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Motivated by the recent pioneering advances on nanoscale plasmonics and also nanophotonics tech-
nology based on the surface plasmons (SPs), in this work, we give a master equation model in the
Lindblad form and investigate the quantum optical properties of single quantum dot (QD) emitter
coupled to the SPs of a metallic nanowire. Our main results demonstrate the QD luminescence
results of photon emission show three distinctive regimes depending on the distance between QD
and metallic nanowire, which elucidates a crossover passing from being metallic dissipative for much
smaller emitternanowire distances to surface plasmon (SP) emission for larger separations at the
vicinity of plasmonic metallic nanowire. Besides, our results also indicate that, for both the resonant
case and the detuning case, through measuring QD emitter luminescence spectra and second-order
correlation functions, the information about the QD emitter coupling to the SPs of the dissipative
metallic nanowire can be extracted. This theoretical study will serve as an introduction to un-
derstanding the nanoplasmonic imaging spectroscopy and pave a new way to realize the quantum
information devices.
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1 Introduction

In recent years, there have been rapid developments in
the fields of nanoscale plasmonics and nano-optics tech-
nology based on the surface plasmon (SP) for various
applications [1-7]. SPs associated with subwavelength
metallic systems are bound, nonradiative electromag-
netic excitations associated with charge density waves
along the surface of a conducting nanostructure [7]. The
unique properties of SPs on conducting nanostructures
have produced a number of substantial applications, such
as single-molecule detection with surface-enhanced Ra-
man scattering (SERS) [1-4], subwavelength imaging
[5], and plasmonic resonance energy transfer (PRET)-
based molecular imaging technique [6]. In 2004, Xu et

al. have presented a master equation model study of
surface-enhanced resonant Raman scattering and fluo-
rescence focusing on the interplay between electromag-
netic effects and the molecular dynamics, and further ex-
amined whether single molecule sensitivity in SERS can
be explained in the framework of classical electromag-
netic theory [4]. The small transverse-mode area also
enables one to strongly couple an emitter to the plas-
mon, giving rise to a substantial Purcell effect with a
Purcell factor of 102 or larger. Surface plasmon polari-
tons (SPPs) play a key role in breaking down the diffrac-
tion limit of conventional optics because they allow the
compact storage of optical energy in electron oscillations
at the interfaces of metals and dielectrics. In partic-
ular, an experimental demonstration of nanoscale plas-
monic lasers has been realized, and direct measurements
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of the emission lifetime reveal a broadband enhancement
of the nanostructure’s exciton spontaneous emission rate
by up to six times, owing to the strong mode confinement
and the signature of apparently threshold-less lasing [7].
On one hand, from the point of view of single-molecule
spectroscopy (SMS) technique, the single-molecule (SM)
spectra are extremely sensitive to the local nanoenviron-
ment in which the SM is situated, so that the fluorescence
spectra of the SM will fluctuate in time due to changes in
the local environment [8]. The fluorescence photon emis-
sion is collected through the transmissive substrate with
a high numerical aperture microscope objective; mean-
while, the far-field images are generally taken with the
same microscope with the fiber tip removed. In near-
field imaging of SMS, a cylindrical aluminum-coated op-
tical fiber tip is used as the excitation source [1, 2], and
the excitation is focused by the objective lens. As a re-
sult, in a near-field microscope, the metal coating could
probably perturb the optical measurements of fluores-
cence observables of single nanostructure of interest. On
the other hand, from the viewpoint of quantum informa-
tion science and technology, generating strong, coherent
interactions between individual quantum emitters and
photons is one of the key ingredients for photon-based
quantum information processing [9]. Usually, the cavity-
mediated coupling between quantum emitters and pho-
tons are employed for quantum information processing
[10]. In 2006, a method that enables strong, coherent
coupling between individual atomic emitters and electro-
magnetic excitations in conducting nanowires at optical
frequencies, via excitation of guided plasmons localized
to nanoscale dimensions, was proposed [11]. Moreover,
because of the nanowire cylindrical geometry and thus
its simple analytical solution, several theoretical studies
on atomic qubit—nanowire system have considered the
full quantum behavior of plasmon modes with the goal
of making devices for quantum information processing
[11-16].

