko
(ko = 0.993 - 10° cm™1).

where ¢ is the dielectric permittivity of the metal with ¢ < 0 and |¢|] > 1. The value of h increases
drastically at small a and, correspondingly, the TM, wave is significantly retarded.
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Let us normalize the TM( wave according to the condition

/ [A% (7)]2dr = 4nc?, (15)

\%

which is usually used to normalize the eigenoscillations of a field (field oscillators) in the quantum theory
of radiation [7]. In Eq. (14), A% () is the coordinate part of the vector-potential of the eigenwave of
Eq. (1). With such a normalization, the energy of the field oscillator is found to be a multiple of the
integer number of quanta.

The specific feature of our consideration is that the integral in (15) contains two parts that describe
the space ¢ = 1 and the space i = 2. The form of the potential ESt(F) is varied when passing from the
inner space ¢ = 1 to the outer one ¢ = 2:

) - . 72| A2
[ e = [Larere+ [dora - T80 e 0 < ane

|4 i=1 =2
ho \? Y01 \°
C) = <> Intl; + () Int1,
Ro1 K01

h 2 2
Cy = 7?,124 [<k‘0) IntK; + <Z02> IntK()] , (16)
02 02

7Yo01a0 00
Intl, = / eI, (z))?dz, IntK, = / z[ Ky (x)]2dz, n = 0,1,
0 702a0

ko = w/e, k3, = —k31, ho = h/ko, Yo1 = 71/ko, Yo2 = 7V2/ko, ko2 = ka/ko.

The expression for the factor |A1|? (|A1] is the normalizing constant for the field eigenmode) has the
following form:
02 hok‘o
7T C1+Cy
The dependence of |A;| on the cylinder radius a is presented in Fig. 3.
We now have all that is necessary to calculate the probability of spontaneous transition in an atom
with photon emission into the surface TMy wave of a metallic nanocylinder. We shall follow the theory

A ]? = (17)

of spontaneous emission from [7] in our calculations.
The probability of the one-photon transition in a quantum system, which is formed by the atom and
field, is described by the formula
21
Wnlo = %|Hn|0|2pE7 (18)

where Hyo is the matrix element of the interaction operator Hiy; of the atom with the field and pg is
the number density of radiation oscillators in the energy scale. On optical frequencies, the interaction

operator is described by the formula
[ —,

Hing = _7(ﬁ )7 (19)
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Fig. 3. Normalized constant |A;| for the vector-potential of the surface TMy wave on the cylinder of radius
a = ag/ko and length 7/h.

where p, e, and m are the mechanical momentum, charge, and mass of the atomic electron, respectively,
while A is the vector-potential of the free radiation field. In our case, A = A(7,t) is expressed as

+
—

A1) = (ar + a) VAN = (a + o) ) AF () (20)

The matrix element H,,| is calculated by the following formula:

+
€ * Ty * — 1 (=
Hn|0 = Han&:l\bnA:O = _% /7/)(1\1’71)\ |:p(a/\ + (l/\‘ )AA(T) ¢b‘1’n;d7 (21)

Here, ¥,,, and \I!n/A are the eigenfunctions of the Hamiltonian of the free radiation field, v, and 1y are
+
the eigenfunctions of the free atom, a) and a )\‘ are the annihilation and creation operators of a photon,

respectively, and dr = dry, - d7y is the phase-space volume element of variables of the atom (74) and the

field (7). In the case of transition with photon emission, the contribution to the H,, is provided only
+

by the integral [ \II;‘LAa/\‘ W, dry. This integral is equal to

T h
anx+1|nx - m(n)‘ + 1)'
For spontaneous radiation, ny = 0.

We have to calculate the integral over the atomic coordinates 7,5, in (20). In what follows we shall
restrict our consideration to the assumption that ff;%f’) varies only slightly in the space portion where
¥, and 1, are different from zero. In this case, we can remove the factor ffgt(ﬁ out of the integral sign.
This undoubtedly restricts the generality of consideration. Recall that the standing wave is considered
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Fig. 4. Q-factor of a standing surface TMy wave on a silver cylinder of radius a = ag/ko and length 7/h.

on a section of the nanocylinder of length 7/h. The vector-potential of a TMy mode has two components,
A‘g’;(f") and /TS’;(F) The product ﬁf@t peaks at z = +7/(2h) and z = 0. In the first case, the dipole
should be oriented along (towards) ,, while in the second case it is aligned along i.

