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We study theoretically the quantum optical properties of hybrid molecules composed of an individual

quantum dot and a metallic nanoparticle. We calculate the resonance fluorescence of this composite

system. Its incoherent part, arising from nonlinear quantum processes, is enhanced by more than 2 orders

of magnitude as compared to that of the dot alone. The coupling between the two systems gives rise to a

Fano interference effect which strongly influences the quantum statistical properties of the scattered

photons: a small frequency shift of the incident light field may cause changes in the intensity correlation

function of the scattered field of orders of magnitude. The system opens a good perspective for

applications in active metamaterials and ultracompact single-photon devices.
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Metal nanoparticles (MNP) have outstanding optical
properties [1] that led to a revolution in physics, chemistry,
material and life sciences [1,2]. Their ability to enhance
and focus optical fields to spots much smaller than the
diffraction limit stems from the occurrence of localized
surface plasmons (LSP), i.e., collective wavelike motion of
free electrons on the MNP surface. Bottom-up fabrication
techniques of plasmonic nanoparticle clusters with unpre-
cedented control are promising towards the realization of
low-cost photonic nanodevices [3]. Plasmonics is leading
to a huge number of applications such as ultrasensitive
spectroscopy [4], nanoscale laser cavities (spaser) [5], and
optical nanocircuits [6–8] that can merge electronics and
photonics at the nanoscale. Logic elements for optical
circuits require control over the interaction between single
photons and individual optical emitters. Substantial advan-
ces towards the realization of solid state quantum optical
devices have been made by coupling single quantum dots
(QDs) to high-finesse optical cavities [9,10]. An inherent
limitation of these systems is that the size of the cavity has
to be at least half wavelength and practically much larger
owing to the presence of mirrors or of a surrounding
photonic crystal [9,10]. In this context, individual MNP
can be exploited as nanoscale cavities [5] offering a route
to size reductions. Optical nonlinearities enable photon-
photon interaction and lie at the heart of photonic
quantum-information [10–12], and single-photon switch-
ing [8,13]. While many plasmonic features can be de-
scribed within the classical theory of electromagnetism,
the nonlinear optical properties of individual quantum
emitters [14,15] necessitate a quantum treatment of the
optical field [16,17]. Moreover, in order to investigate
the possible use of these artificial molecules as devices
for the control of individual light quanta in optical nano-
circuits, a quantum treatment of the radiation field is
required.

Here we investigate the quantum optical properties of a
QD-MNP hybrid artificial molecule. We find that the
inelastic part of resonance fluorescence, arising from non-
linear quantum processes, increases by more than 2 orders
of magnitude with respect to the uncoupled dot value.
These quantum nonlinear processes are at the basis of
many important quantum optical effects such as optical
squeezing [17], nonclassical photon correlations [16]. The
obtained scattering spectra display an asymmetric Fano
resonance. The Fano effect, ubiquitous in the spectroscopy
of atoms and solids [18], arises when quantum interference
takes place between two competing optical pathways and
is particularly important in the interpretation of electronic
transport and optical spectra in semiconductors and
coupled MNPs [3,19]. We show that single-photon non-
linearities of the quantum emitter enable the control of the
Fano resonance with the arrival of a single-photon. We
consider a spherical QD interacting with a spherical MNP
of radius rm, separated by a distance R (see Fig. 1). There is
no direct tunneling between the MNP and the SQD (R�
rm � rQD > 2 nm, being rQD the QD radius). The coupling
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FIG. 1 (color online). Interaction between a quantum dot and a
silver nanosphere: the applied electromagnetic field induces a
polarization that causes dipole-dipole coupling. States jgi and jei
are coupled via the localized surface plasmon dipole mode with a
strength g. Dependence of the coupling g on the metallic
nanoparticle-quantum dot distance R.
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mechanism due to dipole-dipole interaction at wavelengths
around the SP dipole resonance is largely independent on
the geometric details of the MNP, as verified by accurate
scattering calculations beyond the dipole approximation
[1,20]. The quantum dot is modeled as a two level system
with a dipole moment �, that is a good approximation
when studying optical processes at frequencies resonant
with the lowest energy excitonic transition [16]. The arti-
ficial molecule is excited by an applied electromagnetic
field Ei ¼ E0e