Motivated by these recent pioneering advances, in this
work, we investigate the quantum optical properties of
single quantum dot (QD) emitter coupled to the quan-
tum plasmons of a metallic nanowire. This paper is orga-
nized as follows. In Section 2, we firstly give the master
equation model of single QD emitter coupled to the SP
of metallic nanowire surrounded by some positive dielec-
tric medium, and then present the theory and calcula-
tion of electromagnetic modes and also the decay rate
due to near-field interaction of dipole of QD with metal-
lic nanowires. We calculate the dissipation rate of the
fundamental mode as it propagates along the nanowire
due to metallic losses. In Section 3, we calculate the pho-
ton emission properties of a QD emitter at the vicinity
of plasmonic metallic nanowire as a function of emitter-
nanowire distances. Finally, in Section 4, we summarize
our results and discuss some future prospects in this new
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area.

2 Model

In this section, we firstly give the master equation model
of single QD emitter coupled to the SP of metallic
nanowire surrounded by some positive dielectric medium
(Fig. 1), and then present the theory and calculation
of electromagnetic modes and also the decay rate due
to near-field interaction of dipole of QD with nanoplas-
monic metallic nanowires.

Fig. 1 Schematic illustration of the QD—nanowire system: a QD
emitter (red dot), is placed at a distance d of a metallic nanowire
(blue cylindrical wire) with radius R.

2.1 Master equation in the markov approximation

In order to understand the fundamental effect of quan-
tum optics properties of QD emitter due to the strong
coupling of SP reservoir of metallic nanowire, we concen-
trate on studying the photon statistics of the light emit-
ted by the single QD emitter in the context of the usual
Markovian case of having a resolution in time larger than
a picosecond. Strong emitter-SP coupling could be ex-
pected when the emitter-nanowire distance is small com-
pared with the wavelength of the emitted light. The
strong coupling is possible due to the small mode volume
associated with this subwavelength confinement. There-
fore, the system coherently driven by a laser can be de-
scribed by a Markovian dynamics governed by a master
equation in the general Lindblad form such as [17, 18]

1
= Lp= —[H, p] + Laise 1
3P = Lo = [H,p] + Laissp (1)

where, p is the density matrix for the QD-plasmon sys-
tem, H is the Hamiltonian for the QD—plasmon system,
and Lgiss is the dissipation terms account for various
processes. The dissipations lead to nonunitary evolution
given by [8, 17, 18]

Laiss = % 20 p(t)ot —oto p(t)—p(t)oTo]

(2)

where v is the decay rate. It is worth noting that the
influence of metallic nanowire on the decay rate of a sin-
gle emitter is interesting from both a theoretical and a
practical point of view. The small mode volume associ-
ated with the fundamental plasmon mode of a nanowire
offers a possible mechanism to achieve strong coupling
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with nearby optical quantum emitters, in analogy to the
methods of Refs. [11, 13-16]. The decay rate in the
Markovian regime coincides with the long-time limit of
~¥(t), ¥(t) = v(t — o0), allowing to identify v as simply
the spectral function at the frequency of quantum emit-
ter [14, 15]. In our system of interest, the dipole can
possibly lose power radiatively to propagating photon
modes through excitation of the guided plasmon modes
or through nonradiative loss (heating) in the wire. Fur-
thermore, it has been demonstrated that, under certain
circumstances, the small mode volume leads to strongly
preferential spontaneous emission into the guided plas-
mon modes via a mechanism equivalent to the Purcell
effect in cavity QED [14-18]. The spontaneous emis-
sion rate of a dipole emitter, in general, becomes altered
from its free-space value in the presence of some dielectric
body. It is well known that spontaneous emission rates
can be obtained via classical calculations of the fields
due to an oscillating dipole near the dielectric body [19].
This calculation closely follows that of Refs. [19, 20] but
is briefly presented here for completeness.

