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A self-consistent approach based on the local-field concept has
been proposed to calculate the direction patterns of light emission
by nanoparticles with various shapes. The main idea of the
method consists in constructing self-consistent equations for the
electromagnetic field at any point of the system. The solution of
the equations brings about relationships between the local field
at an arbitrary point in the system and the external long-wave
field via the local-field factor. The latter connects the initial
moment of optical dipole transition per system volume unit and
the effective dipole moment of transition that takes local-field
effects into account. The effective dipole moment depends on the
particle shape and size. Therefore, dipole radiation depends on
those parameters too. The direction patterns of light emission
by cubic particles have been calculated. The particles have been
demonstrated to interact as almost point dipoles at distances
that exceed their linear dimensions. This fact can be used to
substantiate applications of the dipole approximation to studying
the optical properties of submonolayer molecular coatings.

1. Introduction

The development of modern technologies gave rise
not only to the mastering of the nanometer scale
in electronics and the elaboration of essentially new
electronic devices, which stimulated the transition
from micro- to nanoelectronics [1-4], but also to the
emergence of new — subwave — optics, the so-called
near-field optics [5-7]. The rapid development of this
new branch of optics has been continuing for last
two decades. Within this time period, the progress
in near-field optics has converted the application of
optical scanning microscopy into a routine experimental
technique for studying local field distributions in
nanosystems [8-10]. Nowadays, the researches of local
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field distributions serve merely scientific [11-13] and
rather utilitarian purposes [14-16]. For instance, they
are applied to the development of photonic crystal
devices for optical information processing. On the other
hand, the near-field optics gave an impetus to the
development of fundamental researches in quantum
electrodynamics [17-19], which resulted, e.g., in a
revision of the problem of light emission by material

objects.
In this connection, works [19-21] of one of the authors

of this article (O.K.) can be exemplified. A detailed
consideration of the process of photon emission by an
excited atom carried out in those works demonstrated, in
particular, that the excited state of the system “atom +
electromagnetic field” is characterized by a complicated
structure of the electric field, the latter possessing both
the longitudinal and transverse components. In addition,
the dependence of the energy of the electromagnetic
field transverse component on the oscillation number is
periodic, and the difference between the electromagnetic
field energy and the photon energy hAw is less than
ten percent even for the tenth period of oscillations.
Hence, the emitted photon carries information about
the particle that has generated it. But, in those works,
details of photon emission processes were studied in the
point-like emitter approximation. In this connection, a
question arises: How do the dimensions and the shape
of the emitting particle affect the process of photon
emission? Really, it is known that, in optics, the optical
properties of mesoparticles are governed to a great
extent by the particle’s dimensions and shape [22-25].
It is clear that a similar situation should be observed,
when studying the processes of radiation emission by
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an extended particle. This work aims at studying the
influence of the particle’s extension on its light radiation
properties.

The spontaneous photon emission by a particle can
be regarded as the appearance of a radiation induced
by the electron current that arises in the particle owing
to electron transitions. In this case, the influence of
the particle’s extension on the emission process can be
divided into two components. First, electron transitions
occur differently at different particle sites. That is, the
fields that are induced by elementary currents should
be integrated over the particle’s volume. Second, the
process of current formation undergoes the action of a
self-field that the currents invoke. This local-field effect
can bring about, for example, a shift of electron energy
levels in the particle (the effect is similar to the Lamb
shift in nuclear physics). To take the influence of the
self-field on the formation of currents in the particle
into account, this local field has to be calculated. The
calculations of local fields in the near-field physics are
carried on by solving a self-consistent problem. This
procedure is reduced to finding the solutions of the
Lippmann—Schwinger equation.

2. Local Field at Light Emission by
Mesoparticles with Various Shapes

To study the influence of local field effects on the
processes of photon emission by nanoparticles with
various shapes, we have to determine how the energy
flux density of the electromagnetic field emitted by the
particle is formed. This means that we have to calculate
the Poynting’s vector. For this purpose, let us determine
how the dipole moment of an optical transition in the
particle becomes “dressed” owing to the electrodynamic
interaction, which is the origin of radiation emission.

