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Strongly modifiable decay and angle-dependent light intensity for an
atom near active plasmonic structures: A macroscopic QED study
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School of Science, Hangzhou Dianzi University, Hangzhou 310018, China
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Tunable plasmonic structures provide the possibility to actively modify the radiation from atoms through electromag-
netic coupling. In this paper, we investigate the decay and radiation behavior of an atom near a dielectric nanosphere with
conductive surface within the framework of macroscopic quantum electrodynamics. The electromagnetic fields including
the losses in the materials can be taken as fundamental excitations which interact with the atom through a transition dipole.
Both weak and strong coupling regimes have been investigated. The decay rate and the angle-dependent light intensities
indeed strongly depend on the parameters of the system, i.e., the position and orientation of the dipole, the geometric size,
and the surface conductivity, providing the opportunity of artificial control over these quantities. Generalizing the formal-
ism in this paper to other systems, like metamaterials, is straightforward, which we believe may pave a way for future active

quantum nanophotonic devices.

Keywords: plasmonics, quantum electrodynamics, light-matter interaction
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1. Introduction

Plasmonic nanostructures have the ability to confine light
into ultra-small volumes with extremely large field intensi-
ties, which can lead to strong light-matter interactions and un-
precedented sensitivities in optical detections.!!=>! Numerical
approaches such as finite element method (FEM) and finite-
difference time-domain (FDTD) method have been used to
calculate the electromagnetic fields, where the materials are
modeled by bulk permittivities.!%” As typical sizes of the
nanostructures decrease, such description fails; quantum ef-
fects may occur.®1?! The responses of electrons in metal
are nonlocal in nature, and such nonlocality effect can be
taken into account by the hydrodynamic model of electron
fluids.[!3-17] Shift of the resonant peaks in nanoparticles and
dispersion relations have been discovered after including such
nonlocality.[!313] As the size goes atomic, time-dependent
density functional theory is the better option. The fields can be
calculated among the atoms giving a full quantum description
of the electrons.!!'®23] Hydrodynamic model can deal with
the nonlocality, spill-out and even tunneling effects, and is
much less computationally demanding but it can hardly take
into account the details like charge transfer or atomic orbitals.
More sophisticated model which considers surface responses
has been proposed by introducing Feibelman parameters. >4
However, all the approaches mentioned above only consider
the quantum aspect of matter. Further investigations of light—
matter interaction in plasmonic nanostructures require also
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quantum description of the light.

Quantization of the electromagnetic fields in dispersive
and lossy materials requires the introduction of some bosonic
operators representing noise in the quantum system, which can
take into account the material absorption.!>=3!1 Such opera-
tors are only phenomenological, but can preserve the widely
known commutator held by the vector potential and electric
fields.[>>2%1 The electric fields are linked to these operators
through dyadic Green functions which are exactly the same as
those in classic electrodynamics. The interaction between the
fields and an atom is usually described by a traditional —d- FE
term; the whole Hamiltonian consists of three parts: the elec-
tromagnetic fields in dielectric, the atom and the one describ-

27281 This formalism gives a satisfying

ing their interaction.|
quantum description of light—matter interactions in plasmonic
nanostructures as well as in metamaterials. Traditional ap-
proaches also rely on the dyadic Green functions of the system
and can give similar results; 3233 however, the excitations of
the photonic system are not incorporated into the framework
of quantum theory. Recently, quasinormal mode approach has
been proposed which is also fully compatible with the quan-

(34,35

tum theory. I These two methods not only resolve the limi-

tations of classical theory but also offer parameter-free predic-
tions of results in plasmonic and even chemical systems.36-37]

In this paper, we take one little step further and investi-
gate the radiation of a two-level atom near an active plasmonic
nanostructure, i.e., a dielectric sphere with modifiable surface

conductivity, within the framework of macroscopic QED. The
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decay rate as well as angle-dependent intensity have been cal-
culated based on the theory mentioned above. Rotating-wave
approximation has been applied to simplify the light—atom in-
teraction, and Markov approximation has been used to work
out the time integrals, which is reasonable since our plasmonic
nanostructure does not possess very strong resonances. The
excited atom decays exponentially with a modified decay rate
that is different to the one in vacuum. As for the light inten-
sity, Markov approximation has also been applied and we get a
relatively simple expression for the emitted intensity which is
strongly tunable by changing the surface conductivity. Such
formalism can be applied to investigate radiation of atoms
near, for example, many kinds of metamaterials, providing an
efficient way to derive the radiation feature of dipole sources
within the quantum regime.

