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Abstract

Maodification of the resonance fluorescence spec-
trum of a two-level atom driving by a laser
monochromatic field in the close proximity of a
plasmonic nanostructure (metal sphere) is studied
in detail. It is shown that one can control this
spectrum varying four key parameters: distance
between the atom and the nanosphere, atom’s lo-
cation around the nanosphere, the radius of the
nanosphere, and polarization of the incident ra-
diation. These parameters affect the local field
enchancement, transition frequency shift and the
modification of the radiative decay rate of the atom
interacting with the nanosphere, which lead to
modification of the resonance fluorescence spec-
trum of the atom (frequency shift of the satellite
lines in the Mollow-type triplet, widths of the lines,
the spectrum intensity) by contrast with that one
in free space. The permittivity of the metal the
nanosphere is made of is also an additional param-
eter, which defines the nonradiative decay. The lat-
ter in combination with other parameters allows to
continuously control the transition from resonance
fluorescence enhancement to its quenching. The
calculation results are generalized to the case of
N two-level atoms, distributed around the nanopar-
ticle in the close proximity of its surface. The
calculations were performed for different positions
of the detector relative to the system nanoparticle-
atom(s).

Introduction

Since the early indication by Sommerfeld [1] and
then the pioneering work of Purcell [2] it is well
known that the radiative properties of an emit-

ter (specifically, atom, molecule or quantum dot)
are strongly modified in the confined geometries
[3, 4]). Of special interest is interaction of atoms
and molecules with plasmonics nanostructures. It
has been shown that the plasmonic nanostructures
work not only as optical antennas converting the in-
coming radiation to localized energy and vice versa
generating spots of significant enchancement of the
local field, but also the lifetime of an excited quan-
tum emitter located near the nanostructure is af-
fected by the radiative decay rate due to photon
emission and by the nonradiative decay rate due
to energy dissipation in the environment and both
these rates for atoms and molecules closed to metal
surfaces can be enhanced [5, 6, 7, 8, 9, 10, 11].

Most fluorescence studies of a single atom,
molecule or quantum dot have been done using
spontaneous fluorescence. Key advantage of the
resonant fluorescence by contrast with the spon-
taneous one is that the resonance fluorescence ex-
hibits much more information about the system un-
der study, including quantum features of interaction
of the incident radiation with the system [15].

The arrangement of the atom-nanosphere-
incident field system is given in Fig. 1. A two-level
atom with ground and excited states and with the
dipole moment d is placed in close proximity to
the metal nanosphere of radius a. The atom’s loca-
tion around the nanosphere is defined by its radial
coordinate |r| and the polar angle 6 (in spherical
coordinate system), € and e, are the permittivities
of the metal the nanosphere is made of and the
space our system of atom-nanosphere is placed in,
respectively [16]. To be more specific, we will as-
sume that the nanosphere is made of silver, i.e., its



permittivity is equal to € = —15.37+10.231 and the
wavelength of the incident laser field A = 632.8 nm.
We will also assume for simplicity that e = 1.
The incoming z-polarized electromagnetic radiation
Einc at the frequency wy, which is closed to the ire-
quency wg of the the atomic dipole transition from
ground to the excited state, has the wavevector k
directed along y-axis. It is important to note also
that the direction of the atomic dipole moment co-
incides with the direction of the local field created
by the (atom-nanosphere—excited radiation) system
in the point of space the atom is located.
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Figure 1: Arrangement of the problem

The atom’s excitation and
radiative/nonradiative decay rates near the
plasmonic nanostructure

Electric field intensity in the close proximity to
the nanobody, which size is significantly less than
the wavelength A\ = 632.8 nm of the incoming field,
can be calculated in the quasistatic approximation,
which implies that no retardation effects are taken
into account.

For the nanosphere of radius @ = 20 nm in the
homogeneous incident electric field only dipole res-
onances with n =1 are excited and the field inside
the nanosphere is equal to

E=FEn,+FEyng = Eo%(cos fn,. —sin fny),

(w)+2
oy
whereas outside the nanosphere it becomes
E = FE.n, + Egng = Eo(COS On, — sin 9ﬁ9)+
3
-1
+ onf—3 %(2 cosn, + sinfng), (2)

where FEjy is the amplitude of the incident filed and
n,, Ny are the unit vectors in spherical coordinate
system, e(w) is the permittivity of the nanobody at
the frequency w, Eiy is the incident field, field &,
describes the eigen oscillations of the body filling
the volume V' with the permittivity e,, and n is the
vector index, which defines the specific plasmonic
mode. It is also worth to note here that in the case
of sphere £y = 0.
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Figure 2: (Color online) Distribution of the field
E vectors mapped on the total density of the field
in the vicinity of silver nanosphere in yz plane,
calculated by Eq. (2). Sphere radius ¢ = 20 nm,
A = 632.8 nm, the incident field is polarized along
z-axis

