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1. Introduction

the number of theoretical and
experimental studies of hybrid metal-semiconductor

In recent years,

Abstract. Proposed in this work is a theoretical model that enables to correctly calculate
light emission characteristics of a hybrid nanosystem formed by a spherical
semiconductor quantum dot (QD) and spherical metal nanoparticle (NP) when QD is
excited by light. The QD that emits mainly dipole-type electromagnetic (EM) field can
not be considered as a point dipole at small separation distances between QD and NP (of
the same order as the QD size). However, only the “point dipole” concept of QD is used
in all currently known theoretical models of hybrid nanosystems. Correspondingly,
unlike a simulated “point dipole + spherical metal NP”, the real hybrid nanosystem is
nonspherical as a whole. In this work: i) relations have been obtained between the
coefficients of EM field multipole expansions in two spherical coordinate systems with
their origins in semiconductor QD and metal NP. As a result, spherical symmetry of
semiconductor QD and metal NP can be used separately to solve the equations related to
boundary conditions at their surfaces; ii) it has been shown that EM field emitted by QD
can be represented as a sum of contributions of all crystal unit cells forming QD and that
each unit cell can be considered as an emitting point dipole. The contribution of a
particular unit cell to the total EM field is determined by the exciton wave function;
iii) to be closer to the real situation, the contribution &, ((o) of interband transitions to

the NP permittivity has been taken into account in the visible spectral range.
Keywords: quantum dot, nanoparticle, hybrid nanostructure, point dipole, light emission.

Manuscript received 03.06.13; revised version received 05.08.13;
publication 19.09.13; published online 30.09.13.

accepted for

nanostructures can possess a variety of new unique
properties (for the latest review see e.g. [1]).

Under external laser excitation of a hybrid
“semiconductor QD + metal NP” system, two

nanostructures has grown exponentially due to progress
in fabrication techniques and wide prospects for efficient
practical application of these nanostructures. The interest
to hybrid nanostructures is caused by the fact that the
excitonic, plasmonic and magnetic properties of their
constituent parts can be combined in a single structure to
give a synergistic effect. As a result, these

possibilities of light absorption exist. At resonance or
near-resonance excitation, light can be absorbed by both
QD and NP (resonance means that the energies of laser
photons are close to the energies of the localized surface
plasmons in metal NP and the energies of size-quantized
exciton states in QD), while at non-resonance excitation
light is mainly absorbed in QD. In the first case, direct
excitation of local surface plasmon modes in metal NP
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creates strong local fields in the NP vicinity enhancing
optical energy absorption by QD. The QD emission of
the absorbed energy in its turn is enhanced due to
resonance between exciton states in QD and local
radiating plasmon modes in metal NP, see e.g. [2]. This
situation corresponds to the so-called “weak-coupling
regime”. In the “strong-coupling regime”, resonant
exciton-plasmon interactions modify exciton wave
functions and local plasmon modes, thus leading to the
changes in exciton and local plasmon resonance
energies, see e.g. [3-6]. The case when quantum emitter
(QD) is initially excited by external laser field also has
been studied theoretically in a number of works, see e.g.
[7]. However, in all currently known studies of the
QD+NP nanosystems, QD as a whole is considered as a
(point) dipole. Point dipole approximation is completely
justified in the case of an isolated atom or luminophore
molecule, or when the QD size is small enough as
compared to the interparticle separation distance and NP
size. However, it seems that at a comparable QD size
and interparticle separation distance, light emission by
QD should be considered more accurately. The goal of
this work is to develop a model allowing to correctly
calculate semiconductor QD emission in the vicinity of
metal NP. The key point of the proposed theory is the
statement that despite semiconductor QD as a whole
cannot be considered as a point dipole at comparable
sizes and distances in a QD-+NP nanosystem, its
constituent parts, i.e. crystal unit cells forming QD can
be. Therefore, to calculate the emission characteristics of
semiconductor QD in the vicinity of metal NP, it is
necessary to consider previously the contribution of an
arbitrary unit cell of QD, and then integrate the
contributions of all the unit cells with corresponding
weight factors determined by the exciton wave function.
In this work, we consider the first part of this problem
that is reduced to the calculation of an EM field of a
point dipole radiating inside semiconductor QD in the
case when QD is located in the immediate vicinity of
metal NP.

2. Model validation

In this section, we schematically present grounds for
considering QD as an ensemble of oscillating point
dipoles inside QD. Consider the multi-electron system of
semiconductor QD when one of the electrons is excited
from the state associated with the valence band of bulk
material that forms QD into the state associated with the
conduction band. In the linear approximation, the
solution of the time-dependent Schrédinger equation can
be written in this case as follows:

‘P(t) =Y, exp(— i(oot)+ Y exp(— i(mo + (o) t) , )
where W is the wave-function of the ground state of the
multi-electron system with Hartree-Fock energy hom,

V¥, — correction to the wave function ¥, caused by
specified perturbation, %m — energy of perturbation. The

wave function ¥, can be written as antisymmetrized
product of one-electron orthonormal Wannier lattice-site
functions of the valence band [8]:

(& Bae,, )= YN VK oo Y X (1) ¢

3 § 0 N

1,0,0

2)

where p is the operator of a particular permutation of

the total (NK 0w)! permutations, at which NK, space-

spin electron variables {El,éz,...,ENKw} are

distributed over NK , -fold product of the valence band
. . . . Vv ~ Vo (~
lattice-site. Wannier functions by (E; ) =bg o (Fho(s)

as their arguments (T is the spatial and s is the spin
variables), 4, is multiplicity of the permutation p, N —
total number of lattice sites (unit cells) in QD, n —
lattice site coordinate, 1 in (2) runs over all N lattice
sites of QD, o is a symbol characterizing electron spin
state, o — symbol characterizing crystallographic
directions (in crystals with cubic lattice structure,
valence band Wannier states are degenerated over all

three crystallographic ~ directions), K, is the
multiplicity of degeneracy over the electron spin and
crystallographic directions. Here and below, the tilde
over the variables means that they are written in the
coordinate system centered in semiconductor QD.

The wave function ¥, can be written as a
superposition of antisymmetrized X;C{ % _states in which

one of the electrons of the multi-electron system is
transferred from the localized in the site S ac-Wannier

state of the valence band bg into the localized in the

site t© o -Wannier state of the conduction band b?c o

\PIGG'(EI""’ENKOLG ): Z

o727 (G B, )-O)

5, t,a
The coefficients Cg’ ™ are the amplitudes of these

cc'a
—~  -States
L >

K3 =YKo ) E )" b ()
< T8, OB, )

Lyn#s,0,0

4)

Similarly to [9, 10], introduce the mean dipole
moment P(i,t of the lattice site L generated due to

the above specified perturbation of the QD multi-
electron system,

P(L. )= [ (1) o (L) ()2, (5)

where integration is taken over all NK ., variables of
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the multi-electron system, f?o(f) is the dipole moment

operator in the site L,

Po(L)=e) (E-L)T(E-L). (6)

In this formula, summation is taken over all N
spatial variables of the multi-electron system,

T (Fl —E)= 0, if spatial variable T, turns out to be
outside the unit cell at the site L , and T(Fl —i)z 1,if
T; is within the unit cell.

By carrying out integration in (5), the following
expression can be obtained:

P(Li)=e Y co | o ) F L)Y (F)a*F ex—ioor) 7)
5,60 VO(]N-‘)
The integral in (7) is taken over the volume ¥V of

the unit cell at the site L . Since Wannier functions are
strongly localized within the respective unit cells at the

sites § and t, the only option when integral in (7) is
not zero corresponds to the case s=t=L. By
introducing the notation p, for the independent of a

particular site s unit cell dipole moment,

*

po=c b€ (F)F B, (F)aF, @®)
70(3)
the following expression for the mean dipole moment
P (E,t) of the lattice site L can be obtained:
P (L,t): z CI%E P exp(—iot), )
o

ie. P(f,t) is formed by the unit cell dipole moments
p, Wwith weight coefficients C%i' The polarization
density due to the generated dipole moment p, in the
unit cell L is P, (f):pa/VO. By passing from the
discrete variable L to continuous T;, the discrete

amplitude CI%E transforms into the exciton envelope

wave function Wx(¥;,T;) in electron-electron

representation. In the first approximation, this function
takes a form of the product of electron and hole wave
functions  of  size-quantized states in = QD,
YT, %)= 0,(t; Jof " (¥;). Accordingly, the located
in the site L unit cell dipole with the dipole moment
P, (8) transforms into the located in the point T; point

dipole with the same dipole moment

P, (L)
P, (¥)=p,8(F - ¥, ). By summing up the contributions
of all the unit cells of QD to the total EM field, the

Py, the

polarization  density transforms  into
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discrete sums of the type Z CI%i f (f) should be
L
replaced by the integrals J. W (x,7y) f(t)d 3 -

3. System under consideration

Consider the system formed by the following three
constituents (see Fig. 1):
1) Spherical metal NP of the radius R, which is

characterized by a non-local permittivity al(w,k). With
account of spatial dispersion as well as additional

electron scattering at the NP walls, one can consider NP
of extremely small sizes (less than 10 nm in diameter) by

using the methods of classical macroscopic
electrodynamics [11]. In the optical range of
frequencies, &;(,%) can be expressed as

el (o k) =1+, (0)+ TP (0.k). (10)

where the second term in the right-hand side is the
contribution of bound electrons participating in
interband electronic transitions, and the third term

2
T0) (@, k) = - u 11
ot (k) m[w+i(r+AvF/Rl)]—B§(L)k2 (

o)

is the contribution of free electrons. Indices T and L are
used to denote transverse (7) and longitudinal (L)
components of the permittivity. Within the

hydrodynamic model [, :\/3/—5 Vg, where vg is the
Fermi velocity (vg = 1.4:10% cm/s in the case of gold or
silver), while 7 =0 and therefore ng (o, k)= SIT (0,0).
The decay constant I'~vg /[y, where [, is the mean

free path of electrons, the constant 4 takes values within
the range from 0.1 to 0.7 [11], depending on the
mechanism of electron scattering on the NP walls and

other factors, colzn = dnne* I m*

is the plasma frequency

Fig. 1. Point dipole p, in the vicinity of metal NP; the
system is spherically symmetric (a). Semiconductor QD with
point dipole p,, in the vicinity of metal NP; the system isn’t
spherically symmetric (b).
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of the NP material. At a given frequency ®, the wave
number kr of transverse electromagnetic excitations in
NP s
k2 _ T( 2,2 :

7 =¢ (0,0) 0 /c?, while the wave number &; of the

determined by the dispersion law

longitudinal electric excitations can be found from the
condition 81L (0), kp ) =0

2) Spherical semiconductor QD of the radius R,
with a background permittivity €,. The distance between
QD and NP centers is D > R; + R».