2. Methods

Figure 1 is the schematic illustration of the system, where
an atom denoted by the red dot is placed on the z axis outside
a sphere. The radius of the sphere is denoted as R, the per-
mittivities of the materials outside and inside of the sphere are
denoted as € and &, respectively. The surface of the sphere
is conductive (denoted by the dashed circle in Fig. 1), which
throughout this paper is assumed to be graphene for simplicity.
Thus, the surface conductivity can be tuned through external
parameters, which is the Fermi level of graphene in this paper.
In the calculations, spherical coordinates have been used, the
dyadic Green functions are expanded using vector wave func-
tions, and the decay rates as well as light intensities can be
derived by summing over rather simple terms related to spher-
ical Bessel or Hankel functions.

Fig. 1. Schematic of the system. A two-level atom is put near a di-
electric nanosphere with a conductive surface. Red dot indicates the
location of the two-level atom.

In macroscopic QED, the electric field with positive fre-
quency can be expressed as

~

Ef(r,0)= ia)uo/d3r'a(r,r',a)) 3 ®), (1)

where a(r,r,'w) is the dyadic Green function, j (7, ®) =

e A 7 . .
o/ Im[e(r,®)]f(r,®) and f(r,®) is the vector annihi-

lation operator for the polaritonic excitation at position 7 and
with frequency @. f(r,®) satisfies the bosonic commutation
relation [f; (r, @) f; (r',@')] = &,;8(r —7')8(®w — ). The
total Hamiltonian can be written as H = Hem + Hyrom + I:Iim,
where Hen = [ d*r' [ dohof (r' @) f(r',0), Hyom =
%7’100,%67z and Hipy = —[6 T E™) (ryom) -d+H.c]. 6;, 61 and
6 are the usual Pauli matrices. wj is the transition frequency
of the atom; d is the transition dipole, and H. c. stands for Her-
mitian conjugation. Rotating wave approximation has been
applied, and the dispersions and losses of the materials have
been taken into account in Hep. The wave function of the Sys-
tem can be expanded as

W (1)) = Cy(r) e O )] o>+/d3r/0°°dwc,_,,-(r,w,t)
x e e O )| 1(r, w)), )

where the Cp,(¢) and Cj;(r, @,f) are slow-varying amplitudes.
| )| 0) denotes the state where the atom is excited and the rest
of the system is vacuum; |/)| 1;(r,®)) denotes the emitted
atom with rest of the system in single-photon Fock state. After
substituting Eqgs. (1) and (2) into the Schroédinger equation and
using the conditions C, (0) = 1 and Cj; (r, @,0) = 0, one can
see that Cj, () and C; ;(r, w,) obey the following equations:

_ o0 2
S e g0 [ ikl

X Gji(1a, 7, 0)Cp (T, 0,1) e OO (3)

dCl7i(T,()\),Z‘) . dj w?
@ Ve & VimlE(r, o)
X Gji(ra, 7, )Cp (1) 1@~ 08 o)

where r, and r denote respectively the positions of atom and
photon. Im[e(r, )] is the imaginary part of the permittivity,
and i, j = 7,0, ¢ are indices denoting the directions. An inte-
gro differential equation of Cy, (f) can be obtained as

dCh(t) /t ’ 1 /
= di'K(t —1t')C
& A 'Kt —1")Cy (1),
where
did; (1)2 oo . '
K(—¢) = - 2% 7A/ —i(w—wp)(t—1")
(t—1) ey & Jo dwe

x ImGij(1a, 70, ®). 5)