We replace the integral f V¥ | plpdray with the value —iwmaqy,, where x4 is the matrix element of the
x coordinate operator of an electron in the oscillating external field. We obtain as a result the following
expressions for the square of the modulus of the matrix element |Han’>\ :1|bm:0|2:

27:1,4.0362 ho’}/()g 2
Hamtimcol? = 5 LA PRl (22 ) K2 a0,
2 2hw’e? 2752 2 7(2)2 ’ 2 2
[ Hang=11pmy=0l” = — 5 [A1]"Ria|za| <k02> K (v02a0)-

These expressions were obtained for the first and second cases, respectively (we set r = a).

We seek the value of pg, i.e., the number density of field oscillators in the energy scale. In this
case, we follow the recommendations from [8]. They imply that pp = 1/(fw/Q) for a resonator, which
supports only a single mode. The parameter () is the resonator ()-factor. So far it has been assumed
that h is the real quantity. We intend now to consider the imaginary part of h. The dependence of the
ratio @@ = Reh/Imh on a is shown in Fig. 4.

We are capable now of calculating the probability of spontaneous transition. We shall perform calcu-
lations for the first case:

(T'Mo) _
wan’)\:()1|bn>\:0 =1 By,
4 €2w3 3h0 h()’)/QQ 2 Reh
Pl =-—|rwl|’, 2= R2 K3 — . 2
1= 3 el =5 A< koo > 1(0200) 7 (23)

The factor F; coincides exactly with the expression for the probability of spontaneous emission of a
photon in the free space. The factor F5 shows the changes that occur in the nanocylinder in space.
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Fig. 5. Factor Fy showing the factor of increase of w,|o for an atom that emits into the surface TMy wave of a
cylinder of radius a = ag/ko.

Figure 5 shows the dependence of F» on the nanocylinder radius a. Note that we are dealing with
dipole allowed transition rather than with forbidden (in the dipole approximation) magnetic-dipole or
quadrupole transitions. With ag = 0.01 (the cylinder diameter is ~2 nm) the probability Wy|o increases
by more than ~ 107 times. This means that the dipole transition in these conditions is accomplished for
the time 1071 s. In this case, the atom emits femtosecond pulses of virtually white light.

The nanocylinder section having oscillating charges of opposite sign at its ends emits into free space.
An infinite cylinder with a surface TMg wave does not emit since constructive interference is impossible
for sources arranged so densely that the distance between them is less than the wavelength in free space.

We have to know the value of the induced dipole moment to find the radiating power. This value can
be obtained by summing up the induced polarization 73157j in the nanocylinder volume. According to the
definition of the polarization [4] we have

61—1

&), (24

st
Pyl =

We obtain the total dipole moment d of the nanocylinder by integrating the z-component of the polar-
ization P; with respect to r and z. The value obtained should be additionally multiplied by (5/2w)/?
to take into account the normalization of a TMy mode of the field:

w/(2h) a
d = (h/2w)/? / dz/ﬁfiZwrdr. (25)
—x/(2h) 0

The ﬁfﬁ component does not produce any contribution to d.
We calculate the mean radiating power P by the formula for an elementary oscillating dipole [4] (dy
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Fig. 6. Power emitted by a cylinder section of length 7/h, on which a surface TMy wave is excited.

is the amplitude of the dipole vibrations)
= (1/3)cdgk;. (26)

In Fig. 6, the dependence of P on the cylinder radius a = ag/ko is shown. The curve was calculated
without regard for the radiation losses in the resonator Q)-factor.

The formulas obtained are also applicable to the Raman scattering process of a photon [6] provided
that the matrix element in formula (18) is replaced by the so-called composite matrix element

/H 0
Hyjo — Kog = _ EZ'”_ i (27)
n/

Since the Raman scattering is the two-photon process, the effect of increasing the field strength will enter
into the transition probability to the fourth power rather than to the second one.

3. Conclusions

To summarize, an excited atom (molecule) in the vicinity of a linear aggregate of metallic nanoparticles
was shown to emit spontaneously into a surface TMy wave of the aggregate. The emission rate exceeds
that of the spontaneous emission of an atom in free space by many (~7) orders of magnitude. The
surface TMy wave of an aggregate of finite length emits effectively into outer space as distinct from that
of a cylinder or an infinitely long plane. Because of this, the enhancement effect for the atomic transition
becomes the radiative one. This effect is distinguished from the process described in [9] where the atomic
excitation is transferred to the nonradiating surface wave. We believe that the calculations performed
explain well the effect of the pronounced increase in the Raman intensity (SERS effect) in the experiments
described in [2].
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