The local field satisfies the self-consistent Lippmann—
Schwinger equation [5-8]

Ei (Ra w) = EZ(I) (R7 W)—

—iw,uo/dR’Gij(R, Rl,w)Jj(Rl,W), (1)
\%

where G;;(R,R’,w) is the photon propagator of the
medium that the emitting particle is located in. As was
shown in works [26-28], the solution of Eq. (1) can be
expressed in the form

ER,w) =E"R,w)—

S [ ARGy (R R w) X (R ES (R w), (@)
Vv

where Xj;(R’,w) is the tensor of effective susceptibility
that couples the local current J;(R,w) with the external

(with respect to the particle) field Ei(I)(R, w) by the
relation!

Ji(R,w) = —iwXy(R,w)EY (R, w). (3)

The effective susceptibility has a standard form of the
linear response function [29],

Xii(R,w) = [(xi;(w) " + S(R,w)] ! =

= xit(w)[dj + Sji (R, w)] 7, (4)

where the self-energy part S;;(R,w) reads

Sji(R,w) = —iwuo/dR'Gjl(R’,R, W) (w). (5)
v

Using the reciprocity theorem [30], the latter can be
rewritten in the form

Sii(Ryw) = —iwuo/dR'Gjl(R7 R, w)xi(w). (6)
%

The local field factor, which connects the self-consistent
field at any point of the system [5] with the external field
by the relation

Ei(R,w) = Ly(R,w) E”(R,w),
looks like

Lij (R, w) = 51']' - Z'(.UILL()/d]l’(;’jl(].{7 R’,w)Xli(Rl,w).
|4

(7)

Hence, the problem of finding the local field in the
system is reduced to calculating the local field factor. In
its turn, in order to determine the local field of a photon
emitted by a mesoparticle with a definite shape, it is
necessary to calculate the effective susceptibility of the
particle. The latter parameter evidently depends on the
substance the particle is made of (i.e. on the local field
response function x) and on the particle’s dimensions
and shape, as follows directly from formula (4).

INote that the material equation connects the local current and the local field by means of the material susceptibility: J;(R,w) =

—iwxi(w)E (R, w).
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3. Local Field of Light Emitted by a Quantum
Dot

It is clear that a particle with spatial quantization (a
quantum dot) emits a photon in a little different manner
than a mesoparticle does (mesoparticle is such a particle,
the linear dimensions of which are, on the other hand,
small enough for the local field effects to substantially
influence its properties, but, on the other hand, are
not too small for the effects of spatial quantization to
manifest themselves). As was elucidated in the previous
section, the determination of the local field emitted by a
mesoparticle is reduced to the calculation of the tensor
of its effective susceptibility. In this section, we show
that a similar approach can be applied to the analysis of
the photon emission by a quantum dot.

For the sake of definiteness, consider a quantum dot
as a potential box with infinitely high potential walls.
This means that particle’s electrons move in a region
confined by infinitely high potential barriers, i.e. the
potential energy is given by the expression

vo{
oo?

If the linear dimensions of a rectangular quantum dot
are L, Ly, and L, electrons move in the region given by
the inequalities —L, /2 <z < L, /2, —L,/2 <y < L, /2,

and —L,/2 < z < L,/2. For potential (8), the wave
function of electrons in the quantum well is [31, 32]

—8 sin m x—i—h X
L.L,L, L, 2

X sin VLT:Q (y+ %)} sin {723 (z—i— %)] , 9)

where n; = 0,1,2,...(i = 1,2,3) are the quantum
numbers. The energy corresponding to the (ni,ns,ns)
quantum state of an electron is

R*r? (n?  n3  nd
Eni,no,ng — 2. m* L_ + _L + _L .
T Yy z

The electrodynamic properties of such a quantum dot
are known to be governed by the currents that arise
due to transitions between the ground and excited states
[33-36]. To determine the effective susceptibility (or —
directly — the local field factor), let us take advantage
of a procedure developed in works [35,36]. Note that the
electric current density induced by electron transitions

inside a particle,
outside it.