By solving the above equation of Cj, (¢), one gets

!
Cp(t) = l+/ de'’K (1 —1)Cy (), (6)
0
where
did; % > ; ’
K(t—¢) = lJfA/ —1(a)—wA)(t—t)_1
(t—1") hes 2 o dole ]
ImG;jj(ry, 73, @)
i(w—op)
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According to the structure as shown in Fig. 1, only weak cou-
pling may occur, thus Markov approximation applies, and

eil@r—)i—) _

— 10 (A — @) +P

i(wa— ) WA — 0’

where P means principal value. Finally, we have K (t —¢') =
—%F—HS(D, where

2d dj 3

heo A ImGlj (raa Ta, wA) @)
The excited atom decays exponentially as C,(t) =
exp[(—4I" +1i8®)t]. Thus, the dyadic Green function con-

tains all the information about how the atom decays near
a plasmonic nanostructure. As for strong coupling regime,
the dipole is coupled to one dominant resonance mode with
very narrow line-width; thus, the imaginary part of the Green
function can be assumed to be a peak with Lorentzian line-

shape,38 ie.,
2
Sw¢
[Sae + (o — ac)’]

where wc and dwc are the central angular frequency and

ImGl} (raa Ta, (D) = ImGl] (Taa Ta, (OC) ) (8)

width, respectively. Thus, K (t — ') from Eq. (5) can be easily
solved by extending the integral to —co and the final expression
is
_did; wA DA 1mG,
h&‘() 2
« e i(@—wp) (=)

K(t—1) = oc) Swc

ij (Ta,raa

e dac(t=1) )
Thus, one can derive the differential equation for Cj, (¢),

Co (1) +[i (0c — @p) + 80c]Cy, (1) + Q%C (1) = 0.

did; .
02— o ‘:’? c) dwc and Oc &~ Wa. Since S wc
is very small and second-order terms can be neglected, it can

be found that
1)
Cy () =exp (—(;Ct) cos (1),

which indicates damped Rabi oscillations. Now we give the

10)

ImGl] (Taa Taa

Y

details about finding the dyadic Green functions. Simple an-
alytical solutions can only be found if the surface conductiv-
ity is isotropic. Here the surface conductivity has been taken
from graphene for simplicity, which is a widely used two-
dimensional material in plasmonics, showing huge potentials
in applications. Since the materials are isotropic, the dyadic
Green functions can be expressed by the usual vector wave
functions in spherical coordinates. The vector wave functions
needed here are

m - sin (m¢)
siﬁzﬂ (kr) P} (cos0) cos (m) 6

=2, (k) 5 P (cos6) o ),

Z, (k1) P (cos 8) <0° ((ij)) ;

Me(),mn =+

12)

n(n+1)

Neo,mn = kr

1 d d cos(mg) 4
+krdr[an(kr)][deP (c0s) o s ©
m m sin (m(P) A
+ mpn (COSG) COS(m¢) ¢:|7 (13)

where k is the wavenumber in the medium, Z, (kr) is the
Bessel function or Hankel function depending on the regions,
In the
spherical coordinates, the transverse electric and transverse

P (cos ) is the associated Legendre polynomials.

magnetic components of the fields are not coupled, and the
dyadic Green function in every region differs from the one in
vacuum representing the effects of transmission and reflection
of waves. We have followed the standard procedure and got
the expressions of the scattering dyadic Green functions for
the regions inside (denoted as region 2) and outside (denoted
as region 1) of the sphere,
#1 (r,7', @)
lkl

= Z Cmn D

eo mn (k2) Meg-,)mn (kl )

+DN Neo,mn (ko) N (k1) (14)
=11
G, (r 7! a))
ik
= el ZCmn B eo mn (kl ) Megol,)mn (kl)
Néo’mn (k1) N&a b (k1)], (15)

2n41 (n=m)! 21 21 pll 11
H(ZL> &LZ%. Dy, Dyi, By; and By, are coeffi-

cients that depend on n. Since the atom is out of the sphere,

where C,,,,, =

the dyadic Green function in vacuum should take the form

A

Go (r.r' o) = —gS (r—7r)
1

Zcmn

+Neamn (kl) e(o)mn (kl)]

The surface of the sphere is conductive, thus the boundary con-

ik
1 ! eo,mn kl) Mfg(i,)mn (kl)

ditions used are 7 X (Ges + Go) =7/XxG,,and 7 XV xG,, —
=11 =

PxVx (G, +Go)

uum impedance, ¢ is the surface conductivity and kj is the free

=21
=ikoZpoi x 7 x G,,, where Zj is the vac-

space wavenumber. ¢ has been calculated from the model of
graphene, which is

2 2
. e E]: 1 e
w) = +— 10 (how —2E,
o (®) 177:h2 o+iy 4h{ ( F)

i ‘hw—2EF

— n —
T hw+2Ef

J

where Ef is the Fermi level and y~! = 0.35 ps. We have ap-
plied the widely used conductivity model of graphene; using
other models or even other materials may lead to similar con-
clusions. After substituting Eqs. (14) and (15) into these two
boundary conditions, one finally derives the matrix equations