2.2 Theory of electromagnetic models and decay rate

Here, without loss of generality, we are particularly inter-
ested in the case of a conducting nanowire surrounded by
some lossless positive dielectric (Re e < 0,1 > 0). Fur-
thermore, a silver nanowire is taken as an example and
the electric permittivity of the silver nanowire at this fre-
quency is assumed to correspond to its measured value in
thin films, e = —504-0.61 [21]. The details of calculating
the electromagnetic modes of a nanowire is given in Refs.
[15, 20]. For a cylindrical nanowire of radius R of dimen-
sionless electric permittivity s, which is centered along
the z axis and surrounded by a second dielectric medium
€1, one can use separation of variables and find the elec-
tric field and magnetic field solutions E, H to Maxwell’s
equations in each dielectric region in terms of cylindrical
coordinates [22]. In cylindrical coordinates, the electric
field is given by E;(r) = & m Eim (kiLp)e™?el*/* where
i = 1,2 denote the regions outside and inside the cylin-
der, respectively. Here, k/, is the longitudinal component
of the wave vector, which is related to the vacuum wave
vector kg = w/c, electric permittivity ¢;, and transverse
wave vector k; | by Eikg = k?/ + kfj_, and m is an integer
characterizing the winding of the mode. The functions
E, ,, represent some normalized mode profiles. A similar
expression holds for the magnetic field H. k; = |/g:ko
is the wave vector in medium ¢. The coefficients E; .,
and H;,, multiplying the fields are not arbitrary but,
instead, must satisfy a set of equations that enforces the
necessary boundary conditions at the dielectric interface
p = R. The existence of a nontrivial solution requires
that the matrix corresponding to this linear system have
zero determinant (det M = 0), which upon simplifying
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yields the mode equation [22]:

m2k/2/< 1 1 >2

R? \k3, k7,

[ 1 I (k2 R) 1 H., (kiLR)
a {E Jm (kL R)  kiy Hp, (kuR)}
k3 Jh, (k2.R) ki H,, (k1LR)
{E Jm (k21 R)  kiy Hp, (kuRJ

(3)

The above equation, for example, determines the allowed
values of k, as functions of m, R, and ¢;. For a conduct-
ing nanowire (Re e2 < 0), there exists one fundamen-
tal TM modes [22] with axial symmetry (m = 0), while
all higher-order modes are cut off. For this mode, &,
k;1 =~ C/R, indicating that the phase velocity is greatly
reduced, while the transverse mode area A.g o R? is
localized to a region on the order of the wire size.

Next, we consider a classical oscillating dipole pgpe**
near the nanowire positioned a distance d and calculate
the total fields of the system and the emission properties.
Taking 2 to be along the axis of the wire, we note that
the fundamental SP mode will not couple to a dipole
moment py x QAS oriented along the azimuthal axis due to
the azimuthal symmetry of this mode. In the following
calculations, we consider a dipole oriented along the ra-
dial direction (pg o p) while noting that the calculation
for an orientation along Z yields qualitatively similar re-
sults. For subwavelength nanostructures, by considering
the fields in the quasistatic limit (H = 0), a simplifica-
tion of electromagnetic field equation is [20]

v'-D:pext
VXxE=0

(4)
(5)

Here, pext () is the external charge density, and D is the
electric displacement vector. In the quasistatic limit, we
essentially assume that we are considering length scales r
over which the phases k;r associated with the electrody-
namic Green’s function G;(r) oc e %" /r are negligible,
so that this function can be approximated by the elec-
trostatic version, G;(r) < 1/r. Given an external dipole
point charge source located at position 7’ outside the
nanowire (with radial coordinate p’ = d), so that

pext (7, 7") = (po- V') 6 (r —7') (6)

To solve for the fields, it is convenient to further separate
@1 into “free” and “reflected” components ¢y and &,
respectively, where @, represents a source-free contribu-
tion that ensures that boundary conditions are satisfied
and @ is the solution for a point charge in a medium of
uniform electric permittivity ;. Then, one can expand
the known source term g in an appropriate basis for the
cylindrical geometry and expand the source-free terms
®, 5 in a similar basis that satisfies Laplace’s equation
(V2 D0 = O). The unknown coefficients multiplying the
basis functions of @, o will then be determined by im-



316

posing the proper boundary conditions at the dielectric
interface. These expansions are given by [22]

1 1

L) (7’77’/) = dmeger |’l" — ’l"l|
1 ,
= e, mZ:j (2~ n.0) cos [m (¢ — ¢)]
./OOO dhcos[h(z = 2")] Ky (ho') L (hp), p<p (7)
¢7‘ (Ira ,rl) = 2J'E2€0 Z (2 - 6m,0) COS [m (¢ - (b/)]
m=0

