PRL 103, 063602 (2009)

PHYSICAL REVIEW LETTERS

week ending
7 AUGUST 2009

Plasmon-Induced Enhancement of Quantum Interference near Metallic Nanostructures
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We show that the quantum interference between two spontaneous emission channels can be greatly
enhanced when a three-level V-type atom is placed near plasmonic nanostructures such as metallic slabs,
nanospheres, or periodic arrays of metal-coated spheres. The spontaneous emission rate is calculated by a
rigorous first-principles electromagnetic Green’s tensor technique. The enhancement of quantum inter-
ference is attributed to the strong dependence of the spontaneous emission rate on the orientation of an

atomic dipole relative to the surface of the nanostructure at the excitation frequencies of surface plasmons.
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It has been realized for a long time that the quantum
interference (QI) and coherence [1] arising from the spon-
taneous emission (SE) of two closely lying levels to a
common level can lead to several fascinating phenomena,
such as lasing without inversion [2], coherent population
trapping [3], ultranarrow spectral lines and controlled SE
in resonance fluorescence spectra [4], phase-dependent
line shapes [5], and optical transparency with slow light
and enhanced Kerr nonlinearity [6]. For QI effects to occur
the corresponding atomic dipoles for the SE process should
be nonorthogonal, with the maximum QI effects occurring
for parallel (antiparallel) dipoles. This is a condition that is
not easy to meet in real systems.

In order to circumvent this condition, Agarwal [7] pro-
posed to place an atom with orthogonal atomic dipoles
within or near a modified (relative to the vacuum) reservoir
of electromagnetic modes which suppresses SE for a spe-
cific atomic dipole orientation. This can be achieved, for
example, by embedding the atom within a multilayered
dielectric [8], or close to negative-refractive-index meta-
material [9], or in a more complex structure of a one-
dimensional photonic crystal that contains negative-
refractive-index metamaterials [10]. Specifically, in the
latter case, recent calculations have shown that a metama-
terial with refractive index n = —1 concatenated with a
perfect mirror can inhibit SE parallel to the metamaterial
surface at a specific distance from the surface [11].

In this Letter we show that SE can be suppressed effi-
ciently without sophisticated experimental setups and ma-
terials, e.g., negative-refractive-index metamaterials.
Naturally occurring materials exhibiting resonant surface
states, e.g., metals exhibiting collective charge oscillations
at their surface known as surface plasmons (SPs), offer the
necessary anisotropy in the SE rates. By using a rigorous
electromagnetic Green’s tensor technique we show that the
placement of a three-level atom or molecule in the prox-
imity of simple metallic nanostructures, such as a metallic
slab or sphere, can boost the degree of QI. QI can be further
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enhanced with more complex geometries, such as a two-
dimensional (2D) lattice of metallic nanoshells. We note
that the coherent interaction of SPs in conducting nano-
wires with optical emitters has been studied recently [12—
14].

The quantum system of interest is shown in the inset of
Fig. 1(a). We consider a V-type atomic model with two
closely lying upper states |2) and |3), and one ground state
[1). The atomic dipole moment operator is taken as d =
d(|2)(1]1&_ + |3)(1|& ) + H.c., where €. = (1/\/2)(e, =
ie,) and d is real. Both excited levels |2) and [3) decay
spontaneously to the ground level with decay rates 2y, and
2v3, respectively. The above system is studied using a
density-matrix approach. By considering solely SE effects,
the time-dependent equations describing the interaction of
the atom with its environment, in the rotating-wave and
Wigner-Weisskopf approximations, are written as [2,4,8,9]

1.0 L .
05 0.6 07 08

w/®
P

FIG. 1 (color online). (a) The SE rate as a function of the
atomic frequency close to an absorbing metal surface
3 p’T)_l = 0.05] for an atomic dipole which is normally (I'},
solid line) and parallel (I', dashed line) oriented with respect to
the metal-air interface. The atom is placed at a distance d =
0.5¢/ w, from the metal surface. (b) The corresponding QI
factor.
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P = —Lys+ vs+ilwy — w3)lpys — k2p2 — K3p33
3)

with p;; + pyn + p33 =1 and p,, = p;,. If the ori-
entation of the atomic dipoles for the transitions |2) —
[1) and |3) — |1) is defined in terms of a nearby material
surface, then the SE rates are given as 7,3 =
m?w,3Im[G | (r, 1; @,3) + G)(r, 1; @53)]  where  the
symbol L (|| ) refers to a dipole oriented normal—along
the z axis (parallel—along the x axis)—to the surface.
Also, r refers to the position of the atom, and m is the
atomic dipole moment. The coefficients x, and k3 express
the QI between the two spontaneous emission channels
[2) = |1) and [3)—[1), and are given by ky3 =
m2w2,3 Im[GJ_ (l‘, r; (1)2]3) - G”(I‘, r; (1)2,3)].