�i!it þ c:c: polarized along the system axis.
The positive-frequency component of the electric field
oscillating as expð�i!tÞ felt by a quantum emitter, EQD ¼
E0 þ Em is due to the superposition of the input field E0

and the field Em ¼ ðs�Pm=4��0�bR
3Þ, arising from the

induced polarization of the MNP [14] Pm ¼
4��0�b�r

3
mðE0 þ s�Px=4��0�bR

3Þ, where s� ¼ 2 for an
applied electrical field parallel to R (s� ¼ �1 for a field
orthogonal to R). The entire system is embedded in a
dielectric medium with constant permittivity �b. Px ¼
�h�i is the positive-frequency component of the QD po-
larization, being h�i the expectation value of the lowering
transition operator � ¼ jgihej. The frequency-dependent
complex coefficient � ¼ ð�mð!Þ � �bÞ=ð2�b þ �mð!ÞÞ
determines the SP dipole resonance frequency !sp satisfy-

ing Re½�mð!spÞ� ¼ �2�b. Performing the first order ex-

pansion of Re½�mð!Þ� around !sp, � can be well

approximated by the complex Lorenzian � ffi
3i�b�=½ið!sp �!Þ þ �sp=2�, with ��1 ¼ dRe½�mð!Þ�=
d!j!¼!sp

and �sp ¼ 2�Im½�mð!spÞ�. This approximation

enables the description of SP resonances within the quasi-
mode approach, largely exploited in the framework of
cavity-quantum electrodynamics (CQED) [17,21]. The
full quantum dynamics of the coupled nanosystem can be
derived from the following master equation for the density
operator, _	 ¼ i

@
½	;HS� þLx þLsp. The system

Hamiltonian is HS ¼ H0 þHint þHdrive with H0 ¼
@!spa

yaþ @!x�
y�, being a the Bosonic destruction op-

erator describing the SP-field mode and @!x the energy of
the QD excitonic transition. The Hamiltonian term describ-
ing the interaction between the QD exciton and the quan-
tized SP field, in the rotating wave approximation reads

Hint ¼ i@gðay�� a�yÞ, where @g ¼ �E, being iEa ¼
Êþ
m the positive-frequency electric field operator at the

QD position. The system excitation by a classical input
field can be described by Hdrive ¼ �E0ð
ay þ 
�aÞ �
�E0ð�y þ �Þ. The Markovian interaction with reservoirs
determining the decay rates �x and �sp for the QD exciton

and the SP mode, respectively, is described by the

Liouvillian terms [17], Li ¼ ð�i=2Þð2di	dyi � dyi di	�
	dyi diÞ, with i ¼ x, sp, being dx ¼ � and dsp ¼ a.

Starting from the master equation, the coupled equations
of motion for the SP-field expectation values hai � Tr½a	�
and for the emitter transition-operator determining the QD
polarization h�i � Tr½�	� can be obtained. The equation
of motion for the exciton operator expectation value h�i is

coupled to higher-order expectation values. The dynamics
is solved by representing the photon operators on a basis of
Fock number states. At steady state, the equation of motion
for hai can formally be solved, hai ¼ ðgh�i þ
i
E0=@Þ=Dð!Þ, with Dð!Þ ¼ ið!sp �!Þ þ �sp=2.

Equating the obtained electric field expectation value Em¼
iEhai with Em, we obtain, E¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3@�r3m=4��0

p ðs�=R3Þ and

 ¼ �b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12�@��0r

3
m

p
. Figure 1 displays the dependence of

g on the QD-MNP distance R. Throughout the Letter we
use a dipole moment � ¼ er0 with r0 ¼ 0:7 nm (corre-
sponding to 33.62 Debye), being e the electron charge and
�b ¼ 3. In the following we use for the QD transition a
linewidth �x ¼ 50 �eV. We consider a silver MNP whose
frequency-dependent dielectric permittivity is taken from
Ref. [22]. Calculations yield SP dipole energy resonance
!sp ¼ 2887:73 meV, and a corresponding linewidth �sp ¼
53:28 meV. Comparing the classical expression for the
MNP polarization Pm with the steady-state result for hai,
we obtain Pm ¼ 
hai. After the determination of E and 
,
a precise theoretical framework for nonperturbative quan-
tum plasmonics is established. We calculate the Rayleigh
scattering adopting the standard method which is valid
when the size of the scattering objects is much smaller
than the wavelength of incident light [14]. In this case the

scattering intensity is proportional to Is ¼ hP̂�P̂þi, where
P̂þ ¼ 
aþ�� is the total polarization operator and