. /O " dhan, (h) cos b (2 — 2] Kon (he) Ko (hp)  (8)

By (r,7') = ﬁ Z:O (2 = yn.0) cos [m (& — &)]

- / A () cos [ (z — Y] Ko () (hp)  (9)

where ,,, (h) and 3, (h) thus far are unknown amplitude
coefficients. We obtain a set of two coupled equations for
ay, (h) and S, (k) by requiring continuity of ¢ and D |
at the boundary, p = R. Because of the translational
symmetry of the system, these equations are uncoupled
in h and can easily be solved. The solutions are given by
22]

L (e — 1) Iy (RR) I, (hR)
om (h) = 161l (hR) K., (hR)—e2K,, (hR) I!, (hR)
(10)
b (1) I (hR)K! (hR) — K, (hR) I, (hR)

" e1l, (hR) K/, (hR) — e2K . (hR) I, (hR)
(11)

To calculate the radiative emission into free space, we
consider the far-field properties of the system. Physi-
cally, the presence of the emitter induces some dipole
moment Op in the nanowire, which results in a total radi-
ated power proportional to the square of the total dipole
moment of the system, Praq o< Iyag X |po + 6p|2. It is
straightforward to obtain that the m = 1 term in Eq.
(8) is responsible for this contribution, with all other m
terms yielding faster decays in p. The integral can be
given exactly as
1 €9 — &1 /
4meger €2 + €1 o8 ((b —¢ )

R? p
o 2} 3/2

¢£m:1) (r,r) ~ —

(12)
p*+(z—2)

with a corresponding reflected potential
(T,T/) = (pO : V/) @rr(‘m:1) (T,T/)

Po €2—¢1
4meger €2 + €1

@(mzl)

dipole,r

cos (¢ — ¢')
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R? p
2

. (13)
p*+(z— Z’)Q} N

for the choice of parameters p’ = d, 2/ =0, and py = pop.

By comparing Eq. (13) to the potential due to a dipole

op-r
a5 [11], we can

Op in uniform dielectric €1, Vsp =
readily have

€9 — €1 R2 N

g2+ ¢€1 (R+d)2p

(14)

Finally, the radiative spontaneous emission rate for a QD
emitter near the nanowire is given by [20]

T - R2
’Y— = 1 + 52 51 2 (]‘5)
Yo g2 +¢é1 (R+d)
Here, 70 = wip?/(3mepc®), which is the spontaneous

emission rate of the QD emitter in uniform dielectric free
space. Away from the plasmonic resonance, the radia-
tive decay rate changes slightly from ~y due to a small
change in the radiative density of states in the vicinity of
the nanowire. In Fig. 2, the decay rate versus emitter—
nanowire separation distance is plotted, in units of the
QD emitter spontaneous decay rate in free space q.

103

1024

7o
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10°

0 20 40 60 80 100 120 140 160
d/nm
Fig. 2 Calculated relative decay rate v/vo as a function of QD—

nanowire distance d. Blue curve for R = 5 nm; Red curve for
R =10 nm.

2.3 Master equation in the rotating frame

Assuming a simple nondegenerate atomic two-state QD
in an external classical laser field, hereafter, the density-
matrix master equation of the QD—plasmon system co-
herently driven by a laser with the laser frequency, wy,
in the rotating frame, is given by [16-18]

dz—](f) —i{Aw [p(t),0T0" ]+ % [p(t),a++a]}
+% 2067p(t)ot —oto p(t)—p(t)oto]

(16)
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where Aw = wy — wr, and  is the Rabi frequency
measuring the strength of the coupling of the QD emit-
ter dipole with the laser field. Hereafter, we use the
units of the spontaneous decay rate of the QD emitter
in free space g, and focus on the resonance fluorescence
of QD emitter near the dissipative surface of a metallic
nanowire to extract the fundamental effect of quantum
optics properties of QD emitter due to the strong cou-
pling of SP reservoir of metallic nanowire.