3) Barrier matrix with the permittivity €; in which
QD and NP are embedded.

The formulated electrodynamic problem can be
considered using multipole expansions of EM field. Two
the most known forms of the multipole expansions are
those presented in [12] and [13]. In the Jackson textbook
[12], vector spherical harmonics X, (Q) are used for
this purpose. The expansions on the base of spherical
Q) and NI®)(- 0
presented in the Stratton textbook [13]. In fact, these two
forms of expansions are completely equivalent.
However, to make intermediate calculations less
cumbersome, the Jackson formalism is used below.
Correspondingly, all further formulas are written in the
Gaussian unit system in compliance with [12].

When calculating the EM field in the QD+NP
system, the boundary conditions on both QD and NP
spherical surfaces should be satisfied. To ensure this, it
is necessary to establish a relation between multipole
components of the field in two different spherical
coordinate systems with their origins O; in metal NP and
0O, in semiconductor QD.

vector wave functions M}S)(r, ) are

4. Relationships between multipole expansions
of electromagnetic field in two coordinate systems
shifted to each other

When calculating the EM field in a nonspherical
QD+NP system, it’s desirable to use spherical symmetry
of QD and NP separately. In accordance with [12], in the
n-th material with the permittivity g, the transversal
electric and magnetic fields can be expressed as follows:

3 R e T

1=l m=-1 (12)

g 1m) ) X () }
(13)

where

kp=koyJ€n > ayg(lm) and

a, M(l,m) are the multipole amplitudes (coefficients)

kOZ(D/C,

of the electric and magnetic types, respectively, fl(x) is
the first kind spherical Hankel function hl(l)(x) denoted

hereafter as # (x), or the spherical Bessel function
Ji (x), or their combination, depending on the region of

space and asymptotic or boundary conditions that should
be satisfied, symbol Q denotes angular variables {9,(p}.

Normalized vector spherical harmonics le(Q) have
the following explicit form:

[e, x V¥, (@)=

X, (Q)=—"
m(®) iJI+1)

_ 1 [_ 1o, 0
iJI(l+1) €020

where
Y, (Q)= (27 +1)1 - m)/(4n (t + m))/2 B (cos0)exp(imep)

are the normalized scalar spherical harmonics, B (x)

(14)

e — Y, (Q
% sin0 aq) }lm( )

are the associated Legendre functions. Accordingly,

Vx[f; (kn I’)le (Q)] =

1(1+1)

x{l(lﬂ)ﬁ(k"r)Y,m(Q)e,. +d(’7fzc§fnr))vnm(g)}:
. (15)
e i, o
d(rf,(knr))[ ; ‘. ﬁ a_ae }Ym(g)}_

In (14) and (15), e,, ey and e, are the orts of the
spherical coordinate system. By further consideration,

the following orthogonality and normalization
conditions are exploited:
J.Yl Ylm dQ Bll'smm' . (16)
J.Xl le )dQ =8 S (17)
* +1)+1
J'[v x X,vmv(Q)]~ [v X, (Q)] A = 8,08, % ,
(13)
\+1
jvn’r‘mr(ﬂ)-vnm (Q)dQ2 =88, ( = e ), (19)
r
[ X (@)-1v % Xy, (@2 =0, 20)
J.X}k'm'(Q)’VYlm(Q)dQ:Oﬂ 21
1 2 (1+m)
P (x)P, iy 22
J. / (x)l ()dx By 2l+1(l m) (22)

-1

Using the analytical approach outlined in Chapter
16 of the Jackson textbook [12], it can be found that for
the oscillating point dipole p,n, exp(— io)t) located at a
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point r, (n, is a unit vector along the dipole direction),
the multipole coefficients an,E(l,m) and a, 1y (l,m) in

the expansions (12) and (13) should take the following
form:

d *

an,E (lsm) =41 po ky kong '[Vrd x 81 (knrd )le (Qd )] >
(23)

aZ,M(l’m):"'Tl:ipakn kg gl(kn rd)na'X7m(Qd) ’ (24)

and in this case the following correlation between

functions f; (k,”) in (12) and (13) and g;(k,7,;) in

(23) and (24) should take place:

Jilkyr)= i (ky ),

g (kprg)=hy(kyrg), if r<ry, (25)
filler)=hy (k7).
g1 (kyrg)=jilleyry ), if 7> 1y (26)

In fact, these multipole expansions of the point
dipole field coincide with those expressed in spherical

Q) and N'0)(-.Q) 14].

For convenience of further consideration, introduce the
following notations:

ai’g(l,m):4npakn komg '[vrd le(knrd)x}km(gd)] >

vector wave functions M}r(j)(r,

(27)
al 5 (1.m)=4m pok, koo [V, x Iy (kyrg ) X5 (Q0)]
(28)
ai’ﬁ(l m)=4mipg ky kg ji(kyra g X5 Q) . (29)
ai’;f (1,m) = 4i po ey ke Iy (k7 g - X (Qg) . (30)

A. Homogeneous medium

First, consider a point dipole in a homogeneous system
(e1= &= &3). According to (12), multipole expansions of
the dipole electric field in two shifted to each other
spherical coordinate systems with their origins at O, and
O, points (see Fig. 1) should have the following form:

E3(r):2{kl

B E (1» H)[V x fi (k3 F)Xlu (Q)]+

Ip 083 31
a3 m (I’H)fz(/% F)Xlu (Q) } )
E3(F):Z{kl (1) [V < fi. k3”)qu(Q)]

L 053 (32)

vty () ik 7)X,, @) }

Remember that variables and quantities with tilde
are those related to spherical coordinate system with its
origin at O, point. Electric field is independent on a
particular coordinate system used for its presentation.
For this reason, the fields (31) and (32) are identically

equal to each other in an arbitrary point of the space,
E;(r)=E;(F). Being multiplied by X3, (Q) and
integrated over solid angle Q with account of the explicit
expressions (14) and (15) and normalization and
orthogonality conditions (17) and (20), this identity
transforms into the following relationship between the

coefficient a4 M(n,m) on the one hand, and the

coefficients c73‘f v (,m) and Eff g(l,m) on the other
hand:

a3Mnm Z[
+m(k3D/\/7) n, a3Elm)]

Analogously, from the identity Bs(r)=B;(F) of

the magnetic fields (13) written in two shifted spherical
coordinate systems, the following relationship between

G3M l m) (33)

the coefficient a3,E(n,m) and coefficients 535{ a(Lom)

and 530{ £(l,m) can be obtained:

a3Enm Z[
m(kyD \/7Gnl

In (33) and (34), F}(D) and GI(D) are the
following linking coefficients:

1 ~
Fnl = .[P|m| |: l+1 ( r)[l—xgjx
fn k3r 52 r

% P )+ (ky D{—fllgki) £ (ky 7)] (1-% )—dpl|m| 5

a3 E ) (34)

a3M l m)]

3 dx ’
(35)
m(D)‘%jf (k 7)P|’"|(x)P|’"|(E)dx (36)
nl fn(k3l’)_1l 3 n I
where
m_ 1| 2n+1 (n=m)! 21+1 (I—m)! a7
TN w1 ram) 1@ ) ()
') is a derivative df (y)/dy,
s=0+(D/rf -2xD /2, F=(x-DIr)ls, F=rs.

To obtain expressions (35) and (36), the original
integrals are integrated by parts with account of f;(z)
and P"(x) properties. Besides, it is also taken into

account that €5 =¢ep,

e =[(l—xD/r)e,, +\/1—x2(D/r)e9}/s, (38)
€5 =[—\/1—x2 (D/r)e,+(l—xD/r)e9}/s. (39)
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v and Gy look like
coordinate-dependent ones. However, they don’t really
depend on the “linking coordinate” r. It can be easily
checked by numerical integration. In the region 7 > 7y

The linking coefficients

(see Fig. 1), the function f; (k3 7) in the integrands of
the expressions (35) and (36) is the spherical Hankel
function of the first kind, f(ks7)=h (k37), and

@y Lm)=agy, (1m) and @5'g(Lm)=ag7 (Lm) in

the relationships (33) and (34). The function f, (k;r) is

the spherical Bessel function j,(k3r) in the region r<r,
and the spherical Hankel function A,(kyr) if r>r,
Assume first that dipole is located near the O, center
(7 =0). Then, f,(kyr)=j,(ksr) at r<D and

S (k3 r) =h, (k3 r) at »>D. As an example, the results

of numerical calculations of the linking coefficients F,;

and G are shown in Figs 2 and 3 for the following set
of parameters: {n, [/, m}=1{2,3,1}, e5=3, Ay= 2n/ky=
500 nm, D=5nm. As seen from these figures, the
coefficients F,; and G,; do not really depend on

coordinate r, at which they are calculated (i.e. they can
be calculated at an arbitrary r). At arbitrary finite 7, the

parts of the dependences in these figures that get into the
region D—7; <r<D+7; should be simply deleted

(7 <7, in this region, therefore the function f; (k;7) in

the integrands (35) and (36) should be the spherical
Bessel function j, (k317), the multipole coefficients

ayy(l,m) and @ y(l,m) in (33) and (34) should be

ayy;(l,m) and @55 (I,m), respectively).