®)

\I]nl,nZ,nB (ZL', Y, Z) =

(10)
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in the quantum dot is coupled with the electric field by
the nonlocal relation

Jk(R, w) = /O’kl(R, ]R/,u))El(]R/,W)d]R/7 (11)
v

where

O'kl(R R w Oa(Rl) (12)

——Zaa

How

is the electroconductivity tensor, j2°(R) and j’*(R’)
are the current densities of the transition between the
ground energy level “0” and the level “o” [33]:

307 = = () Vi = (V)] (13)
‘ 2im

10 is the wave function of the ground state, and ¥ is
the wave function of the excited state a. The quantity
aq is given by the expression

9 Ea - EO
HOh2(w + )2 — (Ba — Eo)?

ao(w) = (14)
where FE, is the energy of state «, and v the
relaxation frequency. Substituting expression (12) into
the Lippmann—Schwinger equation (1), we obtain the
equation for the self-consistent (local) field:

Ei(R,w) = B (R, w)—

—Zaa VO (R, w /dR’ (RE|(R,w), (15)
where

FRw) =5 [aRGuRR®R) (10

%

is the electromagnetic field at the point R, which is
induced by the current of the electron transition o — 0.
Applying the integral operator f dRj; % to both parts of

Eq. (15), we obtain the system of algebraic equations

S (Baps + a0 @) NP ()" () = 705 (@), (17)
where the variable
/ AR} (R) (R, w) (18)
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is to be determined. Hence, to find the local field factor,
we obtained the system of algebraic equations (17),
where the notation

NP (w) = / dRj{*(R)FPO(R,w) =

= / / dRAR'j°(R
J

was introduced.

The external long-wave field is almost constant
at distances compatible with the linear dimensions
of the particle. Therefore, we can use the near-field
approximation and put

)Gk (R, R, w)j°(R) (19)

Yy (@) = / AR R)EP (R, w) = 7 EV (R, w).
1%
(20)

The solution of the system of equations (17) can be
written down in the form [33-37]

BP* o5 (0
Pw) = 3B (R, w),
where BA® is the algebraic complement, and A is the
determinant of the matrix dop5 + aq NV B,
As a result, we obtain a relation between the local
and external fields in the standard form

(21)

Ei(R) = Aq(R,w)E”(R) (22)
with the local field factor
a0 Bﬁa ~083
Aii(R,w) Zaa VEP (Ryw) —— A o
(23)

Hence, we showed that the standard calculation
procedure of a local field can be used in both considered
cases of meso- and quantum particles. Knowing this field
allows the energy flux of the field emitted by a particle
to be calculated and, therefore, the radiation pattern to
be determined.

4. Energy Flux of the Field Radiated by a
Particle

The flux of electromagnetic field energy is known to be
determined by the Poynting’s vector

s— L[ExH].

Ho (24)
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Let the source of the emitted field be the electron current
I localized in the particle. Then, the expressions for the
magnetic and electric fields look like [38]

1 1k 1 X
HR)=-- [ dR'[I ) etkho 2
®) = [ (- g ) )
1%
e fafi(E k1,
T R,  R2 R
1%
k2 3ik 3 )
I . - lk?RO 2
+n(n)< e R%+R8>}e , (26)

respectively, where

Ro=+/(z a2+ (y—y)?+(z—2)

is the distance between an arbitrary point in the particle
and a point of field observation, and n is the unit vector
that defines the direction to the latter. In the case where
the point of observation is in the far-field zone, so that
the electromagnetic wave front has already been formed,
the vector n defines a normal to the wave front at the
point of observation.