3 Results and discussion

The enhanced decay rate of single QD emitter due to the
SP reservoir of the nanowire surface is depicted in Fig.
2. As indicated in Fig. 2, when the emitter-nanowire
distance varies, the decay rate undergoes a transition.
Under certain circumstances, emission into the guided
plasmon modes is greatly enhanced over decay into ra-
At very short dis-
tances, the decay rate is highly enhanced with respect to
spontaneous decay rate in free space and shows a 1/d*
dependence, which can be obtained by means of a model
that only contains nonradiative processes as the creation
of electron-hole pairs in the metallic medium. For larger
separations beyond a critical distance, the QD decay just
produces the photon emission and approaches a stable
value. It should be pointed out that, in the case of the
single QD embedded in a dielectric or a metal with very
large losses, this crossover can be hindered by other phys-
ical effects, such as those coming from local dissipative
circulating currents [19].

In order to calculate the correlation function and fluo-
rescence spectra numerically, from the master Eq. (16),
one can derive the equations of motion for the expecta-

diative and nonradiative channels.

tion values. For such a case of a simple nondegenerate
atomic two-state QD emitter in a coherent classical laser
field, the QD emitter can be described by 2 x 2 density
matrix p whose elements are pee, pgg, Peg, and pge. Us-
ing Eq. (16), the stochastic optical Bloch equations, in
the rotating wave approximation, are [18, 23]

. 1 —iw
Pgg = 7V Pee + 159 (peg - pge) € vt (17—1)

. . 1 —iw
Pge = —1Awpge — Ypge — 159 (Pgg — Pee) € Lt (17-2)

. 1 —iw
Pee = —VPee + 15‘9 (pge - peg) et (17-3)

The steady-state solution for the excited state popula-
tion is

92
V2 4+ 4Aw? + 2022

<p€€>ss = (18)

In the resonant case (Aw = 0), we can obtain an analyt-
ical solution,
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02

ce (1) = ———5

{1 _e—3vt/4[ cos (Rt)+ i—; sin (Rt) }}

(19)

where R = /22 — (%)2 is the so-called Rabi splitting

at resonance characterizing the strength of the effective
coupling. Note that the strongly QD—SP coupling at the
single-photon level leads to pronounced modification of
photon statistics that cannot be captured by only consid-
ering average intensities, but appear in higher-order cor-
relations of the transmitted and reflected fields. Specif-
ically, the normalized second-order correlation function
of interest is given by [12, 17]

(D)o (t + 7)o (t + 7)o (1))
TP )TN e+ 1)

9?(t) =
(20)

In the resonant case (Aw = 0), the second-order correla-
tion function can be analytically expressed as [12, 17]
3

g (t) =1 —e 3% |cos (Rt) + =L sin (Rt)

1R (21)

Figure 3(a) shows ¢(?)(t) for zero detuning for three
distinctive regimes. As depicted in Fig. 3(a), it clearly
exhibits photon antibunching: ¢(®(0)=0 due to the fact
that the emitter can only absorb and re-emit one pho-
ton at a time, which has also been demonstratedd by
Lukin and his coworkers [12] and also by us using kinetic
Monte-Carlo simulation [23]. Apart from the antibunch-
ing, g (t) (the blue curve) shows a remarkable oscilla-
tory behavior, and such oscillatory behavior in strong-
coupling regime (SCR) with lower-power of laser is ob-
served before the steady-state is achieved, which even-
tually reflects action of an efficient single-photon switch
[12]. Nevertheless, for weak-coupling regime (WCR)
of much larger distance of QD-nanowire separation or
even in the absence of metallic nanowire, ¢(®(t) (the red
curve) approaches unity without oscillation for all times
owing to saturation of the QD atomic-like response.
Furthermore, using the quantum regression theorem,
the resonance fluorescence spectra of QD emitter are
plotted for three different decay rates v due to enhance-
ment of SP of metallic nanowire in Fig. 3(b). As shown
in Fig. 3(b), the red Lorentzian curve peaked at the QD
qubit frequency of about wy with linewidth ~/2 corre-
sponds to the WCR case for a much larger separation
distance (d >~ 40 nm) of QD-nanowire or even in the
absence of metallic nanowire, so only a small peak of the
light emitted is observed in the spectrum for the WCR.
The blue curve corresponds to the transition region from
WCR to SCR, where just one main peak and two satel-
lite peaks start to occur at the laser Rabi frequency on
top of the Lorentzian peaked at the qubit frequency. For
a SCR situation for a much smaller separation distance
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Fig. 3 QD emitter resonance luminescence properties of QD—nanowire system in the resonant laser excitation case for
the different separation within the corresponding weak-coupling regime, intermediate regime, and strong-coupling regime,
corresponding to values of /v = 2070 /70, 2070/4v0, and 100 /570 for the red, blue, and green curves, respectively. (a)
Fluorescence correlation function 9(2)(15) for QD-SP system, which indicates the photon antibunching at ¢ = 0. (b) QD
emitter luminescence spectra S(w) for three different coupling regimes due to enhancement of SPs of metallic nanowire.