For simplicity, we assume that the two upper levels |2)
and |3) are almost degenerate, i.e., w, = w3 = w,. In this
case, Y, =vy;=vy=1+I) and Kk, =«k3=kK=
I') — Ty, where we define the SE rates normal and parallel
to the surface as I') | = m?wo Im[G | |(r, r; @()]. The de-
gree of QI is defined as p = (I'y —I'))/(I',. + I [9].
Obviously, for p = 1 we have maximum QI, which can be
achieved if we place the atom close to a structure that
completely quenches I'y.

We begin first by placing the atom near a metallic slab
(Fig. 1), ata distance d = O.Sc/wp. The metal is described
by a Drude-type dielectric function, i.e., e(w)=
1 — w3 /[w(w + it~ ")], where w, is the bulk plasma fre-
quency and 7 the relaxation time of the conduction-band
electrons of the metal. At frequency wy, = w, /2, the
metal-air interface supports a SP which is a bound state of
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FIG. 2 (color online). (a) The SE rate as a function of the
atomic frequency close to an absorbing metallic sphere
[(w,7)~! = 0.05] for an atomic dipole which is radially (I';,
solid line) and tangentially (I'j, dashed line) oriented with
respect to the metallic sphere. The atom is placed at a distance
d = 0.5¢/w, from the surface of the sphere. (b) The correspond-
ing QI factor.

the system since it decays exponentially away from the
surface (near-field). At the same time, the charge oscilla-
tions taking place at the surface enhance the SE decay of a
normally oriented dipole and suppress that of a tangentially
oriented one. This results in substantial increase in the
QI factor p as is evident from Fig. 1.

Next, we examine the case where the atom is placed
adjacent to a metallic nanosphere (Fig. 2), again, at a
distance d = 0.5¢/w,, from the surface of the sphere.
The sphere radius is S = 0.2¢/w p»» and it is described by
the same e(w) as the metallic slab. It is obvious that,
although the SE rates for both atomic dipole orientations
are enhanced relative to the vacuum case, a radially ori-
ented dipole decays much more rapidly. This difference
can be explained as follows. Around the surface plasmon
frequencies of any type of metallic object, the near-field
existing close the surface of the body is greatly enhanced
and dominates the far-field components. Therefore, the
increased SE rate close to the surface is mainly of non-
radiative character and diminishes rapidly as we move
away from it. In the near-field limit, a quasistatic descrip-
tion is valid [15] in which case the magnetic field is much
smaller than the electric and the EM field is primarily p
polarized. The terms comprising the SE rate for a dipole
close to a metallic sphere are purely of the p type for a
radially oriented dipole, while the corresponding rate
for a tangentially oriented dipole contains both s- and
p-polarized terms [16]. Moreover, the discontinuity at the
metal-air interface shifts the radial decay rate I'; with
respect to I'j for all frequencies. The combined action of
the above factors leads to the calculated difference between
I') and I'j for both geometries (slab and sphere). The
maximum value of the QI factor is obtained near the
metallic sphere, p = 0.65, and can be further enhanced if
the atom is placed closer to the sphere. We note, however,
that if the sphere is put too close to a metallic object, the
macroscopic description of the metallic object is no longer
valid.

The degree of QI can be further enhanced when the
three-level atom is placed adjacent to a more complex
nanostructure, such as a periodic array of plasmonic nano-
scatterers. The EM Green’s tensor which provides the
corresponding SE rates I'} and I is given by [17]

j 1
GEE — gif — L ][ PR o Vg
ii 8ii 87T2 SBZ ||§ Cng+;z vgk”, ( )
X exp(—iKg - 1r)é; (KJ), 4)

with  vgy () = 3o Ry g exp(—iKg‘, . r)é,-(Kg‘,) and
K; = (k; + g *=[q* — (k; + g)*]"/?). The vectors g de-
note the reciprocal-lattice vectors corresponding to the 2D
periodic lattice of the plane of scatterers, and Kk is the
reduced wave vector which lies within the surface
Brillouin zone (SBZ) associated with the reciprocal lattice
[18]. When ¢* = w?/c* < (k) + g)%, K defines an eva-
nescent wave. The term gg,E of Eq. (4) is the free-space
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Green’s tensor, and € ,-(Kg) the polar unit vector normal to
Kg. Ry.q is the reflection matrix which provides the sum
(over g’s) of reflected beams generated by the incidence of
plane wave from the left of the plane of scatterers [18].
Also, in Eq. (4), the terms corresponding to s-polarized
waves [those containing components with the azimuthal
unit vector €;(Kg) normal to K, ] have a small contribu-
tion to the decay rates and have been, therefore, neglected.
Equation (4) also holds for a homogeneous metallic slab in
which case g = 0 and the integral spans over all k| space.
The corresponding formulas for the Green’s tensor of a
single sphere or many spheres are given elsewhere [19].
Figure 3 deals with a square lattice of close-packed
metal-coated silica nanospheres (nanoshells). The lattice
constant of the square lattice is a = 2¢/w,, and the sphere
radius § = ¢/w,, with (silica) core radius S. = 0.65¢/w,,.
It is evident that I' is suppressed relative to the vacuum
and exhibits a prominent minimum around w/w, = 0.65.
The corresponding QI factor is above 0.94 for almost the
whole spectral range of Fig. 3, rendering the monolayer of
metallic nanoshells an efficient reservoir of modes for the
observation of QI phenomena. The near-field nature of the
enhancement of QI is clearly illustrated in Fig. 4, which
shows the QI factor for different distances of the atom from
the monolayer. The QI factor decreases rapidly with dis-
tance following the exponential decay of the vacuum near-
field fluctuations. The rich structure of the QI factor stems
from the variety of dipole and higher-multipole SP pho-
tonic bands emerging from the interaction of SP states of
neighboring nanoshells [20]. The spectral area of QI en-
hancement can be tuned in order to overlap with a set of
atomic transitions by proper choice of the metal coating
due to the strong dependence of the position of the corre-
sponding SP resonances from the coating thickness [20].
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FIG. 3 (color online). (a) The SE rate as a function of the
atomic frequency close to a monolayer of plasmonic nanoshells
[(w 1,7')’1 = 0.05] for an atomic dipole which is normally (I,
solid line) and tangentially (I'j, dashed line) oriented with
respect to a plane of spheres. The atom is placed at a distance
d=0.5¢c/w p» from the surface of a sphere of the plane. (b) The
corresponding QI factor. Inset: the spectrum of w for a normally
(solid line) and tangentially (dashed line) oriented dipole. The
dotted line is taken from the formula of Ref. [21].

