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Photon-number statistics of the emitted photons from a quantum dot placed in the vicinity of a metallic
nanoparticle driven by a laser in the non-Markovian regime is investigated theoretically. In the model
scheme, the quantum dot is considered as an InAs three-level system in L-type configuration with two
transition channels. We aim to introduce the hybrid system as a nonclassical photon source and control
the antibunching behavior of the emitted photons by the geometrical as well as the physical parameters
of the hybrid system. Our approach is based on the classical Green’s function technique and time
convolution master equation. The results reveal that the emitted photons from the hybrid system under
consideration are antibunched and energy is exchanged between the QD and nanoshell. By increasing
the QD-MNP separation distance, the detuning frequency between the QD transitions and surface
plasmon modes, and the Rabi frequency the antibunching time increases while the backaction of the
reservoir on the QD decreases. To sum up, we conclude that the studied system has the potential to be a
highly controllable single-photon source.

Nonclassical states of light possess important role in quantum optics and quantum technologies. Single-photon
sources, as one of most prominent types of nonclassical emitters and as the crucial ingredient of quantum infor-
mation technology are amongst the most widely investigated quantum systems during the last four decades or
so'~%. Numerous applications for single-photon sources have been proposed in the fields of quantum cryptog-
raphy>¢, quantum repeaters”$, and quantum computation®. In addition, the low-noise nature of nonclassical

* photons makes them as ideal candidates for application in the fundamental measurement problems?. To date,

- various theoretical schemes and experimental demonstrations have been carried out on the generation of non-

o classical states of light. Some examples include atomic cascade transition in calcium atoms'?, single ions in traps'’,
parametric down-conversion'>", single molecules coupled to a resonant cavity'4, semiconductor quantum dots
(QDs)*15-17, defect centers in diamond*®, single-walled carbon nanotubes'?, and photonic crystals?.

The nonclassical-light or single-photon sources are not limited to the above mentioned systems and setups.
Another way of realizing an on-demand single photon source is to use the hybrid systems composed of a sem-
iconductor QD and a metal nanoparticle (MNP)2?2, The presence of the MNP near an emitter changes the
environment density of states around the emitter. It is well known that the environment of an emitter influences
its decay rate (Purcell effect)?*. The interaction of an MNP* or graphene® with light leads to non-propagating
excitations of the conduction electrons of the MNP; the quanta of these excitations are called localized surface
plasmons (LSPs). The evanescent near-field associated® to the LSPs increases the local density of states (LDOS)
around the MNP dramatically**?’~*2, When a QD, as an emitter, is located in the evanescent field of an MNP, the
decay rate of the QD is affected through the LDOS and increases significantly?’~2*2. The physical features of the
QD-MNP system can be controlled by the geometry of the hybrid system, i.e., the shape of the MNP and the
QD-MNP separation distance. Depending on the geometry, the system can operate either in the strong-coupling
or the weak-coupling regime and exhibits the non-Markovian?”** or Markovian behavior®®*,
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Figure 1. Schematic illustration of the QD-MNP hybrid system under consideration. A three-level A-type
configuration QD, with z- and x-oriented dipole moments, is located at distance & away from the outer surface
of a silver nanoshell composed of a spherical core of radius 4 and permittivity €, surrounded by a concentric Ag
shell of radius b and frequency-dependent permittivity £(w), embedded in a medium with permittivity ;. The
transition |2) < |3) is coupled to the x-polarized driving field with Rabi frequency ), and detuning A. On the
other hand, it couples to the x component of surface plasmon modes on the MNP with detuning 6,. The
transition|2) « |1) is coupled to the elementary z-excitations of the MNP with frequency Q, and detuning é,.

In recent years, significant theoretical studies have been performed on the photon-number statistics of emitted
light from a variety of hybrid systems in order to provide efficient methods for the controllable generation of anti-
bunched photons. In ref.*® the conditions for the realization of photon antibunching of molecular fluorescence in
a hybrid system of a single molecule and a plasmonic nanostructure composed of four nanostrips have been the-
oretically investigated by using the Green’s tensor technique®. The photon-number statistics from the resonance
fluorescence of a two-level atom near a metallic nanosphere driven by a laser field with finite bandwidth has
also been studied, and it has been shown that the statistics can be controlled by the location of the atom around
the metal nanosphere, the intensity and the bandwidth of the driving laser, and detuning from the atomic reso-
nance”. In addition, a theoretical framework based on the combination of the field-susceptibility/Green’s-tensor
technique with the optical Bloch equations has been developed® to describe the photon statistics of a quantum
system coupled with a complex dielectric or metallic nanostructures. By using an approach based on the Green’s
function method and a time-convolutionless master equation, the dynamics of the photon-photon correlation
function in a hybrid system composed of a solid-state qubit placed near an infinite planar surface of a dissipative
metal has been studied®! under the Markov approximation. For a hybrid structure consisting of an optically
driven two-level QD coupled to a metallic nanoparticle cluster it has been shown® that the single-photon emis-
sion can be efficiently controlled by the geometrical parameters of the system.