(d ~ 2.5 nm) of QD-nanowire, these two strong side-
bands appear at frequencies w = wp *+ {2 in the green
curve. Notably, we can lower the excitation power of
laser to drive the QD weakly. In essential, there are
always two main contributions to the resonance fluores-
cence spectra: the Rayleigh scattering coherent part and
the one coming from the incoherent scattering. As a con-
sequence, the QD fluorescence spectra exhibits only one
single peaks in absence of plasmonic interaction, whereas
the QD fluorescence spectra may exhibit two additional
sidebands due to the coupling with plasmonic interac-
tion of metallic nanowire under the same laser coher-
ent excitation conditions. In particular, under resonant
excitation, an analytical expression of the fluorescence
spectrum is given by

/4 37/16
%2+(w7w0)2 %+(w7w0+9)2

S (w) o

3+/16

: (22)
%"‘(W—WO—Q)z

Therefore, the luminescence properties are very sensitive
to the QD-nanowire separation distance. Our results
here are in agreement with the experimental observa-
tions about enhancement of SM fluorescence using a gold
nanoparticle as an optical nanoantenna [24, 26].

Next, we turn on the detuning case that the laser is
out of resonance, the Rabi splitting should be given as

RA—~¢QQ(%%iAwy

Using the quantum regression theorem, the fluorescence

(23)

spectra properties are shown in Fig. 4 for three different
£2. As shown in Fig. 4, only one main Lorentzian peak
of the red curve corresponds to a case where the QD is
strongly coupled to the SPs, and the blue curve occurs

peaked at the QD emitter frequency of about wg corre-
sponds to a case for the transition region from WCR to
SCR, respectively. For the WCR situation where the QD
is weakly coupled to the SPs, two strong sidebands of the
green curve appear at laser Rabi frequencies w = wy=£ (2.
In other words, for the non-resonant case, the threshold
changes but the behavior remains qualitatively unaf-
fected: even though the dressed state structure is slightly
modified by the detuning, a Mollow triplet still exists in
the non-resonant case. It is worthwhile noting that the
difference between the resonant case and the detuning
non-resonant case is that there exist much wider side-
bands and linewidth of QD luminescence spectra for the
non-resonant case due to the non-resonant excitation
interaction of QD with excitation laser. The existence
of this Mollow’s triplet indicates a manifestation of the
strong coupling of the laser to the QD—SP system. In
fact, when optimized, the probability of emission into the

S(ew) /a. u.

=500 —400 =300 =200 =100 0 100 200 300 400 500

L)

Fig. 4 QD emitter luminescence spectra S(w) of QD-nanowire
system in the non-resonant laser excitation case for the different
separation within the corresponding weak-coupling regime, inter-
mediate regime, and strong-coupling regime, corresponding to val-
ues of 2/v = 2070 /70, 2070/4v0, and 109 /570 for the red, blue,
and green curves, respectively.
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plasmon mode approaches almost unity for small R and
is limited only by inherent losses in the metal. For both
the resonant case and the detuning case, our results indi-
cate that, through measuring QD luminescence spectra
and second-order correlation functions, the information
about the QD emitter coupling to the SP of the dissipa-
tive metallic nanowire can be extracted.