In the external electromagnetic field, the dipole
moment of the atom is directed along the direction
of the field in the point of space the atom is located.
From Fig. 2, which shows the distribution of the
local field vectors in the vicinity of the nanosphere,
one can clearly see that the direction of the local
field and its intensity essentially depend on r, so
that the Rabi frequency € also depends on r and
can be written as

d

=2 3)

Qr) = £\ /B2 + | o2 + | B, 2,

which with the help of Eq. (2) takes the form
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where the atomic dipole transition moment is equal
(in gaussian system of units) to
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wo is the frequency of the atomic dipole transition
and ~y is the radiative decay rate of the atom in
free space [15].

The total normalized linewidth of the atom lo-
cated at the point with radius-vector r and with
the atomic dipole moment directed along the direc-
tion of the local field in this point can be defined
as (see [3], Section 6.3)

®)

v/70 = {cos® £(7/70)raa + sin* £(7/70)tan}, ()
where ~;.q is the total decay rate of the atom near
the nanosphere for the radial orientation of the
dipole moment towards the nanosphere and ~tan
— for the tangential orientation, o is the natu-
ral linewidth of the atom in free space and ¢ is the
angle between the directions of the dipole moment
and r. Taking into account that
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where (7/70)rad is the total decay rate for the radial
orientation of the atomic dipole moment that can be
expressed as
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and (7v/70)tan is the total decay rate for the tangen-
tial orientation of the atomic dipole moment, which
is equal to
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where
a, = a®"tt fw) e 9
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are the multipole polarizabilities of n-th order that
generalize the dipole polarizability at n = 1.

First term in Egs. (7) and (8) describes the non-
radiation atomic decay rate, i.e., that part of the
atom’s energy, which is converted to the heat. The
radiative decay rate of the atom is defined actually
by the second term in Eqs. (7) and (8). Figure
3 shows (in logarithmic scale) how the radiative,
nonradiate, and total decay rates correspond to each
other for the silver nanosphere we use in our cal-
culations.
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Figure 3: Radial components of the radiative (dot-
ted line), nonradiative (dashed line) and total (solid
line) decay rates for the spherical silver particle of
radius ¢ = 20 nm, = —15.37+10.231
at A =632.8 nm

The resonance fluorescence spectrum depends on
the Rabi frequency, i.e., the local field field ampli-
tude and the direction of this field, and the total
decay rate, which are all affected in the presence
of the nanoparticle. The atomic resonance near the



plasmonic nanoparticle is also shifted at the fre-
quency about the linewidth, so that for observing
the resonance fluorescence one needs to adjust the
incident laser frequency at the value of this fre-
quency shift [14]. It is very important to remem-
ber about this shift when we consider the case of
N emitters around the nanosphere.

For the frequency shift we have [14]:

_ 3w -1~ nnt1)
Aw = g 4 ; (e(w)+1n+1 .
x (Zf)?" [2(n +2)z3 cos € +mzsin €], (10)

where z = rk, 2o = ak.

Calculation of the resonance fluorescence
spectrum for a single atom

The spectrum of resonance fluorescence of a
two-level atom in free space exhibits three well-
separated spectral lines at sufficiently high inten-
sity of the driving monochromatic field and coher-
ent and homogeneously broadened incoherent lines
for a weak excitation. This fluorescence triplet,
which is sometime referred to as Mollow triplet,
was predicted by Apanasevich [17] and then by
Mollow [18], and has been observed and studied
in detail experimentally (see for details [19]).