In this paper, we theoretically investigate the photon-number statistics of the light emitted from a single sem-
iconductor QD with A-type configuration in the vicinity of a metal nanoshell in the non-Markovian regime. The
present study follows two main purposes. First, we aim to introduce the hybrid system as a nonclassical photon
source. Second, we intend to investigate whether the photon-number statistics can be controlled by the geomet-
rical and physical parameters of the hybrid system. Our theoretical description of the system involves the quan-
tization of electromagnetic field in the presence of an MNP within the framework of the classical dyadic Green’s
function approach including quantum noise sources which is appropriate for dispersive and absorbing media.

The ohmic nature of metals has a substantial impact on the reduction of the effective QD-MNP interaction,
specially at high frequencies due to the interband transitions. One effective way to deal with this phenomenon is
to use geometries in which the surface plasmons are induced in low energies. The plasmon resonance frequencies
of a nanoshell are adjustable by the thickness of the nanoshell and the dielectric permittivities of the core and the
shell materials. Therefore, the resonance frequency modes of a nanoshell can appear at much lower energies than
those of a nanosphere?*-4°, Therefore, in a nanoshell sphere geometry the interband transitions have small impacts
in comparison with a sphere geometry. Thus in the present contribution we study a hybrid system consisting of a
QD in the proximity of a metal nanoshell.

The paper is structured as follows. Numerical results and discussions are presented in first, where we explore
the controllability of the photon-number statistics through the physical as well as the geometrical parameters
of the hybrid system. In the next part, we present our conclusions. Finally, we describe the theoretical model of
the hybrid system composed of a single QD coupled to an MNP within the framework of the master equation
approach. Then, we derive an expression for the normalized second-order autocorrelation function for the pho-
tons emitted by the QD.

Results and Discussion

As shown in Fig. 1, the physical system consists of a QD which is located at distance / from the surface of a nano-
shell of inner radius b, outer radius a, and frequency-dependent permittivity ¢(w). The QD-nanoshell system is
embedded in a homogeneous background medium with relative permittivity ¢,. As a realistic example similar to
refs?*°, we choose a A-type three-level InAs QD with permittivity €, =11.58°>"!. The discrete energy states |2)
and |3) have energies /iw, and 7uw,, respectively, with respect to the state |1), such that fw, > fiw; > hw,.

It has been shown experimentally®! that the dipole moments d,, and d,; in the InAs QD are aligned perpen-
dicular to each other®. Thus, the atomic dipole moment operator is taken asd = d(|2)(1]z + |2)(3|x) + H.c.in
which d is real. Moreover, we consider the classical driving field as a x-polarized field. Therefore, the transition
|2) < |3)is coupled to the classical driving field with Rabi frequency , and detuning A. On the other hand, this
transition also couples to the x component of surface plasmon modes on the MNP with detuning §,. The transi-
tion|2) « 1) is coupled to the elementary z-excitations of the MNP with frequency Q, and detuning ¢,. The
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Figure 2. Density plot of the scaled LDOS of (a) a (20,16)nm nanoshell versus frequency w and the dielectric
permittivity of the core ¢, when ¢,=1.78 and (b) a (20, 16) nm nanoshell versus frequency w and the dielectric
permittivity of the background medium ¢, when e, =5.4.

classical driving field does not couple to the transition |2) « |1) because they are aligned along the perpendicular
directions. In this section, we present and discuss various numerical results and calculations to analyze the quan-
tum statistics of the photons emitted from the hybrid QD-MNP system under consideration (Fig. 1). Throughout
the calculations, we use atomic units (& = 1, 47e;=1, c=137, and e=1). For the numerical calculations, we
consider a three-level self-assembled InAs QD as the emitter with z- and x-oriented dipole moments of
|dy1| =|dy3] =0.1 e nm and w,; =0.8046 eV and w,; =0.8036 eV>. The QD is placed at distance h from the outer
surface of a silver nanoshell composed of a spherical core of radius a and permittivity ¢, surrounded by a concen-
tric Ag shell of radius b and frequency-dependent permittivity e(w), embedded in a medium with permittivity e,