0.803 T 0.050
|
I
- I
e |
— ! _
i: 0802 — :...l....l....l....t‘ 0049 E :
- .AAAAAAAAAAAAAAAAAAAl -
|
|
|
|
|
0_801|||||||I||||I||||I||0_048
2 4 6 8
r, nm

m
nl

D=5nm.

values refer to the left axis of

Fig. 2. Linking coefficient as a function of r in the case
of n=2, [=3, m=1,
.f;l (k3r)Ejn (k3l”), Fi

nl
ordinates. In the region r>D f, (k3 r) =h, (k3 r), F,

m
nl

In the region r<D

values

refer to the right axis of ordinates.
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Fig. 3. Linking coefficient as a function of  in the case
of n=2, [=3, m=1,

fﬂ (k3r)Ejn (k37’),

In the region r<D

m
nl

ordinates. In the region > D f, (kyr)=h, (kyr), |G™| values
refer to the right axis of ordinates.
It can be shown that = (— I)HHF/: and

w=(1""a,.
If integrands in (35) and (36) expand in the Taylor

series in powers of the distance D between the two
coordinate system origins, then instead of determining

F,/ and G); by numerical integration, it becomes

possible to find these coefficients analytically (see
Appendix). However, in this case, an important note
should be made. Taylor series contains the function
i (k3 7) and its derivatives that should be calculated at
D =0.If D tends to zero, then ¥ — r and 7, - r,. For
this reason, when considering the region r<r;, the
original region 7 >7%; at D#0 transforms into the
region 7 <7; at D=0. Correspondingly, the original
function f; (k;7)=h, (k;7) in the integrands (35) and
(30), and the

@3y (g)lm) =@y p)l.m) in the relationships (33) and

(34) filks7) = ji (ks 7)

EfM(E)(l,m):E;fj;(E)(l,m) due to the above outlined

multipole coefficients

transform into and

correlations (25) and (26). No such transformations
occur when considering the region 7 > r; . In this region,
the original function f,(ks7)=h (k;7) and the

a;{M(E)(lﬂ m) = ‘73[{}\;(5)(]’ m)

unchanged at D — 0.

coefficients remain

B. Semiconductor QD in homogeneous medium

Gradually approaching the QD+NP system in barrier
matrix, consider a case of light emission by a point
dipole located inside QD, when metal NP is absent in the
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system, i.e. when g =¢;#¢, (see Fig.1). The
background permittivity €, usually takes values within
the range 3 to 15. For instance, in CdTe static €, ~10.4,
while in the optical frequency range &, = 13 [15]. EM
field propagating from the point dipole to the QD-matrix
boundary (i.e. incident (i) on the inner QD boundary

field) E5(F) and B5(F), as well as reflected () inside
the QD field E5(¥) and B5(F) and transmitted (¢) into

the matrix field E} (F) and B} (F) can be written in the
standard forms (12) and (13) with the corresponding
spherical Bessel or Hankel functions f; (k,7),
depending on the necessity to provide the field finiteness
at 7 =0 or right field asymptotic behavior at 7 — .

For short, only electric fields are written below in order
to make the introduced notations clear:

E(F)= > §/(koes) @5 £ (1.m)[V x

Im (40)
sy (ks )X (31 1) ks )X (D).

E(F)= > /(Ko )@ (1. m)[ Vi x
Lm (41)

% jy (ky 7) X, (ﬁ)] + g 5 (Lm) jy (ky 7)Xy (ﬁ)}’

E5(F)= X {i/(koes) @ s 0.} Vi ¢

I,m . (42)
Iy (ks )Xo (@) + 1y )y ks )X, 60)

The multipole coefficients Eé,E(l,m) and

Eé,M(l,m) are the coefficients Ezaff(l,m) (27) and

~d,>

az (l,m) (29), correspondingly (tilde means that they

are written in a coordinate system with the center
in QD).

From this point, all further consideration is valid as
well in the case of light emission by QD as a whole. The
only difference from the case of light emission by the
point dipole located inside QD is that the QD multipole

amplitudes EéD,E(l,m) and EéD,M (1,m) should be used

in (40) as aNiE(l,m) and Eé,M(l,m) instead of point

dipole multipole amplitudes @; 7 (/,m) and @3y, (l,m),
correspondingly. As it was already noted, the amplitudes
chéD’E (l,m) and EéD’M (Im) can be found by

integrating contributions of all the point dipoles (unit
cells) inside QD, the contributions being determined by
the exciton wave function. The lowest in energy
quantized exciton state is fivefold degenerate in F.-
projections of the total electron-hole angular momentum
F =2 in the case of QD material of cubic modification
with the fourfold valence band I's [16]. To avoid a
significant increase in the present work volume, the

calculation of the amplitudes EéD,E(l,m) and

5&0, M (l,m) on the base of the corresponding exciton

wave functions as well as the calculation of light
emission characteristics of the whole QD+NP system
will be presented in a separate work. In brief, the main
result of this consideration is that the EM field radiated
by QD as a whole contains only dipole (/=1) and
octupole (/=3) electric-type components and
quadrupole (/=2) magnetic-type components, all these
components of EM field arising due to the presence of
non-spherical parts in the exciton wave function (i.e. due
to the spin-orbit interaction and mixing of the heavy and
light hole states in QD).

From the continuity conditions for the tangential
components of the electric and magnetic fields at the QD
surface, two systems of algebraic equations for the
multipole coefficients can be obtained in the standard
way [12]. As follows from these equations,

@3 07 1) = Vi1 5 (0 0y (1) and
a p(Lm)=vE5%(1)as ;(I,m). Hereafter, the indices j
and & in the transmission and reflection amplitudes
VA%?E(])W;,? are used to indicate the medium from which

the field is incident on the boundary (first index ;) and
the medium to which the field is transferred (second
index k). Taking into account that Wronskian

WL, (x) Ay (x)]=i/x*, the following expressions for
VA%)B(Z) and Vg%(l) can be obtained:

= 1 .
’ (koRy \/8_3 JilleyRy) B (kst)_\/S_z h(ksR,) ji ey Ry)

(43)
VEQ,%(Z):
_ig 1
(kR &0 il Ry )Ly (x)];c:k3R2 3y (k3 Ry )y (x)];c:szz .
(44)

Products k,R, and k3R, take values within the range
0.01...0.2 for the QDs with the radius R, — 1...5 nm, &,
and &; values — 1...15 and the wavelength A, —
400...800 nm. Thus, these products are small enough to

use limit Ji (x) ~x! /(2] + 1)!! and
y(x)=—i(21 1)1t/ x"*" of the spherical Bessel and
Hankel functions at small arguments. As a result, the

values

following approximate expressions for VA%)B(Z) and

Vg%(l ) can be obtained from (43) and (44):

sz%)zs(l)z (83/82)(1“)/2, (45)
VED(1) = (o5 /)Y 2 (20 +1) [ien fe5 + (1 +1)]. (46)

As seen from (45) and (46), the transmission
amplitudes VA%)B(Z) and Vg%(l) are the functions of
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the multipole number /, and for this reason, the field
emitted by QD cannot be represented as that of point
dipole in the case of light emission by the point dipole
located inside QD, not to mention the case of light
emission by QD as a whole, when only components with
[=1, 2 and 3 form the radiated EM field.

Denote by index i the above transmitted EM fields

E;(f') and B;(f') expressed in spherical coordinate
system with its origin at the point O, (see figure 1); the
corresponding fields will be E; yp(r) and B; (1)

These fields can be written in standard forms (12) and

(13) with the multipole coefficients
an,E(lﬂm):aé,E(Lm)ﬂ an,M(Z’m):aé,M(Lm) and
fi(kyr)=j, (kyr) (the spherical Bessel function

i (k3r) provides the field finiteness at »=0). The
relationships between the multipole coefficients aé,M
and aé,E of this field and the multipole coefficients

azy and aj,; of the same field written in the

coordinate system with its origin at the point O, are quite
analogous to the relationships (33) and (34) in the case
of completely homogeneous medium:

a3Mnm Z[ a3Mlm) @)

+m(k3D/\/7) nl a3E )]

a3E”m Z[ a3E ) 48)
k3D)\/_Gn, @l m)]

5. Interaction of electromagnetic field emitted
by QD with metal NP

By determining the multipole coefficients aé,M (n,m)

and aé, E(n,m) of the field radiated by QD in the
coordinate system with its origin at the point O,, we
have defined thus the incident (7) field on spherical metal
NP if NP is additionally placed into the system. Now, it
becomes possible to consider the Mie scattering by NP,
i.e. to find reflected (7) from NP and transmitted (¢) into
NP fields (nonradiative losses due to electron scattering
inside NP are related only with these transmitted fields).
Scattered (reflected) fields Ej wp(r) and B}, ap(r)
can be written in the standard forms (12) and (13) with

the  multipole a, p(l,m)=a} z(l,m),

ayp(Lm)=d5, (Lm) and  f;(kyr)=h (ksr)  (the
spherical Hankel function 7 (k3 r) of the first kind

provides correct asymptotic behavior of the scattered
EM field in the form of diverging spherical waves at
r—>o).

coefficients

With account of spatial dispersion in the NP
permittivity (10) the electric field induced in
(transmitted into) the metal NP should be a sum of the
transverse and longitudinal fields,

E{(r)=E{;(r)+E{,(r), where the transverse electric

field can be expressed as

E{r(r)= Z {i/[ko e (0.0)] af (I, m)x

Lm (49)