determining the above mentioned four coefficients:
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i . . . 1
ks Irin (kan)] g = hZoojn (kar) — gy i (ar)| {Dm = lRf[rJn(klr)] ] ) (16)
I jn (kaR) " (kiR) By jn(kIR)
i 2 45 [rn — L T (e L4
&G ar [T (kar)],—g e | (kan)] {Dﬂ le["Jn(kﬂ)} 1 (17)
11| = 5
| kajiy (kaR) + ikoZoO g S [rju (kar)],—g — —kihi (kiR) By ki ju(K1R)

where R is the radius of the sphere. Then, the complete dyadic ~ conductivity dominates, while the interband transition part of
Green functions in all spaces are known. From Eq. (7), itis  the conductivity plays a role at high frequencies. The radius of
clear that the decay rate at any position outside the sphere can  the sphere can also seriously affect the decay. Figure 3 shows
now be calculated. By simply setting the conductivity to zero,  the normalized decay rates in systems with three different
one derives the usual boundary conditions that can be found in sphere radii R = 200 nm, 250 nm, and 300 nm; other param-
literature. eters are r = 1.05R, Ep = 0.1 eV and the relative permittivity

inside the sphere is again 2.25. Increasing R can obviously
3. Results and discussion lower the decay rates meaning that small sphere has stronger

Considering the symmetry of the structure, we focus on light scattering effects in our system. We are more interested

cases where the transition dipole of the atom is either parallel in tuning these decay rates via Ep. As shown in Fig. 4, in-

or perpendicular to the radial direction; the decay rates are de- creasing Ep may extend the frequency range where the decay

noted as I}, and I;;, respectively. Since the coupling between 48 show peaks. These peaks of the decay rates correspond

the dipole and the sphere is weak, Eq. (7) has been used. It to the effects of an optical cavity, i.e., Mie resonance modes

will be convenient to compare these decay rates with the one in denoted by  of the nanostructure, and increasing Er can lead

vacuum, i.e. normalized decay rates I;, /I and I}, /I, where to variation of light—matter interactions in graphene which
s =l can explain the change in the separation between peaks in
Ip=354—. G, and Ges .+ are the relevant quantities, which . . o . .
S rheg Fig. 4. The interband transition of electron in graphene mainly
can be calculated by summing over infinite series as shown be- .
. . . changes the decay rates when Er = 0.1 eV corresponding to
low. One can verify that the summation over the index m can L . )
) . . ) the blue curves in Fig. 4, since this case has the lowest energy
be avoided given that the atom is located on the z axis, and .
. . threshold. For lightly-doped graphene such as Er = 0.1 eV,
only the terms with m = 0 contribute to the final result. Thus,

one only needs to calculate the following equations: 3!} 1.010
— 1.05R (a)
2 — 1.10R
=11 ik] & h( ) (k 1.008¢
Gy \p = 1—12 2n+1) n+1)3“7[ Cirdl g LI5R
7 4r n=0 (kl rd)
> 1.006}
oo ~
=11 l 1 2 ~
CGesst = 3z Z @n+1) { [hﬁ' ) (klra)} ~ 1.004f
1 / L
+B)Y ( ) [ (ki) 2}. (19) 1.002
kl Ia
_ ) , 1.000 : s - : -
Two equations above involve summation over n. From spher- 0.04 0.05 0.06 0.07 0.08 0.09 0.10
ical Hankel function of the first kind, one can know that sum- 1.010 B (V)
mation over infinite series is not possible and convergence can — 1?22 (b)
be achieved by adding series with n < ny.. We have ver- 1.008¢ L15R
ified the convergence using nmax = 50 within the frequency - 1.006|
range in this paper. By substituting Eqgs. (18) and (19) into iﬂ
Eq. (7), one can derive the normalized decay rates I}, /I and ~ 1.004}
I}, /Ij. Figure 2 shows these two quantities at three different Loozl
locations, i.e., r = 1.05R, 1.1R and 1.15R, where R = 200 nm, ‘ JU\_/U\_/\/\/\/\/\/\/\/W
B . e . 1000

Er = 0.1 eV and the relative permittivity inside the sphere is
0.04 0.05 0.06 0.07 0.08 0.09 0.10