An important ingredient for our numerical calculation is the dielectric permittivity of MNP. At low photon
frequencies below the interband transitions region, the permittivity function of metals can be well described by
the Drude model. For silver the interband effects already start to occur for energies in excess of 1eV and thus
the validity of the Drude model breaks down at high frequencies®**%. Therefore, in the numerical calculations
we will use the measured dielectric data of silver reported in ref.>* in which the plasma frequency of the bulk
w,=9.2 eV and the collision rate of the free electrons ,,;, = 0.021 eV>*. Moreover, we have included the size effect
which increases the damping rate of the electrons as =1y, + Avy/l. Here, v; is the Fermi velocity (approximately
1.4 x 10°m/s in silver) and ! depends on the geometry of the nanoparticle, which in a nanoshell is the thickness
of the shell. The parameter A is determined by the geometry and theory, which for silver has the value A =0.25%.
The frequency- and size-dependent dielectric function of a noble metal by taking into account the size effect
would be expressed as>’

2 2

“p “p
E(U‘” l) = Epui T+ 2 3 ) -
Wt WY W Wy 1

LDOS of the system. Density of states which changes locally around the MNP provides us good insights
about the interaction of the QD-MNP and the frequencies of surface plasmons which depend strictly on the ori-
entation of the dipole moment of the QD. The scaled LDOS of a hybrid system is defined as Pt Po=
Im[G,, (74 7pp w)]/p, in which py=k,/67 being the free space density of states®"". In this relation G,y is the
zz(xx)-component of the dyadic Green’s function of the system.

In Fig. 2 we have plotted the scaled LDOS, p_./p,, to examine the influence of the core and medium materials
on the resonance frequencies of the plasmon modes. As can be seen in Fig. 2(a), with increasing the core dielectric
permittivity (¢,) the resonance frequencies of plasmon modes shift toward lower frequencies. Similarly, Fig. 2(b)
shows that the resonance frequencies of the plasmon modes experience a slight redshift once we fix the core die-
lectric (¢,= 5.4) and change the embedding medium dielectric constant. These results are in agreement with the
experimental findings reported in ref.*%.

In general, the results show that increasing the dielectric permittivities of the core and the embedding medium
lead to the redshift of the plasmon resonances. This behavior has a simple physical interpretation. As is well
known, within the quasi-static approach, surface plasmons are collective electromagnetic oscillations at metallic
surfaces over a fixed positively charged background, with induced surface charges providing the restoring force.
Increasing the dielectric permittivity of the surrounding medium causes the strength of the surface charges to be
effectively reduced, leading to a decreased restoring force and consequently, the plasmon energies are lowered. By
increasing the core and the medium relative permittivities we adjust the surface plasmon resonance on demand
frequency. By tuning the dielectric functions of background and core of the nanoshell to ¢, =¢,=10.95% the
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Figure 3. Scaled LDOS, (a) p,./py» (b) p../ po, versus frequency w for a (16, 14) nm nanoshell for different values
of h.

surface plasmons resonance frequencies for w,_ with n=1is 0.8026 eV for both z and x surface plasmons which
can couple effectively with InAs QD%

In Fig. 3(a) and (b) we have plotted the scaled LDOS for different QD-MNP separation distances of a (16, 14)
nm nanoshell composed of a spherical GaAs core of radius b= 14 nm and permittivity .= 10.95% surrounded
by a concentric Ag shell of radius a = 16 nm and frequency-dependent permittivity (w), embedded in a medium
with permittivity , = 10.95%.

The resonance frequencies of surface plasmons can be obtained by the poles of the dyadic Green’s function.
The features of the plasmon resonances in a metallic nanoshell are described by the plasmon hybridization
model®. In this model, the surface plasmon modes of internal and external surfaces (or core and shell surfaces)
are combined in two symmetric and antisymmetric modes. Accordingly, these new branch modes possess low
(™) and high (w,ff)) energies. The thickness of the nanoshell controls the strength of the interaction between
the sphere-like and the cavity-like plasmon modes. With increasing the thickness of the nanoshell these modes
behave more independently. The important parameters, which possess important influences on the plasmon res-
onance frequency, are the thickness of MNP (a — b), the core material dielectric constant (¢,), and the embedding
medium dielectric constant (g,).