<[5 51l 7) X Q)]+ a o (0.0) by 1)),
and the longitudinal electric field as

Bl (r)=2 al  (.m)(1/ k)Y Lo (ky ) (@)

Correspondingly, the magnetic field inside the
metal NP can be expressed as

ir)= z {afE (t,m) jy (kr )X (Q) -

=01k )at e 1.m) [7 5 sy )Xo ()]

From the continuity conditions for the tangential
components of the electric and magnetic fields and the
additional boundary condition (ABC) of turning to zero
of the normal component of free carrier’s current density

at the NP surface j~e,|r:R1 =0, it can be found that
a;,M(lsm):VA]/\I/53(l)a§,M(Lm)’ alt,M(lam):Vgﬁl(l)ag,M(lam)a
a3 g (m)=VZs()as g (1m), @i g (m) =V 5 (1) (1 m)

‘ NP ‘
a,L (l,m): VL,31(Z)a§,E(Zam)a
transmission and reflection amplitudes are expressed as

Virasll)=
e 00 s R Vil 7)o, il )i )|

Ay ’

Vﬁgl(l)Z—ix/g/[(hRﬂzAM],
Vs (1) =T (0.0)  (kr R)x i (s, —
—&3 (k3R )[le(x)];c:kTRl —(C81T(®70)—83)A}/AEL )

(50)

(1)

and where the

(52)
(33)

(54)
Vévgl(l)—lﬁ (o, 0)/(k3R1AEL) (55)
V(1 —iJil +1)[Ce] (,0)- 51/, (krR,) (56)
L,31 s
e ks ko Ry ji (kp Ry)A gy ]
Ay =+ el (0,0) by (ksR,)ji (kR ) -
M € (0) ) 1( 3 1)/1( T 1) (57)
&5 Jilkr Ry )i (ks R, ),
App :SlT(wso)jl(kTRl)[Xhl( Wecksr, = (58)
—e3 Iy (k3 Ry ) [y ()12 kpR ~ ( Cef (@.0)- )
_ M +1)jy (kg Ry) ji (kg Ry )y (ks Ry ) (59)

kR ji(kpR,)
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B I +l)jl(kLRl){l(kTRl)hl(k3Rl) ’ (60)
kLRIJl(kLRl)
C=e3/[1+ep(o).

The poles in the amplitudes Vé\fg(l), Vé\fgl(l) and

(61)

VL]Y;(I) (zeros of Ap;) correspond in energies to the

localized surface plasmon resonances of the
corresponding order /. Thus, at resonant excitation of NP
(or close to resonant, depending on the frequency of
light emitted by QD), just these localized plasmons
substantially influence the characteristic radiative and
non-radiative lifetimes in the QD+NP system.

Using the relationship j(;) :—icoPpTl(L) between
free carrier’s current densities jr(;) and corresponding

o (L . o
polarizations sz( ), the ABC j-er’hR1 =(j; wglL)-e,L:R1 =0

. T . pl
can  be rewritten as (P 1+ Py ) e,|r: R

P
(7, (0,00} 1 + &L (.5, JEL e, ],

taking into account that & (e, k; )Ef ; =—{1+#&;,(w)]Ef ;

1 =0. Further,

and e (0, 0)E] r-e,| _,

=[e; (Eg,NP +E3 pp )_ (1 & (C‘)))Ei,T]’ ei‘lrle > the
ABC j-e,|r= g, can be finally reduced to the boundary
condition [1+8,-b (u))](EiT +Ei’L )-er|r:R1 =

=g (Eé,NP +E§’]\,P)-er|r:R1 . It transforms into the

conventional ABC of the continuity of the normal
component of the electric field at the NP surface [11]
only in the case of simple metal NP (¢;, =0) in vacuum

(e5=1), or, more generally, when interband

NP permittivity can be
The

modernized ABC used in this work was first introduced
in the work [17]. This ABC is a generalization of a
conventional ABC for the case of real metal NP in
dielectric matrix.

In the long-wave

|krR|, |k R|<<1,  the

expressions can be obtained for the amplitudes (52)-
(56):

VM 33 (l)

contribution ¢g; to the

considered as a constant and l+¢g; =¢, =¢;.

k3R 1s
approximate

limit when

following

(&R el(00)-¢
R g

>, (62)

(63)

2/+1

(+1)(1-0)

A+ -1 C+1)+1

(64)

Y
VP (1 &3 * 65
E3l() (SIT((D,O)J C(1+1)+l’ ( )
20+1
NP (o —22 T
() c(1+1)+1><
(66)

fl+ -1 1/2 -1 &3
X k k —-C,
/ 0/ L)l (8{(0),0) j

By determining multipole coefficients a3 ,, (l,m),

ag,E(lam)’ alt,E(l’m)’
have determined thus all the EM fields in the non-
spherical “semiconductor QD + metal NP” system in the
single scattering approximation.

afy/(,m) and af,(I,m), we

6. Light emission by QD + NP system with account of
multiple scattering of electromagnetic field

To complete the consideration, the multiple scattering
between QD and NP of the EM field emitted initially by
QD should be taken into account. In this case, the

reflected from NP field Ej yp(r) and B ,(r), in turn,

should be considered as incident on QD. In the spherical
coordinate system with its origin in QD, this field should
have the following form:

Bl on(F)= 3 {iflkoea) @ o (m) Vi
Lm (67)

X J; (k3 F)le (ﬁ)] + a3i,M (lam)jl (k3 F)le (ﬁ)}’

B o (F)= 3 1@ 1 (1.m) i (ks 7)X,,(63)-

Lm (68)
01k (0 s )Xo 3D
From the identities E;QD(?)EE;NP(r) and
Bg’QD(?)EB;NP(I‘), the relationships can be obtained
between the coefficients EiM and 53i’E on the one

hand, and a3, and aj; on the other hand. The

relationships turned out to be similar to (47) and (48):

a3M(n m l+"[ a3M l m) 69)
—m(k3D/\/g)Gn a3 E l m)]
s loum) - z(— L F—.

m(ksD \/g D)a3 y (1,m)].

With the multipole coefficients 5§’M and 53i’E

found in this way, the standard Mie scattering of the EM
field by QD can be further considered. According to
(12), the reflected electric field from QD should have the
following form:
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E} op(F) = Z {f/(ko &3)as g (Lm)[Vi x Iy (ks 7 )x
Lm (71)
The multipole coefficients of the reflected field are
related with the corresponding coefficients of the

incident field by the Mie scattering amplitudes VA%D% (l )
and  VER() @3y (1m)= Vi3 (0)as y (m)
EiE(Z,m)z VE,33(Z)a3 #(l,m). These amplitudes are

expressed as follows:

oD (l) \/_ Ji k3R2

and

szz) \/_ JilkRy) ji (ks R, )

M3 \/72}’1 (ksR,) 2)_\/873]'1(/‘21?2)}’1'(/‘31?2) ’
(72)
VEQ% (1)=—1s (k3 Ry )iy (Ko R, Ne3 /25 —1)+
+kyRy jikaRy )es [e2 1~ k3R, ji(kyRy) ji (k3R )}/
iy (s Ry )Ljy (ky Ry Ne3 fe2 — 1)+ ko Ry i (ky Ry )es [251—
— k3R, jy(kyRy )i (k3R, )}
(73)

In the long-wave limit, when k;R,, kR, <<1

(k3R2 )ZH3 €y "¢&3
Qi@ e

9P (1)~ (R ™ 1+ 1) —83)_
A YR T YR TP (P Iy

Reflected from QD field, in turn, gives additional
contributions to the total radiated far-field and to the
fields reflected from and transmitted into the NP. Being
repeated, this process of mutual scatterings should form
the series of corresponding contributions to the total
fields. The resulting total fields should have the
following forms (for short, only electric fields are
written below):

EL(F)= 3 ko e5) Ay s (1.m)[ Ve (ks 7)

Lm (76)
%X Q)+ Ay o (1) (5 7)X (ﬁ)}
EY (1) =3 ik )y (¥ <y (ks )X ()]

Lm (77)
3y ()i ()X, (@),
ET(r)= Z{z/[kosl (0.0)14, (1, m)x

Lm (78)
<[V j ey )X QU Ay () o ey )X (@),

)= 4 (1.m)1 )V ik, )Y, (@)

I,m

The electric field E$” (F) is the sum of the field
(42), which is initially radiated by QD and thus can be

Vigha(l)=~i , (74)

(75)

EY(r (79)

considered as zero-order contribution, and all
subsequently reflected from (scattered by) QD fields
(higher order contributions). Analogously, the electric

field E;VP (r) is the sum of all scattered by NP fields that
are formed in the process of multiple scatterings in the
QD+NP system, Efvi (r) is the sum of all induced in NP

transverse fields, and Efvf (r) is the sum of all induced
in NP longitudinal fields. The corresponding total
magnetic fields B_,)QD(F), Bévp(r) and vap(r) can be
expressed analogously to the total electric fields (76)-
(78) using the general form of EM field
presentation (13).