In the framework of the problem concerned, the local
field effects manifest themselves in a twofold manner.
First, the current undergoes the self-field action, which
modifies radiation emission conditions. For example, this
effect gives rise to a shift of the lines of a radiating
quantum dot (it is an analog of the Lamb shift in
nuclear physics) [35-37]. How can the influence of the
self-field on the current in the particle be taken into
consideration? To understand this issue, suppose that
the current arises, because a certain external field affects
the particle. In this case, due to the self-field effects, the
particle undergoes the action of the local field, which
induces the current I,
I=—iwxE, (27)
at an arbitrary point of the particle; x is the tensor of the
response to the local field. Since the local field is coupled
with the external one by means of the local field factor
(see formula (22)), E = AE©) | expression (27) yields

I=—iwyAE® (28)
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v

X

Fig. 1. Geometry of the problem

Let the current in a point-like object be equal to ely,
where e is the unit vector along the current direction
and the current is calculated without taking local-field
effects into account. By comparing expressions (27) and
(28), one can see that making allowance for the self-field
effects is reduced to the multiplication of the current Iy
by the local-field factor. That is, the local current, which
is the source of the radiated field, looks like

I = Aely. (29)

Another way for the radiator extension to have an
effect consists in that the contributions of all elementary
currents to the field energy flux have to be summed up
over all physically infinitesimal volumes of the particle.
Thus, the Poynting’s vector looks like

S(R) = (wIO)Q{/dR’};

5
0
\%4

[—2(Az) |Az|sin(0)+

+n Az (3 sin(6) — 1)] } (30)
to within terms that are linear in the parameter kR
(the near-field approximation); @ is the angle, at which
the point of observation is seen (see Fig. 1). Therefore,
the size and the shape of the emitting particle affect
the photon emission through the integration over the
particle’s volume and due to the presence of the local-
field factor.

The radiation pattern for the emitted energy of the
electromagnetic field is
dI

m = HSR2 = (OJIO)QX

2
x /dR’% [|Az\2 (3sin2(0) — 1) — 2n(Az) |Az]sin(0)
0
J

(31)
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This expression will be basic for numerical calculations
of radiation patterns of the emitted energy at fixed
distances from the particle center.

5. Numerical Calculations

To illustrate the developed approach, we calculated
radiation emission patterns for extended cubic particles.
A mesoparticle and a quantum dot were considered.
The results of numerical calculations are presented
graphically, where the distance from the coordinate
origin to a point at the calculated surface in the three-
dimensional space corresponds to the electromagnetic
field energy emitted by the particle (in relative units).
The radiated field energy was calculated on the sphere
with radius R, and the direction from the coordinate
origin to the point of observation was given by the
vector R direction (see Fig. 1). The coordinate origin
was fixed at the center of the cubic particle. The axes
of the coordinate system pass through the centers of
cube faces. The results of calculations are presented
separately for a mesoparticle (when the effects of
spatial quantization are insignificant) and for a quantum
dot.

Let us consider a cubic mesoparticle with the
edge length ¢ = 1 x 1075 m, and let the dielectric
permittivity of its material be equal to 11. The
radiation patterns were calculated by formula (31)
for various distances from the particle’s center. The
calculation results revealed a strong dependence of
radiation patterns on the distance R from the particle’s
center to the point of observation that is located
on a sphere with radius R. At short distances, the
radiation pattern was strongly anisotropic. It was
composed of narrow lobes directed along the spatial
diagonals of the cube (Figs. 2 and 3). As the distance
R (the radius of observation sphere) increased, the
lobes became strongly deformed (Fig. 4,a), and, at
distances longer than 3R, the radiation pattern was
almost indistinguishable from that of a point dipole
(Fig. 4,b).

It should be noted that, for simplicity, we supposed
the material that the mesoparticle was made of as
such that only oscillations of electric dipoles directed
along the axis OZ gave contributions to the radiation
induction. Therefore, the radiation pattern symmetry is
uniaxial at large enough distances between the particle
and the point of field observation. It is of interest
to monitor the variation of the spatial shape of the
radiation pattern as the radius of observation sphere
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Fig. 2. Radiation pattern of a cubic mesoparticle at R = 1.5a.
(a) General view and (b) top view (along the OZ axis). The
distance from an arbitrary point on the lobe surface to the frame

origin gives the magnitude of the field energy flux in this direction

]z "
A et (a L o
- }' . % ;" ) ’6_35.
SoT— R, 7o [ W
X @/"/ ‘91)
a b

Fig. 3. (b) Cross-section of the field energy flux emitted by a cubic
mesoparticle in the plane AA1B1B formed by two intersecting
diagonals of the cube (a)

grows. First, the lobes get smeared and merged into
two rounded square “half-bowls” joined at their bases
(see Fig. 4,a). As the radius of the observation sphere
increases, the radiation pattern becomes more and more
symmetric and dome-shaped. At distances more than 3R
from the particle, it emits as a point dipole.