2.25. As the atom moves away from the sphere, I;,/Ij and E (eV)

I;; /T decrease rapidly. All curves exhibit oscillating behav- Fig. 2. (a) Normalized decay rates when the dipole is (a) perpendicu-

iors which can be explained by wave interference. The onset lar and (b) parallel to the spherical surface as functions of the photon
. . . . energy. Blue, red and Green curves show the decay rates at three dif-

energy of the interband transition of electrons in graphene is ferent distances from the surface, » = 1.05R, 1.1R and 1.15R. Other

2Er. At low frequencies, the intraband transition part of the parameters are R = 200 nm and Er = 0.1 eV.
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1.010
(a) —— 300 nm
— 250 nm
1.008¢ 200 nm
1.006
<
3 N \/\/\/\/\/\
~ 1.004} /W) 9
1.002 M/X\j\ \y)v
Y,
1.000 . . . . .
0.04 0.05 0.06 0.07 0.08 0.09 0.10
E (eV)
1.004
(b) —— 300 nm
— 250 nm
1.003} 200 nm
< ‘
< 1.002} ;‘ [ i
~ y/ |
1.001 M{X\‘/\ ‘yx
1.000 - - - - -
0.04 0.05 0.06 0.07 0.08 0.09 0.10
E (eV)

Fig. 3. Normalized decay rates when the dipole is (a) perpendicular
and (b) parallel to the spherical surface as functions of the photon en-
ergy. Blue, red and Green curves show the decay rates at three different
sphere radii, R = 200 nm, 250 nm, and 300 nm, respectively. Other
parameters are r = 1.05R and Er = 0.1 eV.

1.010
— 0.1 eV (a)
— 026V
1.008
.= 1.006¢
~
~ 1.004}
1.002 M
1.000 ; Sy e
0.04 0.05 0.06 0.07 0.08 0.09 0.10
E (eV)
1.010
——0.1eV (b)
——02eV
1.008 0.3 oV
< 1.006
3
K 1.004
1.002

NN NN

0.04 0.05 0.06 0.07 0.08 0.09 0.10
E (eV)

Fig. 4. Normalized decay rates when the dipole is (a) perpendicular
and (b) parallel to the spherical surface at different electron doping lev-
els. The ability to modify the decay rates through external parameters
such as Fermi level is obvious. Other parameters are R = 200 nm and
r=1.05R.

the interband transition of electrons is important and cannot
be neglected, while as one increases the Fermi energy the in-
traband part of the conductivity would dominate and then the
interband transition can be neglected.

The light intensity radiated by the excited atom can be
calculated as I(r,t) = (¥ (t)|E~(r) - E¥(r)|¥ (1)), where
E* (r) = [y doE™T (r,®) which can be easily derived from
Eq. (1). By taking the Hermitian conjugate of E¥ (), one
can get £~ (1). The time-dependent wavefunction is given by
Eq. (2). After tedious but straightforward calculations, one fi-
nally gets the expression of the light intensity, which is

Ir) =Y ”ﬁd'/wdwlmc( )
r, = ii\Ta,T,
i 7'C£()C2 0 jil\Ta
1 ' 2
></ dr'cy (') e~ HO-@)=0 1 1 (20)
0

where i and j are indices denoting the directions. Markov ap-
proximation can be applied to drastically simplify the calcu-
lations. By replacing C, (') with Cy (¢), i.e., moving Cj, (¢')
out of the integral, and approximating the time integral as we
did in deriving Eq. (7), the expression of the intensity can be
written as

I(T,t):Z

where the exponential decay comes from Cj, (r). Now we focus

Czj ImGji(ry,r,08)| e, (21)

w3d 2

&

on the cases where the transition dipole is along the radial di-
rection, and demonstrate the fact that the light intensity can be
seriously modified. It would be more convenient to calculate
the normalized intensity defined as I(r,r) /Ip (r,t) omitting
e~ T" and I (r,¢) is the intensity in vacuum. Considering the
symmetry of the system and the fact that j = 7, only summa-
tion over the contributions from Im G,, and Im G, is required.
Again, only the terms with m = 0 need to be considered. If
ra > r, contribution from Im G,, can be written as

o 2n+1 o n(n+1)
I —hy (kyry) ———=
m{lg klra " ( 1ra) klr

% Ljn (ki7) + B RS (k7)) Py (cos ) } (22)

and from ImG,g, it is

Im {IZ ntl i (kira) [[rjn ()