To continue further and find multipole coefficients
Ayg, Ao Ayp. Asys Ap. Ay and 4, of the

total fields (76)-(79), introduce the following columns of
these coefficients:

[Z3T]:[Z3’M(Lm~) 23’M(l,m) 0)

- A3,E(1’m) . A3,E(l,m) N

(45, 1=[45,,(Lm) ... 45, (Lm) . s

’ A3,E(1’m) : A3,E(l,l'n) ...]T,

(AL, 1=,y (Lm) o Ay (L) o 4 p(Lm)... o
ALE(I,m) ...]T,

U on) - Aen) 1T,

and rewrite all the above obtained linear relationships in
a matrix form. Thus, the relationships

53I,M (l, m) = Vz\ggs (1) Zié,M (l, m)
a3 (1.m)=VE%(1) aj z(I,m) at the QD boundary can

be written as [a@},1=[V2"1[a3,,], where [a@},,] and

and

[Ei ] are the columns

[5§,m]:[5§,M(1am) . a M(LTm) (84)
. Eg’E(l,m) Eﬁ’E(l,m) J
1=k n) . ) @ﬂ

. Eé’E(l,m) . Gy, E(Z m) 1"

and [V2Q3D ] is the diagonal matrix formed from the

transmission ng’% (1) (43) and

V(i) (44).
Correspondingly, the binding relationships (47) and
(48) in the forward direction (from QD to NP) can be

represented in a matrix form as [a3m] [z, ][ mls

amplitudes

where [aé’m] is the column
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[ag’m]:[ag’M(I,m) ag’M(l,m)
. a_i;’E(l,m) ag’E(l,m)...]T ,

and the matrix [Z,,] is formed from the corresponding

(86)

coefficients ~ F", G"=m (k3D / \/g ) G,;  and
G =-m(k3D)\Je3 G in (47) and (48).
The binding relationships

a5 \((1m)=Vigssll) diplom) -l (L) =Vi5,(0) s pg (1),
ag,E(l’ m) = Vb{v;(l) aé E(Za m), alt,E(Zam)z ngl(l) aé,E(l: m)
and aj; (l,m) v 31(1) aé’E (Z,m) at the NP boundary
[}, ] =133 1lad 5]

[alm] [ 31Lﬂa3m]

can be written as

[alm] [ 31T][a3m] and

where [a3,m], [a{m] and [afm] are the columns

[a§’m]:[a§,M(l,;n) a?M(l,m) ag’E(l,m) &)
. ag’E(l,m)...] ,
[alT’m]: [af,M (l,;n) af,M (l,m)... alt,E (l,m)... 88)
.. alt,E(l,m)...] ,
lat,=1al [ (Lm) ... af ;(L,m) .17, (89)

[Vgp ] and [V31¥5~] are the diagonal matrices formed

from the reflection amplitudes V), 33(1) (52) and

Vel (54

Varai(t) (53) and V25 (1) (55), [V3)] is the matrix
with zero “magnetic type” part and diagonal “electric

and  transmission  amplitudes

type” part formed from transmission amplitudes
i) (s6),
0 . 0 .. V50 .. o0
]l - - 00)
A ) B 0 Vi)

The binding relationships (69) and (70) in the
backward direction (from NP to QD) can be written as

(@3 w1 =[Z,y1[d5 1, where [d3,,] is the column

(@ 1=1as p (Lm) ... @5 (Lm) ..

s p(Lm) . @ g(lm).",

Oon

and the matrix [Z, ] 1s formed from the corresponding
coefficients Fr= (-1t Fm

E2 = (1) D/ Jes ) G2 and

T = (=1)" m(ksD)fe5 G in (69) and (70).

Finally, the relationships
@50 (Lm)=V,3%(1) @y (1, m) and
E{’E(l,m):VEQ,%(l) Ef,E(l,m) of the Mie scattering at
QD <can be written in a matrix form as
[}, 1=1VEP a1 ] , where
(@] ] =15 0 (Lm)... @y (L, m).... o)

~ @ glm) o @p(m).1",

and [V3%D ] is the diagonal matrix formed from the

Vigns(t) (72) and V(1) (73).
Now, it becomes possible to express multipole
coefficients [23’,”] (80) of that part of the total EM field
radiated by the QD+NP system, which is related to QD
(i.e. sum of the field radiated initially by QD and all

subsequent scattered at QD fields), in the following
form:

reflection amplitudes

(45, 1= {1+ [E, ]+ [6 ]+t [En]" +) x o3)
<WEPNas, 1= 1{1-[&, ) V8P 11as 1

where I is the unit matrix and [&m] is the product of the
matrices:

(] =V Z 1V 12,1 - (94)

In the series (93), the term [gm]” corresponds to
at QD of the initially radiated
by the QD electromagnetic field. In the long-wave limit,
when ksRy, koRy<<l and kR, |kyR|, |k R |<<1, the
series (93) converges rapidly and only few first terms
should be in fact taken into account.

Analogously, the multipole coefficients [43,,]
(81) of the total radiated EM field related to NP (i.e. the

sum of all scattered at NP fields) can be expressed in the
following form:

the nth-order scattering

(A3 ] =V WZ {16 VP NG, T - (95)

For the multipole coefficients [Afm] (82) and
[Afm] (83) of the fields (78) and (79) induced in the

metal NP, the following expressions are valid:

~lenlt”
~lenlt”

In the far-field region ¥ ~r . For this reason, the
total far-field (f-f) radiated by the QD+NP system (i.e.

sum of the fields E°(F) (76) and E}"(r) (77))

(4], 1=V 112, 0{1 P @ .. (96)

7)

(4L, 1= 11Z,0{1 EP a1 -
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should be characterized by the combined multipole
: f-f.OD+NP1 _ % ,
coefficients [A3 1=[4;,,1+[4; 1, while the
field radiated by isolated QD is determined by the
multipole coefficients [a ml= [VQD ][azm] both in

near and far-field regions.
7. Conclusions

Thus, in this paper all the electromagnetic fields in the
nonspherical “semiconductor QD + metal NP” system
are consistently calculated for the case of light emission
by a point (unit cell) dipole located inside QD. It enables
to find the power and the rate of radiation as well as the
intensity of electromagnetic energy absorption and the
rate of nonradiative losses in the system under
consideration. By integrating the contributions into the
field radiated by QD of all QD unit cells on the base of
the corresponding size-quantized exciton wave function
(in line with Section 2 analysis), analogous
characteristics can be found in the case of QD excitation
as a whole. As a result, the luminescence efficiency
change can be calculated as a function of the distance D
between QD and NP, radii R; of metal NP and R, of
semiconductor QD and other parameters.
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Appendix

As a result of Taylor series expansion in the integrands
(35) and (36) up to the third order in D and the
subsequent use of normalization condition (22), the
following analytical relationships between coefficients
of EM field multipole expansion in two spherical
coordinate systems centered at O; and O, points (see
Fig. 1) can be obtained:

anltn)=3 B s (01, 1 nm)e

o) 1 -
mlk3 D) 1 ~

3 n

ks D ~

aE<z,m>:z< i) (0o )

= (A2)

l+1 \/— 11+n "dMH”’")}:

where

238

Xll (ksDP (141 -3

Sl 1+2 =

(ksD)* 21(1+1)-3

m* 20(1+1)-6

2 41(1+1)—3(1_1(1+1) 21(1+1)—3]’

(ksD) 12 -3 . m* 1?6
2 4t -9l 2o1ir-3))|]

.

(+1)* =1 (1+1)* -
(+1)*  4(+1) -

(A3)

(A4)

2

|17
|

>

3 m* Z+l)2—6
Ar+1)? =9l (1+1?2-1(0+12-3)|
(A5)
[+11=2 (=17 —m? 1> —m?
I- 141 1f -1 4% -1
(A6)
L 1+3 (11 —m? (1 42) —m?
[+1 142 4(+1F -1 4(+2) -1
(A7)
_ z_ 2’ —m® [(1=1)° = m* 102 —m?]
Siis - ! 241 1) —9  [a@-12 -1
(A8)

31(323 =

J_

I+11+3 4(1+2)* -9 [4(l+2)

7o) -1 (kD) 21(1+1)-

Tl(’ln—)l =

[ 1+4(1+3F —m?® [(1+2)* —m?[(1 +1)° —m?

]

m

)

-1 42 -1

[+1 1% —m? {1_(k3D)2 2 -2

>

1-
2 41(7+1)-3

_1]2

2 4% -

.

9

(A9)

(A10)

b

} (ALD)

2

I (1+1) —m? [1_(k3p)2 (1417 —2—m?

41+1)

1+2 4(1+1)* -

1i+1) (=1 —m? > —m?

(1-2)-1) 4(-1P -1 4> -1

>

!
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13

_\/ (i+1) (=22 —m? (12 —mP )2 —m?] (A1)
-1

(m)

=3)0-2) a(-1F -9 [4-12 1P

T1,1+3 =

J (43)0+4) ali+27 -9

7.

+1) (43 =m? [(1+2 -m? (I +1 -m?] g

[4(1+2)* —11?
(A16)

Product k3D takes values within the range 0.02 to

0.5 for the distances D between the origins of two
shifted to each other spherical coordinate systems within
the range 2...10 nm, g3 values — 1...15 and wavelength
Ao — 400...800 nm. Thus, only several terms with small

’ [ - n’ values should be taken into account in fact in the
sums (A1) and (A2) at such a small D.
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Abstract. Proposed in this work is a theoretical model that enables to correctly calculate light emission characteristics of a hybrid nanosystem formed by a spherical semiconductor quantum dot (QD) and spherical metal nanoparticle (NP) when QD is excited by light. The QD that emits mainly dipole-type electromagnetic (EM) field can not be considered as a point dipole at small separation distances between QD and NP (of the same order as the QD size). However, only the “point dipole” concept of QD is used in all currently known theoretical models of hybrid nanosystems. Correspondingly, unlike a simulated “point dipole + spherical metal NP”, the real hybrid nanosystem is nonspherical as a whole. In this work: i) relations have been obtained between the coefficients of EM field multipole expansions in two spherical coordinate systems with their origins in semiconductor QD and metal NP. As a result, spherical symmetry of semiconductor QD and metal NP can be used separately to solve the equations related to boundary conditions at their surfaces; ii) it has been shown that EM field emitted by QD can be represented as a sum of contributions of all crystal unit cells forming QD and that each unit cell can be considered as an emitting point dipole. The contribution of a particular unit cell to the total EM field is determined by the exciton wave function; iii) to be closer to the real situation, the contribution [image: image1.wmf](
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 of interband transitions to the NP permittivity has been taken into account in the visible spectral range.
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1. Introduction 

In recent years, the number of theoretical and experimental studies of hybrid metal-semiconductor nanostructures has grown exponentially due to progress in fabrication techniques and wide prospects for efficient practical application of these nanostructures. The interest to hybrid nanostructures is caused by the fact that the excitonic, plasmonic and magnetic properties of their constituent parts can be combined in a single structure to give a synergistic effect. As a result, these nanostructures can possess a variety of new unique properties (for the latest review see e.g. [1]). 