Similar results were obtained for the light emission
by a quantum dot. In this work, the main attention
was focused on studying the influence of the emitting
particle’s extension on the formation of a radiation
pattern of the electromagnetic field energy flux.
Therefore, we considered the simplest case of a cubic
quantum dot in the uniform isotropic medium. Namely,
a GaAs quantum dot was considered, for which the
effective electron mass was m, = 0.068 mg, where mg
is the free electron mass. As the medium, Gaj_,Al, As
was selected, which emits light with the photon energy
hwy =~ 1 eV. The damping constant v was selected
to provide the equality Av ~ 0.05hwg. The conduction
electron density was taken n. = 10'® cm™3. Therefore,
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R increases

Fig. 4. Radiation patterns of the light emission by a cubic
mesoparticle at the distances R = 2.5a (a) and R = 3a (b)

Fig. 5. Radiation patterns of the electromagnetic field energy flux
emitted by a quantum dot at R = 1.5a (a) and R = 2.5a (b)

provided that the cube edge length was ¢ = 12 nm,
the particle included two conduction electrons. When
calculating the linear response to the local field
by formula (12), we made allowance for transitions
between the ground (111) and two excited states that
corresponded to the excitation of electron currents
directed along the OZ axis [36], namely, (111) —
(112) with the energy epm = 0.15 €V and (111) —
(114) with the energy e, = 0.76 €V. As a result,
we obtained the radiation patterns that were very
similar to those calculated for a mesoparticle. At short
distances from the quantum dot (R = 1.5a and R =
2.5a), the radiation patterns for the quantum dot look
as shown in Fig. 5. The increase of the distance to
R = 3.5a is accompanied by a deformation of the
radiation pattern toward the radiation pattern of a
point dipole. That is, the influence of the particle’s
extension on the formation of the radiation pattern
of a quantum dot is observed at short distances
from the particle, as it was in the mesoparticle
case.
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a

A Al
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Fig. 6. Radiation pattern of the electromagnetic field energy flux emitted by a 17 x 17 x 6.8418-nm?3 quantum dot: (a) general view and

(b) its cross-section at the distance R = 1.5 X 17.1 nm = 25.65 nm

a

Q%%_SO[L
BN, Y

b

Fig. 7. Radiation pattern of the electromagnetic field energy flux emitted by a mesoparticle a x a x 0.4a (¢ = 1076 m) in dimension:

(a) general view and (b) its cross-section at the distance R = 1.5 x 1076 m

6. Conclusions

In this paper, we have considered the influence of
particle extension effects on the spontaneous photon
emission by a nanoparticle. Two cases were examined:
the spontaneous light emission by a mesoparticle — a
particle, in which the spatial quantization effects are
insignificant — and a quantum dot. In order to study
the particle’s extension effects, we have modified the
theory proposed earlier by one of the authors (O.K.)
[19-21]. The theory was improved by including the
self-field (local-field) effects on the oscillating dipole of
electron transitions in a particle under consideration.
The self-field was found by solving a self-consistent
equation — the Lippmann—Schwinger equation — for the
local field. The equations for particles of both kinds,
a mesoparticle and a quantum dot, were solved in the
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framework of the concept of effective susceptibility. An
analytic expression for the field energy flux emitted by
the particle has been obtained. This expression was
used in numerical calculations of radiation patterns
for the spontaneous emission by a cubic particle. At
short distances from the particle’s center, the radiation
patterns for a mesoparticle and a quantum dot look
like narrow lobes directed along the spatial diagonals of
the cube. The almost identical shapes of the radiation
patterns for a quantum dot and a mesoparticle can
be explained by the fact that the radiation pattern
is almost independent of the spectrum in the near-
field zone, being mainly governed by the geometric
shape of a particle. To confirm this conclusion, we
made relevant calculations for a mesoparticle and a
quantum dot, both plate-like, a x a x 0.4a (a =
1075 m) and 17.1 x 17.1 x 6.8418 nm? in dimension,

ISSN 2071-0194. Ukr. J. Phys. 2009. V. 54, N 4
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respectively. The results are depicted in Figs. 7 and 6,
respectively.