The theory of resonance fluorescence is well-
developed and general approach presented in Ref.
[15] can be readily applied to the case of an atom
in any environment. From that theory it follows
that the spectral density of the fluorescence emit-
ted by a driven atom (resonance fluorescence) is de-
fined by the normally ordered correlation function
(EC) (r,t)EM) (r,t 4 7)) of the fluorescent light at
some suitably chosen point r in the far-field, where
E®)(r,t), EC)(r,t) are the positive and negative
frequency parts of the electric field operator [15]:

S(I‘,OJL) = §R/ dT<E(_)(r,t)E(+)(r,t—i—ﬂ)eiw”.
0

(11)

For the two-level atom, the correlation function

simplifies to [15]
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: —iWwT QQ
= Io(r)sin e (yz(m(grgzz(r)) x
72(r) eI ey
A rr R e e GRS

< (P(r) +iQ(r)) + "7 (P(r) —iQ()} ], (12)

e~ 7/2

where Io(r) = [(w?|d])/(c?|r|)]?, ¥ is the angle be-
tween z-axis and the direction of the dipole, which
is located in the plane yz and we assume that
the observer is located at z-axis, and P = P(r),
Q = Q(r) and p = p(r) are defined as

~20%(r) — 92(r)
P = 500w 20
() 1002(r) —12(r)
)= ) 2920 19700
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By taking the Fourier transform on

(EC)(x,t)EH)(r,t 4 7)) , we obtain the spectral
density S(r,wr) of the electromagnetic field at r:
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where
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The resonance fluorescence spectrum of a two-
level atom near the nanosphere are shown in
Figs. 4, .

The position of the atom located in yz-plane in
the vicinity of the nanosphere is characterized by
two parameters—radial coordinate |r| and angle 6
(p=0).

Fig. 4 shows how the resonance fluorescence
spectrum of the atom spaced from the surface of
the nanosphere at 10 nm changes versus angle 6
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Figure 4. Normalized to Iy resonance fluorescence spectrum of the two-level atom near the nanosphere
of radius @ = 20 nm versus the angle # = 0.1-1.5 rad (5.7° to 85.9°, the distance of the atom from the
nanosphere surface is equal to 10 nm, A = 632.8 nm and vy = 20 MHz

of the atom’s location. The resonance fluorescence
spectrum depends on the position of the observer as
S ~ 12 (see Eq. 14), where ) is the angle between
the atomic dipole direction and z-axis [27].

Figure 5 presents also an analysis of how the
resonance fluorescence spectrum depends on the
nanosphere radius at the fixed distance between the
atom and the nanosphere surface.

The general tendency is that reducing the
nanosphere radius leads to the increase of the con-
trast of the satellite lines in the spectrum.

Calculation of the resonance fluorescence
spectrum for N atoms

The case of nanoantenna surrounded by several
atoms is of the special interest because it is usual in
the experiments. We decide that the atoms don’t ra-
diationally interact with each other. The are placed
around the nanoantenna so that the potential en-
ergy of their mutual interactions is minimal. This
is the well known Thomson’s problem that have
been numerically solved [28, 29].

In this case the full spectrum is the sum of the
spectrums from individual atoms. The interaction
between atoms is not taken into account.

As it was mentioned above, it is very important
to remember about the frequency shift in the case

of several atoms. It is clear that the spectrums in
this case are more complicated than in the case of
a single atom.

Conclusion

In conclusion, we have theoretically investigated
modification of the resonance fluorescence spec-
trum of the two-level atom driven by the monochro-
matic field in the close proximity of the plasmonic
nanostructure (metal sphere). The influence of na-
noenvironment was taken into account by using
effective (modified by nanoenvironment) values for
Rabi frequency and decay rate in a well known ex-
pression for the resonance fluorescence spectrum.
The result for a single atom were generalized for
the case of several atoms.

Finally, a detailed understanding of a single
quantum emitter fluorescence, including the reso-
nance fluorescence, modified by the located in close
proximity plasmonic nanoparticle is extremely im-
portant for the development of nanoscale sensors
and biosensing [20, 21], the whole filed of nanoplas-
monics [3, 22] and in surface enchanced mi-
croscopy and spectroscopy [23, 24, 25, 26]. More-
over, the resonance fluorescence at the nanoscale
opens new horizons in studying quantum-optical ef-
fects at this scale.
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Figure 5: The normalized (to Ip) resonance fluorescence spectrum of the two-level atom near the
nanosphere of radius @ = 5 nm (violet curve), 10 nm (orange curve), 15 nm (blue curve), and 20 nm
(red curve) for three locations of the atom with the fixed atom-nanosphere surface distance equal to

10 nm and € = 0.3 rrad (17°, left figure), 1.3 rad (74.5°, middle figure) and 1.1 rad (63°, right figure);
A =632.8 nm and v9 = 20 MHz.
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Figure 6: The spectrum for N = 10, 20, 50 atoms around the nanosphere for different position of detector.
Left figures — detector is on the z-axis, right — on the y-axis
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