The inset of Fig. 3(b) shows the ratio w = ', /T, for a
normally (solid line) and tangentially (dashed line) ori-
ented dipole, where I';p is the SE rate for the 2D array of
coated spheres [those depicted in Fig. 3(a)] and I',, for the
metallic surface [Fig. 1(a)]. It is evident that for both dipole
orientations, the SE rate is much more suppressed close to
the 2D array of the metallic nanoshells than to the metallic
surface. For a qualitative description of this effect we have
used an approximate formula for the spontaneous rate
close to a surface of a homogeneous material with per-
mittivity e(w), ie., I'/Ty o< Im{{e(w)— 1]/[e(w) +
11}/(wd/c) [21]. This formula accounts for the nonradia-
tive decay channel of SE. For the case of the metallic slab,
€(w) in the above formula is the Drude-type one used in all
previous calculations, while for the 2D array of nanoshells,
we have made use of the extended Maxwell-Garnett
effective-medium permittivity [22]. We observe that this
approximate formula describes quite well the case of the
tangentially oriented dipole since the SE through SP chan-
nels mostly affects normally oriented dipoles. We stress
that for a single metallic nanoshell, the maximum value of
p is around 0.3 (for d = 0.5¢/w,), suggesting that the
enhancement of QI for the 2D array of nanoshells is a
result of the interference of vacuum fluctuations within the
array.

The effect of the presence of a metallic nanostructure
can be manifested in the solution of Egs. (1)—(3) for
specific values of I'} and I'j. We have chosen the case of
the monolayer of nanoshells for the case where the atom is
placed at a (normal) distance d = 0.8¢/w , from the sur-
face of a nanoshell, at frequency w/w, = 0.6. In Fig. 5,
we plot the population of state |3) as a function of time
(solid line). The dash-dotted line of Fig. 5 refers to an atom
without QI (p = 0), and the dashed one when the atom
decays in a vacuum. It is evident that the presence of the
plane of nanoshells delays the SE process as a result of the
interference of the two decay channels.
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FIG. 4 (color online). The QI factor for various distances
(shown in the legend) of the atom from the monolayer of
plasmonic nanoshells.
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FIG. 5 (color online). Population of the excited state |3) as a
function of time, when the atom decays in free space (dashed
line) and near the monolayer of metal-coated silica spheres for
d=0.8c/w,, w/w,=0.6 with (solid line) or without (dash-
dotted line) the presence of QI. The corresponding QI factor is
p = 0.851, and the atom is initially in an antisymmetric super-
position of the upper states.

A possible experimental measurement of the reported
results requires that the atoms be trapped in the vicinity of
the metallic nanostructures reported. This possibility is
offered by the near-field generated by illumination of the
nanostructure. The near-field is essentially an optical po-
tential landscape which exerts a gradient trapping force on
aresiding atom. Vertical trapping of neutral particles in the
near-field of an illuminated silica-air interface has already
been demonstrated [23], while the trapping near a mono-
layer of metallic nanospheres has been predicted theoreti-
cally [24]. In addition, a possible experimental demon-
stration of the presented phenomena can be achieved
with molecules or quantum dots near metallic nanostruc-
tures. Actually, several recent experiments exist, where the
decay of quantum emitters near metallic nanostructures has
been studied [25].

In conclusion, we have shown by rigorous electrody-
namic calculations that quantum processes related to the
quantum interference of SE channels can be greatly en-
hanced when the atoms are placed near nanostructures
exhibiting SP resonances in a given spectral region. The
enhancement of the quantum interference stems from the
intrinsic quenching of the SE of atomic dipoles oriented
parallel to metallic surfaces. The degree of quantum inter-
ference is maximized near nanostructured metallic sur-
faces, such as a periodic array of metallic nanoshells.
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