) n
T klra klr

(1) I
+BIIVIW]P'/’ (cos9) (—sine)}. (23)
1

If r, < r, contribution from Im G,, can be written as

e 2n+1 . 1
Im {1 Ly Lnhira) +BY Y (kir)]

n

" n(n+1)

Thﬁ}’ (ky7) P, (cos 6) } (24)

and from ImG,q, it is

Im{iz ZZ+ L (k) + BY A (k)]
n 17a

o ]P,’, (cos@)(—sine)}. (25)
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The expressions for vacuum can be found by setting B,l\,1 =0.
We have plotted the normalized total intensities under dif-
ferent levels of doping in Figs. 5 and 6, and their principal
parts have been omitted as usual. 3!l Figure 5 shows the angle-
dependent intensities when r < r,, other related parameters are
R =200 nm, E = 0.3 eV, r = 240 nm, r, = 260 nm; fig-
ure 6 shows angle-dependent intensities when r > r,, other
related parameters are R = 200 nm, £ = 0.3 eV, r = 240 nm
and r, = 220 nm. Increasing Ef can lead to stronger light—
matter interactions which explains the fact that the light inten-
sity from the atom becomes larger and more concentrated in
some direction. Please note that distributions in Figs. 5 and
6 are near-field; in the space away from the system, the in-
tensity distribution is similar to that of a dipole. Such field
concentration is not related to the Kerker effect which usu-
ally requires careful design of the geometric parameters. As
for strong coupling regime, the intensity exhibits Rabi oscil-
lations. The Markov approximation cannot be used and one
should carry out the integral using Eq. (11). After tedious cal-
culations, one gets the expression for the intensity as

1) = 5| B 1mG ) 2|
r,r) = ji\Ta, T A
,- £ jil\Ta 0
x &9 sin? (Qr). (26)

As for optical systems existing dominant resonance mode with
very narrow line-width, it is more likely that one should apply
the equations in the strong coupling regime where Rabi oscil-
lation is the main feature.

90 —0.2eV
120 60 —0.25 eV
6 0.3 eV
150 4 30
2
180 0 ) 0
210 330
240 300
270

Fig. 5. Angle-dependent normalized light intensity at three different
doping levels, where r < r,. Other parameters are R = 200 nm, photon
energy E = 0.3 eV, r =240 nm, r, =260 nm.

Extending these calculations to the case where a dipole
is placed near, for example, a spheroid is straightforward, and
the dyadic Green functions can be constructed using special
orthogonal vectorial functions; however, calculation of quan-
tities such as decay rate and light intensity is not easy since
the angular parts in the functions are no longer usual Leg-
endre polynomials and one cannot derive simple expressions.

In other systems like nanocubes, sophisticated numerical soft-
ware packages may be used to calculated the dyadic Green
functions. Extending the formalism to systems with many
atoms is straightforward; however, one may not derive concise
expressions for the decay rate or intensity, and usually needs
to solve coupled differential equations directly. Based on these
considerations, this formalism is more suitable for the system
where a few atoms are coupled to nanostructures of which the

dyadic Green functions can be acquired with high accuracy.

90 —0.2 eV\>/<10
120 60— 0.25 eVX10
1000 0.3 eV
150 30
500
180 S=== = 0
210 330
240 300
270

Fig. 6. Angle-dependent normalized light intensity at three different
doping levels, where r >r,. The blue and red curves have been magni-
fied by 10 times for clarity. Other parameters are R = 200 nm, photon
energy E = 0.3 eV, r =240 nm and r, = 220 nm.

4. Conclusions

In this paper, we have investigated the decay of an ex-
cited two-level atom near an active plasmonic nanostructure
which is a dielectric sphere with a conductive surface. The
dyadic Green functions inside and outside the sphere have
been derived by matching the boundary conditions. The decay
rates parallel and perpendicular to the radial directions have
been derived both in the weak and strong coupling regimes,
and can be strongly modified by changing the orientation of
the transition dipole, the geometric parameters, and the sur-
face conductivity. In the end, the electric fields radiated from
the atom have been calculated whose angular distributions can
also be actively tuned. The formalism used in this paper can
be applied to investigate the radiation of an excited atom near
other complex nanostructures, providing a new way to design
nanophotonic devices within the quantum regime.
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