Under external laser excitation of a hybrid “semiconductor QD + metal NP” system, two possibilities of light absorption exist. At resonance or near-resonance excitation, light can be absorbed by both QD and NP (resonance means that the energies of laser photons are close to the energies of the localized surface plasmons in metal NP and the energies of size-quantized exciton states in QD), while at non-resonance excitation light is mainly absorbed in QD. In the first case, direct excitation of local surface plasmon modes in metal NP creates strong local fields in the NP vicinity enhancing optical energy absorption by QD. The QD emission of the absorbed energy in its turn is enhanced due to resonance between exciton states in QD and local radiating plasmon modes in metal NP, see e.g. [2]. This situation corresponds to the so-called “weak-coupling regime”. In the “strong-coupling regime”, resonant exciton-plasmon interactions modify exciton wave functions and local plasmon modes, thus leading to the changes in exciton and local plasmon resonance energies, see e.g. [3-6]. The case when quantum emitter (QD) is initially excited by external laser field also has been studied theoretically in a number of works, see e.g. [7]. However, in all currently known studies of the QD+NP nanosystems, QD as a whole is considered as a (point) dipole. Point dipole approximation is completely justified in the case of an isolated atom or luminophore molecule, or when the QD size is small enough as compared to the interparticle separation distance and NP size. However, it seems that at a comparable QD size and interparticle separation distance, light emission by QD should be considered more accurately. The goal of this work is to develop a model allowing to correctly calculate semiconductor QD emission in the vicinity of metal NP. The key point of the proposed theory is the statement that despite semiconductor QD as a whole cannot be considered as a point dipole at comparable sizes and distances in a QD+NP nanosystem, its constituent parts, i.e. crystal unit cells forming QD can be. Therefore, to calculate the emission characteristics of semiconductor QD in the vicinity of metal NP, it is necessary to consider previously the contribution of an arbitrary unit cell of QD, and then integrate the contributions of all the unit cells with corresponding weight factors determined by the exciton wave function. In this work, we consider the first part of this problem that is reduced to the calculation of an EM field of a point dipole radiating inside semiconductor QD in the case when QD is located in the immediate vicinity of metal NP. 


2. Model validation


In this section, we schematically present grounds for considering QD as an ensemble of oscillating point dipoles inside QD. Consider the multi-electron system of semiconductor QD when one of the electrons is excited from the state associated with the valence band of bulk material that forms QD into the state associated with the conduction band. In the linear approximation, the solution of the time-dependent Schrödinger equation can be written in this case as follows:
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where (0 is the wave-function of the ground state of the multi-electron system with Hartree-Fock energy [image: image3.wmf]0
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,  (1 – correction to the wave function (0 caused by specified perturbation, [image: image4.wmf]w
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 – energy of perturbation. The wave function (0 can be written as antisymmetrized product of one-electron orthonormal Wannier lattice-site functions of the valence band [8]: 
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where 
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-fold product of the valence band lattice-site Wannier functions [image: image11.wmf](
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is the spatial and s is the spin variables), Ар is multiplicity of the permutation p, N – total number of lattice sites (unit cells) in QD, [image: image13.wmf]n
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 in (2) runs over all N lattice sites of QD, ( is a symbol characterizing electron spin state, ( – symbol characterizing crystallographic directions (in crystals with cubic lattice structure, valence band Wannier states are degenerated over all three crystallographic directions), [image: image15.wmf]s
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 is the multiplicity of degeneracy over the electron spin and crystallographic directions. Here and below, the tilde over the variables means that they are written in the coordinate system centered in semiconductor QD.
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Similarly to [9, 10], introduce the mean dipole moment [image: image27.wmf](
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where integration is taken over all [image: image30.wmf]as
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In this formula, summation is taken over all N spatial variables of the multi-electron system, [image: image34.wmf](
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By carrying out integration in (5), the following expression can be obtained:
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The integral in (7) is taken over the volume V0 of the unit cell at the site [image: image40.wmf]L
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the following expression for the mean dipole moment [image: image47.wmf](
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i.e. [image: image50.wmf](
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3. System under consideration 


Consider the system formed by the following three constituents (see Fig. 1):


1) Spherical metal NP of the radius R1 which is characterized by a non-local permittivity [image: image69.wmf](
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where the second term in the right-hand side is the contribution of bound electrons participating in interband electronic transitions, and the third term
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is the contribution of free electrons. Indices T and L are used to denote transverse (T) and longitudinal (L) components of the permittivity. Within the hydrodynamic model [image: image74.wmf]F
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2) Spherical semiconductor QD of the radius R2 with a background permittivity (2. The distance between QD and NP centers is D > R1 + R2. 


3) Barrier matrix with the permittivity (3 in which QD and NP are embedded.


The formulated electrodynamic problem can be considered using multipole expansions of EM field. Two the most known forms of the multipole expansions are those presented in [12] and [13]. In the Jackson textbook [12], vector spherical harmonics [image: image86.wmf](
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 are presented in the Stratton textbook [13]. In fact, these two forms of expansions are completely equivalent. However, to make intermediate calculations less cumbersome, the Jackson formalism is used below. Correspondingly, all further formulas are written in the Gaussian unit system in compliance with [12]. 


When calculating the EM field in the QD+NP system, the boundary conditions on both QD and NP spherical surfaces should be satisfied. To ensure this, it is necessary to establish a relation between multipole components of the field in two different spherical coordinate systems with their origins О1 in metal NP and О2 in semiconductor QD.


4. Relationships between multipole expansions 
of electromagnetic field in two coordinate systems shifted to each other 


When calculating the EM field in a nonspherical QD+NP system, it’s desirable to use spherical symmetry of QD and NP separately. In accordance with [12], in the n-th material with the permittivity (n, the transversal electric and magnetic fields can be expressed as follows: 
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In (14) and (15), er, e( and e( are the orts of the spherical coordinate system. By further consideration, the following orthogonality and normalization conditions are exploited:
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Using the analytical approach outlined in Chapter 16 of the Jackson textbook [12], it can be found that for the oscillating point dipole 
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and in this case the following correlation between functions 
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In fact, these multipole expansions of the point dipole field coincide with those expressed in spherical vector wave functions [image: image124.wmf](
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 [14]. For convenience of further consideration, introduce the following notations:
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A. Homogeneous medium


First, consider a point dipole in a homogeneous system ((1 = (2 = (3). According to (12), multipole expansions of the dipole electric field in two shifted to each other spherical coordinate systems with their origins at О1 and О2 points (see Fig. 1) should have the following form: 
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Remember that variables and quantities with tilde are those related to spherical coordinate system with its origin at О2 point. Electric field is independent on a particular coordinate system used for its presentation. For this reason, the fields (31) and (32) are identically equal to each other in an arbitrary point of the space, [image: image132.wmf](
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Analogously, from the identity 
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In (33) and (34), 
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where




[image: image147.wmf](


)


(


)


(


)


(


)


(


)


(


)


!


!


1


1


2


!


!


1


1


2


2


1


m


l


m


l


l


l


l


m


n


m


n


n


n


n


R


m


nl


+


-


+


+


+


-


+


+


=


,
(37)




[image: image148.wmf](


)


y


f


¢


 is a derivative 

[image: image149.wmf](


)


dy


y


df


/


, 

[image: image150.wmf](


)


2


1


2


]


/


2


/


1


[


r


xD


r


D


s


-


+


=


, 

[image: image151.wmf](


)


s


r


D


x


x


/


/


~


-


=


, 

[image: image152.wmf]rs


r


=


~


. To obtain expressions (35) and (36), the original integrals are integrated by parts with account of 

[image: image153.wmf](


)


z


f


l


 and 

[image: image154.wmf](


)


x


P


m


l


 properties. Besides, it is also taken into account that 

[image: image155.wmf]j


j


º


e


e


~


,




[image: image156.wmf](


)


(


)


s


r


D


x


r


xD


r


r


/


/


1


/


1


2


~


ú


û


ù


ê


ë


é


-


+


-


=


q


e


e


e


,
(38)




[image: image157.wmf](


)


(


)


s


r


xD


r


D


x


r


/


/


1


/


1


2


~


ú


û


ù


ê


ë


é


-


+


-


-


=


q


q


e


e


e


.
(39)


The linking coefficients 
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Fig. 2. Linking coefficient 
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Fig. 3. Linking coefficient 
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If integrands in (35) and (36) expand in the Taylor series in powers of the distance D between the two coordinate system origins, then instead of determining 
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B. Semiconductor QD in homogeneous medium


Gradually approaching the QD+NP system in barrier matrix, consider a case of light emission by a point dipole located inside QD, when metal NP is absent in the system, i.e. when 
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, while in the optical frequency range (2 ( 13 [15]. EM field propagating from the point dipole to the QD-matrix boundary (i.e. incident (i) on the inner QD boundary field) 
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The multipole coefficients 
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 (29), correspondingly (tilde means that they are written in a coordinate system with the center in QD). 