The increase of the distance to the observation sphere
is accompanied by a smearing of those lobes and a
transformation of the radiation pattern: at distances R >
2a for a mesoparticle and R > 3.5a for a quantum dot,
the corresponding radiation pattern practically does not
differ from that of a point dipole. This fact can serve as a
substantiation of the statement that two nanoparticles
located at a distance more than a few of their linear
dimensions interact with each other as point dipoles.
This means that the results obtained here can serve as
an indirect substantiation of the validity of quasipoint
dipole model which is widely used in the framework of
the electrodipole approximation for the explanation of a
good many effects in submonolayer molecular coatings
on the surfaces of solids.
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BIIJINB EQEKTIB JIOKAJIBHOT'O ITOJIA HA CIIOHTAHHY
EMICIKO ®OTOHIB HAHOOB’€KTAMUI

1. Escokin, O. Keanep, B. Jlozoscoruti
PeszowMme

Ha ocHoBi MeTomy JIOKaJbHOrO TOJIsI MTOOYIOBAHO CXEMY pPO3pa-
XYHKIB JliarpaM HaIpaBJIEHOCTel HaHOYaCTUHKAMU Pi3HOI popMu.
OcHoBHa ifess MeToxy mmosisira€ B IOOYIOBI CaMOY3IOIXKEHUX DPiB-
HSHb JIjIsl €JIEKTPOMArHITHOIO IIOJIsl B JIOBLJIBHIN TOYI CHCTEMU.
Po3B’s130K piBHSIHB 1a€ CIiBBiIHOIIEHHS, 0 MIOB’SI3YIOTh JIOKAJIbHE
moJie B JOBIJIbHIN TOYIl CUCTEMU 3 30BHIIIHIM JOBMOXBUJIBOBUM I10-
JeM 4epe3 (paKTOp JIOKAJbHOrO 1mojid. PakTop JIOKAJIBHOTO IOJIS
Hae 3B’SI30K MIXK 3aTPABOYHUM MOMEHTOM OINTHUYHOIO JUIIOJIBHO-
o IEePeXoJly OAUHHUIN 06’€My CHCTEMU Ta e(PEKTHUBHUM JIUIIOIBLHUM
MOMEHTOM IIEPEXOY 3 ypaxyBaHHSIM edeKTiB JIOKAJbHOIO IOJIS.
Ileit edpekTUBHUI JUNOJIBHUNE MOMEHT 3aJIE2KUTh Bij (popMH Ta

405



I. IEZHOKIN, O. KELLER, V. LOZOVSKI

po3Mipy dacTuUHKH. B pe3ysbraTi BHIPDOMIHEHHsI TAKOI'O JUIOJSA  Hi po3Mipu OO’€KTiB, YaCTUHKU B3aEMO/IIOTH MaiiKe sK TOYKOBI

3aJIeKUTh Bix dopmu Ta po3mipy dactuaku. B pobori pospaxosa-  aumnosi. Ile moxxe, 30KkpeMa, CIyryBaTu OOrDYHTYBAHHSIM 3aCTOCY-
HO JiiarpaMy HaIpPaBJIEHOCTI BUIIPOMIiHEHHSI YaCTHHKAMM KyOidHOI ~ BaHHS €JIEKTPOJUIIOIBHOIO HAOJ/IMKEHHS JIJI1s1 BUBYEHHS ONTUYHUX
dopmu Ta OKa3aHO, IO HA BiACTaHSIX, SKi IE€PEBEPIIYIOTH JIiHIH- BJIACTUBOCTEN CyOMOHOIIIAPOBUX MOJIEKYJISIPHUX HOKPUTTIB.
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