4 Conclusions and perspective

In this work, using a Markov approximation, we have
studied the fundamental effect of SP reservoir on pho-
ton emission properties of single QD emitter, near the
nanowire embedded in the dielectric. The coherent ex-
citation of QD emitter driven by a laser allows the
existence of a steady state as well as the analysis of flu-
orescence spectrum of the QD-SP system, for instance,
surface enhancements of decay rate emission, spectra,
and photon—photon correlation functions. Our main re-
sults demonstrate that the QD luminescence results of
photon emission show three distinctive regimes depend-
ing on the distance between QD and metallic nanowire,
and demonstrate which elucidates a crossover passing
from being metallic dissipative for very small emitter-
nanowire distances to SP emission for larger separations
at nanoscale. Recent advances made in quantum plas-
monic have become routine in many laboratories around
the world [6, 13-15, 24-26]. Furthermore, it is certain
that many of them will require developments of new
theoretical concepts as well as plasmonic nanotechnolo-
gies. Our next task, beyond the quantum optics scope
of the present work, is to treat the plasmonic part of
the system not as a reservoir but as an ingredient coher-
ently coupled to one or more QDs and to measure the
quantum information entropy using quantum trajectory
algorithm. This theoretical study will serve as an in-
troduction to understanding the nanoplasmonic imaging
spectroscopy and pave a new way to realize the quantum
information devices.

Acknowledgements This work was financially supported by
the National Natural Science Foundation of China under Grant
No. 60721004, and the National Basic Research Program of China
under Grant No. 2009CB010600.

References

1. S. Nie and S. R. Emory, Science, 1997, 275: 1102
2. K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan,

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

R. R. Dasari, and M. S. Feld, Phys. Rev. Lett., 1997, 78:
1667

. H. X. Xu, J. Aizpurua, M. Kall, and P. Apell, Phys. Rev.

E, 2000, 62: 4318

. H. X. Xu, X. H. Wang, M. Persson, H. Q. Xu, M. Kall, and

P. Johansson, Phys. Rev. Lett., 2004, 93: 243002

. L. 1. Smolyaninov, J. Elliott, A. V. Zayats, and C. C. Davis,

Phys. Rev. Lett., 2005, 94: 057401

. G. L. Liu, Y.-T. Long, Y. Choi, T. Kang, and L. P. Lee,

Nature Methods, 2007, 4: 1015

. R. F. Oulton, V. J. Sorger, T. Zentgraf, R.-M. Ma, L. Dai,

G. Bartal, and X. Zhang, Nature, 2009, 461: 629

. G. C. Shan and W. Huang, J. Nanosci. Nanotechnol., 2009,

9: 1176

. A. K. Ekert, Phys. Rev. Lett., 1991, 67: 661
10.

R. J. Thompson, G. Rempe, and H. J. Kimble, Phys. Rev.
Lett., 1992, 68: 1132

D. E. Chang, A. S. Sgrensen, P. R. Hemmer, and M. D.
Lukin, Phys. Rev. Lett., 2006, 97: 053002

D. E. Chang, A. S. Sgrensen, E. A. Demler, and M. D.
Lukin, Nat. Phys., 2007, 3: 807

L. Childress, A. S. Sgrensen, and M. D. Lukin, Phys. Rev.
A, 2004, 69: 042302

A. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S.
Zibrov, P. R. Hemmer, H. Park, and M. D. Lukin, Nature,
2007, 450: 402

Y. N. Chen, G. Y. Chen, D. S. Chuu, and T. Brandes, Phys.
Rev. A, 2009, 79: 033815

D. Dzsotjan, A. S. Sorensen, and M. Fleischhauer, Phys.
Rev. B, 2010, 82: 075427

M. O. Scully and M. S. Zubairy, Quantum Optics, Cam-
bridge: Cambridge University Press, 1999

H. P. Breuer and F. Petruccione, The Theory of Open Quan-
tum Systems, Oxford: Oxford University Press, 2002

J. M. Wylie and J. E. Sipe, Phys. Rev. A, 1984, 30: 1185
V. V. Klimov and M. Ducloy, Phys. Rev. A, 2004, 69:
013812

P. B. Johnson and R. W. Christy, Phys. Rev. B, 1972, 6:
4370

J. D. Jackson, Classical Electrodynamics, New York: Wiley,
1999

G. C. Shan and W. Huang, Front. Phys. China, 2006, 1(4):
405

S. Kiithn, U. Hakanson, L. Rogobete, and V. Sandoghdar,
Phys. Rev. Lett., 2006, 97: 017402

D. E. Chang, A. S. Sgrensen, P. R. Hemmer, and M. D.
Lukin, Phys. Rev. B, 2007, 76: 035420

H. Wei, D. Ratchford, X. Q. Li, H. X. Xu, and C. K. Shih,
Nano Lett., 2009, 9: 4168




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