According to the hybridization model the plasmon peaks are grouped into two basic branches, i.e., Yw,
(plasmon peaks on the left side of Fig. 3) and Xw, | (plasmon peaks on the right side of Fig. 3). The first left peak
belongs to w, _ with n=1%. As can be seen from Fig. 3(a) and (b) for a fixed aspect ratio b/a the resonance fre-
quencies of plasmon modes are scale-invariant, i.e., although the intensities of plasmon modes get decreased by
increasing the QD-MNP separation distance h, the energy arrangement remains unchanged for different values
of h. Thus, by controlling the aspect ratio b/a as well as the materials of the core and medium, one can tune the
plasmon resonance frequency on demand.

Figure 3(a) shows the enhancement of LDOS due to coupling of the z-oriented dipole moment of the QD, i.e.,
the transition|2) < |1), to the MNP. Similarly, Fig. 3(b) indicates the coupling of the x-oriented dipole moment
of the QD, i.e., the transition |2) < |3), to the MNP. Making a comparison between Fig. 3(a,b) reveals that the
QD-MNP coupling depends on the orientation of the transition dipole moment of the QD. In the other words, the
MNP affects differently on electromagnetic modes with perpendicular polarizations. Thus, the enhancement of
LDOS is different for x- and z-directions and anisotropic Purcell effect happens®.

Spontaneous decay of the QD excited state. It is well known that one of the obvious evidences for the
non-Markovian character of relaxation processes such as spontaneous decay of an excited state of a given quan-
tum system is the nonexponential time evolution due to the memory effects. Here, we numerically examine the
memory effects on the spontaneous decay of the QD in the system under consideration. For this purpose, we
assume that the QD is initially prepared in the excited state|2) and we set Q =0, i.e., there is an exciton in the QD
and no plasmon mode in the MNP. In Fig. 4 we have plotted the scaled spontaneous decay rates of the excited
state|2) for both transitions|2) — |1)and|2) — |3),i.e.,, I',(£)/T;and I',;(£))/T; (determined by the real parts of
the inverse Laplace transforms of the parameters (3,(s), nxm(s), nx(z)(s) and o, (s) given in Eq. (14)), versus time for
different separation distances between the QD and a (16, 14) nm nanoshell. Here, I}, = (dzwzs)/ (37r50ﬁc3) refers
to the free-space decay rate of the QD whose typical value is about 10° s71 2%, We assume that the detuning between
the QD transition |2) — |1) and the surface plasmon mode is near zero (6 ~ 0) that is the emitter is near reso-
nance with the localized surface plasmon modes and w;” =0.8026 eV (see Fig. 3(a)). The excited QD couples to
the MNP and excites a plasmon mode which is nearly on resonance with its energy. The excited resonance plas-
mon mode re-excites the QD before dissipation to other modes. The oscillatory behavior of I'(¢) indicates the
re-excitation of the QD after a finite delay time by the reservoir which is the signature of non-Markovian dynam-
ics of the system under study. As can be seen from Fig. 4(a), I';; which corresponds to the decay rate of transition
|2) — |1) shows completely the non-Markovian dynamics of this channel which is directed along the z axis.
Moreover, small oscillations of spontaneous decay rate of|2) — |3) which is directed along the x axis indicates
moderate non-Markovian dynamics of this channel. In Fig. 4(b) we have plotted the spontaneous decay rate of
transition |2) — |1) for =4, 8, and 20 nm. This figure shows that with increasing the QD-MNP separation dis-
tance the occupation probability of the QD excited state decays slower in time and its dynamics tends to the

SCIENTIFICREPORTS| (2018) 8:12435 | DOI:10.1038/s41598-018-29799-4 4



www.nature.com/scientificreports/

6 :
3000 f 7 WA 151%
Y = i = \
L e i Sl h=20
! = HEY 10 N\, =20nm
20000 % 3 2 2000 % h=4nm 5 .
1 P’ e - N
\ o — \ =S S
s H h=4nm S \ Tl
Z 1000 | -2 S 1000 | h=8nm ob T -]
£ ! o~ 0.020 0.022 0.024 0.026 0.028 0.03( = r\( 0.000 0005 0010 0.015 0.0
N
t(ps) \ N P t(ps)
0 v 0 ' s — =
\ v
‘\ ; L,@To  —mmmmee- ‘I‘ ’/I
\ \
- ~1000 /
1000 \/ L, ®/To \/
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020

t(ps) t(ps)

Figure 4. Time evolution of the spontaneous decay rate of a QD placed in the vicinity of a (16, 14) nm
nanoshell. (a) I';;(#), [',3(#) when the QD is placed at a distance 4 nm from the MNP. (b) I',,(¢) for different
values of the QD-MNP separation distance (%). The inset in (a) represents the long-time relaxation behavior
of I',3(#)/T'y and in (b) shows I';,(¢)/T"y for h =20 nm. Here, the permittivities of the core and the embedding
medium are assumed to be equal, .= ¢, =10.95.