From this point, all further consideration is valid as well in the case of light emission by QD as a whole. The only difference from the case of light emission by the point dipole located inside QD is that the QD multipole amplitudes [image: image231.wmf](
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 can be found by integrating contributions of all the point dipoles (unit cells) inside QD, the contributions being determined by the exciton wave function. The lowest in energy quantized exciton state is fivefold degenerate in Fz-projections of the total electron-hole angular momentum F = 2 in the case of QD material of cubic modification with the fourfold valence band Г8 [16]. To avoid a significant increase in the present work volume, the calculation of the amplitudes [image: image239.wmf](
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 on the base of the corresponding exciton wave functions as well as the calculation of light emission characteristics of the whole QD+NP system will be presented in a separate work. In brief, the main result of this consideration is that the EM field radiated by QD as a whole contains only dipole (l = 1) and octupole (l = 3) electric-type components and quadrupole (l = 2) magnetic-type components, all these components of EM field arising due to the presence of non-spherical parts in the exciton wave function (i.e. due to the spin-orbit interaction and mixing of the heavy and light hole states in QD).


From the continuity conditions for the tangential components of the electric and magnetic fields at the QD surface, two systems of algebraic equations for the multipole coefficients can be obtained in the standard way [12]. As follows from these equations, 
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. Hereafter, the indices j and k in the transmission and reflection amplitudes 
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Products k2R2 and k3R2 take values within the range 0.01…0.2 for the QDs with the radius R2 – 1…5 nm, (2 and (3 values – 1…15 and the wavelength (0 – 400…800 nm. Thus, these products are small enough to use limit values 
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 of the spherical Bessel and Hankel functions at small arguments. As a result, the following approximate expressions for 
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As seen from (45) and (46), the transmission amplitudes 
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 are the functions of the multipole number l, and for this reason, the field emitted by QD cannot be represented as that of point dipole in the case of light emission by the point dipole located inside QD, not to mention the case of light emission by QD as a whole, when only components with l = 1, 2 and 3 form the radiated EM field.


Denote by index i the above transmitted EM fields 
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5. Interaction of electromagnetic field emitted 
by QD with metal NP


By determining the multipole coefficients 
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 of the field radiated by QD in the coordinate system with its origin at the point O1, we have defined thus the incident (i) field on spherical metal NP if NP is additionally placed into the system. Now, it becomes possible to consider the Mie scattering by NP, i.e. to find reflected (r) from NP and transmitted (t) into NP fields (nonradiative losses due to electron scattering inside NP are related only with these transmitted fields). 

Scattered (reflected) fields 
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 can be written in the standard forms (12) and (13) with the multipole coefficients 

[image: image276.wmf](


)


(


)


m


l


a


m


l


a


r


E


E


n


,


,


,


3


,


=


, 

[image: image277.wmf](


)


(


)


m


l


a


m


l


a


r


M


M


n


,


,


,


3


,


=


 and 

[image: image278.wmf](


)


(


)


r


k


h


r


k


f


l


l


3


3


º
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 of the first kind provides correct asymptotic behavior of the scattered EM field in the form of diverging spherical waves at 
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With account of spatial dispersion in the NP permittivity (10) the electric field induced in (transmitted into) the metal NP should be a sum of the transverse and longitudinal fields, 
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and the longitudinal electric field as
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Correspondingly, the magnetic field inside the metal NP can be expressed as 
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From the continuity conditions for the tangential components of the electric and magnetic fields and the additional boundary condition (ABC) of turning to zero of the normal component of free carrier’s current density at the NP surface 

[image: image285.wmf]0


1


=


×


=


R


r


r


e


j


, it can be found that 

[image: image286.wmf](


)


(


)


(


)


m


l


a


l


V


m


l


a


i


M


NP


M


r


M


,


,


,


3


33


,


,


3


=


, 

[image: image287.wmf](


)


(


)


(


)


m


l


a


l


V


m


l


a


i


M


NP


M


t


M


,


,


,


3


31


,


,


1


=


, 

[image: image288.wmf](


)


(


)


(


)


m


l


a


l


V


m


l


a


i


E


NP


E


r


E


,


,


,


3


33


,


,


3


=


,

[image: image289.wmf](


)


(


)


(


)


m


l


a


l


V


m


l


a


i


E


NP


E


t


E


,


,


,


3


31


,


,


1


=


 and 

[image: image290.wmf](


)


(


)


(


)


m


l


a


l


V


m


l


a


i


E


NP


L


t


L


,


,


,


3


31


,


,


1


=


, where the transmission and reflection amplitudes are expressed as




[image: image291.wmf](


)


(


)


(


)


(


)


(


)


(


)


,


0


,


1


3


1


3


1


1


3


1


33


,


M


l


T


l


T


l


l


T


NP


M


R


k


j


R


k


j


R


k


j


R


k


j


l


V


D


ú


û


ù


ê


ë


é


¢


e


-


¢


w


e


-


=


=




(52)




[image: image292.wmf](


)


(


)


]


[


2


1


3


3


31


,


M


NP


M


R


k


i


l


V


D


e


-


=


,
(53)




[image: image293.wmf](


)


(


)


(


)


(


)


{


(


)


(


)


(


)


(


)


}


,


/


0


,


]


[


]


[


0


,


3


1


1


3


3


1


1


33


,


1


1


3


EL


T


R


k


x


l


l


R


k


x


l


T


l


T


NP


E


A


C


x


j


x


R


k


j


x


j


x


R


k


j


l


V


T


D


e


-


w


e


-


¢


e


-


-


¢


w


e


-


=


=


=



(54)




[image: image294.wmf](


)


(


)


(


)


EL


T


NP


E


R


k


i


l


V


D


w


e


=


1


3


1


31


,


0


,


,
(55)




[image: image295.wmf](


)


(


)


(


)


(


)


(


)


,


]


[


]


0


,


[


1


1


2


1


0


3


3


1


3


1


31


,


EL


L


l


T


l


T


NP


L


R


k


j


R


k


k


R


k


j


C


l


l


i


l


V


D


¢


e


e


-


w


e


+


-


=



(56)




[image: image296.wmf](


)


(


)


(


)


(


)


(


)


,


0


,


1


3


1


3


1


1


3


1


R


k


h


R


k


j


R


k


j


R


k


h


l


T


l


T


l


l


T


M


¢


e


-


-


¢


w


e


=


D



(57)




[image: image297.wmf](


)


(


)


(


)


(


)


(


)


(


)


(


)


,


0


,


]


[


]


[


0


,


3


1


1


3


3


1


1


1


1


3


B


C


x


j


x


R


k


h


x


h


x


R


k


j


T


R


k


x


l


l


R


k


x


l


T


l


T


EL


T


e


-


w


e


-


¢


e


-


-


¢


w


e


=


D


=


=



(58)




[image: image298.wmf](


)


(


)


(


)


(


)


(


)


,


1


1


1


1


3


1


1


R


k


j


R


k


R


k


j


R


k


j


R


k


j


l


l


A


L


l


L


l


T


l


L


l


¢


+


=



(59)




[image: image299.wmf](


)


(


)


(


)


(


)


(


)


,


1


1


1


1


3


1


1


R


k


j


R


k


R


k


h


R


k


j


R


k


j


l


l


B


L


l


L


l


T


l


L


l


¢


+


=



(60)




[image: image300.wmf](


)


]


1


[


3


w


e


+


e


=


ib


C


.
(61)


The poles in the amplitudes 
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) correspond in energies to the localized surface plasmon resonances of the corresponding order l. Thus, at resonant excitation of NP (or close to resonant, depending on the frequency of light emitted by QD), just these localized plasmons substantially influence the characteristic radiative and non-radiative lifetimes in the QD+NP system.
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In the long-wave limit when k3R1, 
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By determining multipole coefficients 
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, we have determined thus all the EM fields in the non-spherical “semiconductor QD + metal NP” system in the single scattering approximation.


6. Light emission by QD + NP system with account of multiple scattering of electromagnetic field

To complete the consideration, the multiple scattering between QD and NP of the EM field emitted initially by QD should be taken into account. In this case, the reflected from NP field 
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, in turn, should be considered as incident on QD. In the spherical coordinate system with its origin in QD, this field should have the following form: 
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From the identities 
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, the relationships can be obtained between the coefficients 
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With the multipole coefficients 
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 found in this way, the standard Mie scattering of the EM field by QD can be further considered. According to (12), the reflected electric field from QD should have the following form:
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The multipole coefficients of the reflected field are related with the corresponding coefficients of the incident field by the Mie scattering amplitudes 
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. These amplitudes are expressed as follows:
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In the long-wave limit, when 
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Reflected from QD field, in turn, gives additional contributions to the total radiated far-field and to the fields reflected from and transmitted into the NP. Being repeated, this process of mutual scatterings should form the series of corresponding contributions to the total fields. The resulting total fields should have the following forms (for short, only electric fields are written below): 
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The electric field 
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and rewrite all the above obtained linear relationships in a matrix form. Thus, the relationships 
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and 
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Correspondingly, the binding relationships (47) and (48) in the forward direction (from QD to NP) can be represented in a matrix form as 
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and the matrix 
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The binding relationships (69) and (70) in the backward direction (from NP to QD) can be written as 

[image: image419.wmf]]


[


]


~


[


]


~


[


,


3


,


3


r


m


m


i


m


a


Z


a


=


, where 

[image: image420.wmf]]


~


[


,


3


i


m


a


 is the column 




[image: image421.wmf](


)


(


)


(


)


(


)


,


...]


,


~


...


,


l


~


...


,


~


...