P̂� ¼ ðP̂þÞy. It is worth noticing that the scattered inten-

sity contains a coherent part Icohs ¼ jhP̂þij2 as well as
incoherent contributions with the frequency of the scat-
tered photons not necessarily coincident with that of inci-

dent light Iincohs ¼ hP̂�; P̂þi � Is � Icohs . Figure 2(a)
displays scattering spectra as function of the frequency of
the incidence light obtained for different QD-MNP dis-
tances R as indicated in the panel. The spectra in Fig. 2(a)
have been calculated in the limit of very low-excitation
intensity, where the excitonic populations h�y�i � 1. At
R ¼ 14 nm a Fano-like lineshape around the QD transition
energy !x is evident. For a particular input frequency the
scattered light is higly suppressed, while at slightly lower
energy an enhancement of scattering due to constructive
interference can be observed. For comparison the plot at
R ¼ 14 nm shows the scattering spectrum in the absence
of the QD (dash-dotted line). Increasing the distance R, the
Fano resonance narrows, due to the reduction of the MNP
induced broadening of the QD linewidth. While at R ¼
18 nm the destructive interference remains almost com-
plete, at larger distances (R ¼ 25 nm), the Fano interfer-
ence effect lowers and the suppression as well as the
increase of the scattered light are reduced. Figure 2(b)
displays scattering spectra obtained for QDs with different
excitonic energy levels. In particular, each panel corre-
sponds to different exciton-SP detunings � ¼ !x �!sp.

Interestingly, the interference effect determining a strong
suppression of scattering at specific wavelengths of the
input field requires no special tuning unlike analogous
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effects in CQED. While SPs supported by the MNP can be
described as harmonic oscillators, the single QD
displays nonlinearities at single-photon level. Panel 2b
puts forward the dependence of light scattering on the
intensity of the input field. The continuous lines describe
low-field spectra obtained for a Rabi energy� ¼ 2�E0 ¼
2� 10�2 meV. Increasing the input field to �¼0:4meV,
saturation effects appear (dashed line). At � ¼ 1 meV
saturation is almost complete. The hybrid artificial mole-
cule thus behaves as a frequency-dependent saturable scat-
terer. The output scattered light may be separated into
coherent and incoherent parts. The coherent part is due to
the elastic Rayleigh scattering: !s ¼ !i. The incoherent
part originates from the combination of nonlinear interac-
tions and quantum fluctuations and cannot be described in
a semiclassical context [17]. For low incident light inten-
sities elastic scattering dominates, whereas for higher in-
cident light intensities two-photon processes with
!s þ!s0 ¼ 2!i take place with the energies of scattered
photons !s and !s0 not necessarily equal to !i. The
steady-state fluorescence emission spectra reads, Sð!sÞ ¼
limt!12Re

R1
0 hP�ðtÞ; Pþðtþ �Þiei!s�d�. Two-time cor-

relation can be calculated by exploiting the quantum re-
gression theorem [17]. Figure 3(a) displays the incoherent
part of the emitted intensity as a function of the input field
for three different excitonic energy levels. Calculations
have been performed for a frequency of the incident field
!i ¼ !x. The obtained results show that the MNP is able
to strongly influence resonant quantum optical nonlinear

processes. Calculations have been performed considering a
QD-MNP distance R ¼ 14 nm. At resonance (� ¼ 0)
we find an enhancement of a factor �260 with respect to
the QD incoherent emission in the absence of the MNP.
The enhancement is the result of two different competing
processes: (i) the enhancement of the QD emission due to
the SP-increased density of photon modes; (ii) the quench-
ing of the emitted light due to the losses induced by the
MNP. Figure 3(b) displays the resonance fluorescence
spectra (the incoherent part) as function of the detection
frequency for different excitation powers, � ¼ 0:2 meV
(short-dotted line), � ¼ 0:4 meV (short-dashed line) and
� ¼ 1 meV (continuous line). It is seen that, with the
increasing driving field intensity, the single-peak spectrum
around !s ¼ !x is transformed into the three-peak
Mollow spectrum [16]. The side peaks display a splitting
significantly larger as compared to that for the uncoupled
QD, owing to the SP induced enhancement of g, thus
allowing a better filtering of the strong elastic component.
The enhanced nonlinear optical response of an individual
emitter leads to pronounced modifications of photon sta-
tistics that cannot be captured by only considering average
intensities, but appears in higher-order correlations of the
emitted and scattered fields. Specifically, we focus on the
normalized stedy-state second-order correlation functions

gð2Þ for the scattered field which for a stationary process
can be expressed in terms of the total polarization operators

as gð2Þð�Þ¼ hP̂�ðtÞP̂�ðtþ�ÞP̂þðtþ�ÞPþðtÞi=jhP̂�P̂þij2.
Figure 4(a) shows the normalized second-order correlation
functions for scattered photons calculated at low excitation
power (� ¼ 0:02 meV) for two specific frequencies of the
driving field indicated by arrows in the inset. The inset
displays a detail of the low-excitation power scattering
spectrum obtained for � ¼ �60 meV. The continuous
line in Fig. 4(a) shows a huge bunching effect. It can be
explained as follows: scattering of individual photons at
this frequency is highly suppressed due to the Fano de-
structive interference, but when two photons are incident
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FIG. 3 (color online). (a) Incoherent intensity emission as
function of the driving field intensity obtained for different
exciton-SP detunings. The black short-dotted line describes the
QD incoherent emission in the absence of the MNP.
(b) Resonance fluorescence spectra: intensity of the scattered
field as a function of the detected frequency calculated at three
different pump intensities.