,


l


~


[


]


~


[


,


3


,


3


,


3


,


3


,


3


T


i


E


i


E


i


M


i


M


i


m


m


l


a


m


a


m


l


a


m


a


a


K


=



(91)


and the matrix 
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Finally, the relationships 
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and 
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Now, it becomes possible to express multipole coefficients 
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where I is the unit matrix and 
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In the series (93), the term 
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Analogously, the multipole coefficients 
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For the multipole coefficients 
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In the far-field region 
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, while the field radiated by isolated QD is determined by the multipole coefficients 
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7. Conclusions


Thus, in this paper all the electromagnetic fields in the nonspherical “semiconductor QD + metal NP” system are consistently calculated for the case of light emission by a point (unit cell) dipole located inside QD. It enables to find the power and the rate of radiation as well as the intensity of electromagnetic energy absorption and the rate of nonradiative losses in the system under consideration. By integrating the contributions into the field radiated by QD of all QD unit cells on the base of the corresponding size-quantized exciton wave function (in line with Section 2 analysis), analogous characteristics can be found in the case of QD excitation as a whole. As a result, the luminescence efficiency change can be calculated as a function of the distance D between QD and NP, radii R1 of metal NP and R2 of semiconductor QD and other parameters.
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Appendix


As a result of Taylor series expansion in the integrands (35) and (36) up to the third order in D and the subsequent use of normalization condition (22), the following analytical relationships between coefficients of EM field multipole expansion in two spherical coordinate systems centered at O1 and O2 points (see Fig. 1) can be obtained:
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where 
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Product k3D takes values within the range 0.02 to 0.5 for the distances D between the origins of two shifted to each other spherical coordinate systems within the range 2…10 nm, (3 values – 1…15 and wavelength (0 – 400…800 nm. Thus, only several terms with small 
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l


-


 values should be taken into account in fact in the sums (A1) and (A2) at such a small D.
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Fig. 1. Point dipole p( in the vicinity of metal NP; the system is spherically symmetric (a). Semiconductor QD with point dipole p( in the vicinity of metal NP; the system isn’t spherically symmetric (b).











© 2013, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine


227



_1434198289.unknown



_1434981863.unknown



_1435140548.unknown



_1436200866.unknown



_1437134869.unknown



_1437135560.unknown



_1445866532.unknown



_1446300990.unknown



_1446557484.unknown



_1446557640.unknown



_1446557805.unknown



_1446557932.unknown



_1446557581.unknown



_1446557037.unknown



_1445958759.unknown



_1445958777.unknown



_1445867207.unknown



_1445867484.unknown



_1445866726.unknown



_1437135828.unknown



_1437136082.unknown



_1445866286.unknown



_1445866333.unknown



_1437136167.unknown



_1437136201.unknown



_1437136230.unknown



_1437136087.unknown



_1437135934.unknown



_1437135947.unknown



_1437135875.unknown



_1437135665.unknown



_1437135700.unknown



_1437135588.unknown



_1437135466.unknown



_1437135489.unknown



_1437135539.unknown



_1437135475.unknown



_1437135032.unknown



_1437135139.unknown



_1437135017.unknown



_1437134004.unknown



_1437134527.unknown



_1437134672.unknown



_1437134712.unknown



_1437134623.unknown



_1437134021.unknown



_1437134025.unknown



_1437134018.unknown



_1437133950.unknown



_1437133989.unknown



_1437133997.unknown



_1437133957.unknown



_1437133934.unknown



_1437133947.unknown



_1436203707.unknown



_1436203762.unknown



_1436201111.unknown



_1436197598.unknown



_1436198353.unknown



_1436198946.unknown



_1436199038.unknown



_1436199140.unknown



_1436199544.unknown



_1436199615.unknown



_1436200690.unknown



_1436199577.unknown



_1436199251.unknown



_1436199074.unknown



_1436198990.unknown



_1436198997.unknown



_1436198985.unknown



_1436198639.unknown



_1436198935.unknown



_1436198886.unknown



_1436198589.unknown



_1436198107.unknown



_1436198235.unknown



_1436198250.unknown



_1436198149.unknown



_1436197894.unknown



_1436198095.unknown



_1436197618.unknown



_1436196965.unknown



_1436197544.unknown



_1436197570.unknown



_1436197515.unknown



_1435153846.unknown



_1436196899.unknown



_1436196911.unknown



_1435154896.unknown



_1435155078.unknown



_1436196683.unknown



_1435154926.unknown



_1435153882.unknown



_1435146661.unknown



_1435150220.unknown



_1435146467.unknown



_1434987695.unknown



_1434988827.unknown



_1434989195.unknown



_1434989544.unknown



_1434990023.unknown



_1434990403.unknown



_1434990450.unknown



_1434990575.unknown



_1434990141.unknown



_1434989666.unknown



_1434989927.unknown



_1434989638.unknown



_1434989375.unknown



_1434989416.unknown



_1434989330.unknown



_1434989295.unknown



_1434989020.unknown



_1434989066.unknown



_1434989084.unknown



_1434989052.unknown



_1434988883.unknown



_1434988898.unknown



_1434988867.unknown



_1434988312.unknown



_1434988717.unknown



_1434988758.unknown



_1434988367.unknown



_1434988245.unknown



_1434988264.unknown



_1434988027.unknown



_1434985632.unknown



_1434986773.unknown



_1434987622.unknown



_1434987679.unknown



_1434987179.unknown



_1434985927.unknown



_1434985985.unknown



_1434985814.unknown



_1434983240.unknown



_1434983872.unknown



_1434983880.unknown



_1434983803.unknown



_1434983170.unknown



_1434983216.unknown



_1434982256.unknown



_1434271882.unknown



_1434276218.unknown



_1434278667.unknown



_1434280316.unknown



_1434282430.unknown



_1434369877.unknown



_1434369908.unknown



_1434369917.unknown



_1434369985.unknown



_1434369886.unknown



_1434283199.unknown



_1434285280.unknown



_1434286727.unknown



_1434287280.unknown



_1434369581.unknown



_1434286970.unknown



_1434285504.unknown



_1434286100.unknown



_1434283260.unknown



_1434282790.unknown



_1434282909.unknown



_1434282652.unknown



_1434281353.unknown



_1434281813.unknown



_1434282408.unknown



_1434281446.unknown



_1434281794.unknown



_1434281215.unknown



_1434281273.unknown



_1434280360.unknown



_1434279456.unknown



_1434280258.unknown



_1434280297.unknown



_1434280212.unknown



_1434279284.unknown



_1434279381.unknown



_1434279419.unknown



_1434279337.unknown



_1434279033.unknown



_1434276619.unknown



_1434277264.unknown



_1434278000.unknown



_1434278639.unknown



_1434277991.unknown



_1434276657.unknown



_1434276698.unknown



_1434277098.unknown



_1434276670.unknown



_1434276634.unknown



_1434276407.unknown



_1434276494.unknown



_1434276565.unknown



_1434276469.unknown



_1434276435.unknown



_1434276360.unknown



_1434276386.unknown



_1434276264.unknown



_1434276324.unknown



_1434273696.unknown



_1434274131.unknown



_1434275757.unknown



_1434275891.unknown



_1434274676.unknown



_1434275736.unknown



_1434274568.unknown



_1434274083.unknown



_1434274108.unknown



_1434274130.unknown



_1434274044.unknown



_1434274067.unknown



_1434273752.unknown



_1434272084.unknown



_1434273591.unknown



_1434273665.unknown



_1434272104.unknown



_1434272030.unknown



_1434272043.unknown



_1434272007.unknown



_1434203732.unknown



_1434268517.unknown



_1434269704.unknown



_1434269801.unknown



_1434269918.unknown



_1434271117.unknown



_1434271434.unknown



_1434270108.unknown



_1434269817.unknown



_1434269735.unknown



_1434268623.unknown



_1434268727.unknown



_1434268578.unknown



_1434203940.unknown



_1434203973.unknown



_1434268449.unknown



_1434203955.unknown



_1434203852.unknown



_1434203916.unknown



_1434203824.unknown



_1434201770.unknown



_1434203477.unknown



_1434203511.unknown



_1434203538.unknown



_1434203499.unknown



_1434202424.unknown



_1434202442.unknown



_1434203226.unknown



_1434201796.unknown



_1434201669.unknown



_1434201724.unknown



_1434201750.unknown



_1434201690.unknown



_1434201574.unknown



_1434201607.unknown



_1434201500.unknown



_1433690065.unknown



_1434195067.unknown



_1434195899.unknown



_1434196503.unknown



_1434197169.unknown



_1434198272.unknown



_1434196640.unknown



_1434196691.unknown



_1434196620.unknown



_1434196385.unknown



_1434196448.unknown



_1434196061.unknown



_1434195548.unknown



_1434195632.unknown



_1434195772.unknown



_1434195595.unknown



_1434195407.unknown



_1434195475.unknown



_1434195208.unknown



_1433690574.unknown



_1433690734.unknown



_1433690970.unknown



_1434195000.unknown



_1433690938.unknown



_1433690675.unknown



_1433690691.unknown



_1433690657.unknown



_1433690285.unknown



_1433690345.unknown



_1433690441.unknown



_1433690530.unknown



_1433690463.unknown



_1433690391.unknown



_1433690321.unknown



_1433690340.unknown



_1433690161.unknown



_1433690257.unknown



_1433690124.unknown



_1433688783.unknown



_1433689509.unknown



_1433689954.unknown



_1433690004.unknown



_1433689801.unknown



_1433689844.unknown



_1433689885.unknown



_1433689823.unknown



_1433689705.unknown



_1433689741.unknown



_1433689640.unknown



_1433689149.unknown



_1433689436.unknown



_1433689469.unknown



_1433689491.unknown



_1433689360.unknown



_1433688863.unknown



_1433689123.unknown



_1433688844.unknown



_1433686778.unknown



_1433688298.unknown



_1433688672.unknown



_1433688754.unknown



_1433688648.unknown



_1433688587.unknown



_1433688058.unknown



_1433688086.unknown



_1433687855.unknown



_1433686826.unknown



_1433687482.unknown



_1433686212.unknown



_1433686483.unknown



_1433686507.unknown



_1433686455.unknown



_1433685967.unknown



_1433686147.unknown



_1431778577.unknown



_1431778617.unknown



_1433685359.unknown



_1431778616.unknown



_1431778576.unknown