2800 2900 3000
0

1 (a)

Energy  (meV)

R = 14 nm

0

1

S
ca

tte
re

d 
In

te
ns

ity

R = 18 nm

0

1

R = 25 nm

Ω = 2 x 10
-2

 meV

∆ =  - 30 meV

2800 2900 3000
0

1
∆  = 0

Energy  (meV)

0

1

(b)

∆  = - 30 meV

0

1
∆  = - 60 meV

FIG. 2 (color online). (a) Scattered light intensity spectra (red
continuous line) calculated for different QD-MNP distances R at
low density excitation power. For R ¼ 14 nm, the scattered light
without the presence of the QD (dot-dashed line) is also plotted.
(b) Spectra calculated at R ¼ 14 nm. Each panel shows calcu-
lations for a specific exciton-SP energy detuning (�) indicated in
the figure. The black continuous line describes plots obtained for
an input intensity field � ¼ 0:02 meV (corresponding to a
photon flux � ¼ 1:75 �m�2 ps�1), the red short-dashed line
plots obtained at � ¼ 0:4 meV (� ¼ 700 �m�2 ps�1), and
the blue short-dotted line plots at � ¼ 1 meV. Plots are peak
normalized. The plot at � ¼ 0:4 meV was vertically shifted by
0.2, the one at � ¼ 1 meV by 0.4.
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simultaneously the transition saturates, so that pairs have a
much larger probability of scattering. For delay times
among the two detection events larger than the exciton

decay rate, gð2Þð�Þ ! 1, which is the standard level for
coherent classical light. The dotted line in Fig. 4(a)

describes the second-order correlation function gð2Þð�Þ ob-
tained fixing the frequency of the driving field at the Fano-
peak corresponding to constructive interference. In this
case saturation (induced by the photon pair) suppresses
the Fano-peak determining a lowering of two-photon scat-

tering which causes a dropping of gð2Þð�Þ below the clas-
sical level (antibunching effect). The Fano resonance
displayed by the MNP-QD system thus is able to affect
dramatically the photon-statistics of scattered light: a small
variation of the excitation frequency determines a variation

of gð2Þð0Þ for scattered light beyond 3 orders of magnitude.
A greater degree of control over the scattered light (single-
photon switch) can be achieved by considering a multilevel
emitter, such as the three-level configuration [8]. If one
additional state jsi is resonantly coupled to state jei by a
coherent control beam, the arrival of a single-photon
‘‘gate’’ pulse will cause the transition jgi ! jei ! jsi,
disabling the Fano effect. A subsequent signal photon
will be scattered according to the dashed dotted curve in
Fig. 2(a). In the absence of the single-photon gate, the
scattering of a signal photon at wavelength tuned at the
Fano minimum will be highly suppressed.

The hybrid system here investigated is in experimental
reach. QD nanocrystals emitters are promising candidates
[23]. The photoluminescence enhancement of CdSe QDs
on gold colloids has been demonstrated [24]. For example,
chemically synthesized CdSe QDs can be spin-coated on a
flat glass substrate with silver or gold nanoparticles [25] or
they can be coupled in a fully controlled way with the
metallic tip of a near-field apertureless optical microscope
[26]. Self-assembled QDs, which can display a very high
optical quality could also be exploited. Recently, hybrid
structures consisting of a quantum dot and a metal nano-
particle joined by a biolinker have been assembled and

studied [27]. The Fano resonance, as well as the
Fano-induced photon statistics occurs over a very large
bandwidth (see Fig. 2). The effects here described can
also be observed with quantum emitters displaying signifi-
cantly larger spectral broadening if �x � �sp. For dis-

tances R ¼ 14 nm, quantum emitters with dipole
moments lower by 1 order of magnitude still work. One
key feature of the proposed photon correlation measure-
ments is that, thanks to the Fano effect, they do not require
filtering out the dominant elastic component, which makes
so difficult this kind of experiments [16]. The intriguing
single-photon control of the Fano effect here described
provides indications that these systems could be used as
ultracompact building blocks in quantum-information
technology, and for single-photon devices. This artificial
hybrid molecule can be viewed as a promising flexible
ultracompact unit. It can be also used as a building block
to construct optically controllable plasmonic metamateri-
als [28], or to replace microcavities in arrays of nonlinear
optical systems [29].
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FIG. 4 (color online). (a) Normalized second-order correlation
functions for the scattered field calculated at low-excitation
power for two specific frequencies of the driving field indicated
by arrows in the inset. The inset displays a detail of the low-
excitation power scattering spectrum.
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