Markovian regime for large enough QD-MNP distance. These results are fully consistent with those obtained
from Fig. 4(a). As can be seen from Fig. 4(a) and (b), the QD spontaneous decay rates exhibit a damped oscilla-
tory behavior in the course of time evolution and eventually tend to the Markovian decay rate I'y in both channels.
It is worth to note that the negative values of decay rates indicate the slow down of the spontaneous decay of the
excited state. Physically, this behavior occurs as the result of the reservoir backaction on the QD which reflects the
non-Markovian nature of the dynamics. Furthermore, with increasing the QD-MNP separation distance the
amplitude of oscillations decreases such that for # =20 nm, the decay rate I'(¢) shows no oscillations (the inset
plot of Fig. 4(b)). This is because with increasing the QD-MNP distance, the intensity of the LDOS decreases and
consequently, the emitter QD experiences a less structured reservoir.

Single-photon emission by the three-level QD. Here, we are going to investigate the photon-number
statistics to better understand the features of the emitted light by a single emitter (QD) in the vicinity of an MNP. The
photon-number statistics as well as the quality of a single-photon source are determined by measuring the normal-
ized second-order autocorrelation function of photons, g?(7), in a Hanbury Brown-Twiss (HBT) setup®'. The gen-
eral criterion for photon antibunching is g(z)(T) > g(z)(O). Although in the ideal case g?(0) =0 indicates the
antibunching of photons, a value of g?(0) < 0.5 is generally accepted as a criterion for single photon emission®.

The second-order autocorrelation function of the photons emitted by the hybrid system under consideration
is given by Eq. (12). We assume that the QD is initially in its ground state, |3), and the x-polarized driving field
couples the transition |2) < |3) (along the x axis). Since the transitions|2) < |1) (along the z axis) and|2) « |3)
(along the x axis) are in near-resonance with the x- and z-plasmon modes of the MNP, the surface plasmons are
excited through the energy of the transitions|2) < |1) and|2) < |3). In our numerical calculations, we use the
experimental values for the pure dephasing rates -y, and -y, reported in ref.?’ for InAs QDs at room temperature,
i.e.,7; =", =10 peV. The spin transition rate is estimated to be ,= 1 ueV*, however, our numerical results show
that the spin transition in the system under consideration has a negligible effect on the photon statistics. In the
following, we explore the controllability of the photon-number statistics through the Rabi frequency of the driv-
ing field (Q), the QD-MNP separation distance (), and detuning frequency of the quantum dot transitions with
respect to the surface plasmon modes (6).

To investigate the effect of the QD-MNP separation distance & on the normalized second-order autocorrela-
tion function of the emitted photons, in Fig. 5 we have plotted g (7) against the delay time 7 for different values
of the QD-MNP separation distance. We assume that the emitter is on resonance with the LSP mode (i.e., wlzfx)).
This figure demonstrates that by increasing the QD-MNP separation distance the magnitude and the number of
oscillations of g?(7) decrease. This result can be interpreted by the LDOS of the nanoshell. The reduction of the
LDOS at frequency w™, (see Fig. 2(a) and (b)), decreases the coupling strength between the QD and plasmon
modes. Consequently, the backaction of the reservoir on the QD and its re-excitation decreases as well. Moreover,
by increasing the QD-MNP separation distance the antibunching time increases, because of the enhanced cou-
pling between the QD and the surface plasmon modes compared to the coupling between the QD and the unwa-
ted mode. The oscillation periods for i =4,8,20 nm are about 19.5, 22, and 78 ps, respectively.

In Fig. 6 we have plotted the autocorrelation function g?() versus the delay time 7 for the different values of the
Rabi frequency when the QD is placed at distance h=4 nm from a (16, 14) nm nanoshell. Furthermore, we have
assumed that the driving laser is resonantly coupled to the QD transition|2) < |3),1.e., A=0,and the QD transitions
|2) < |1)and|2) < |3)are near resonance with the LSP mode of the nanoshell, i.e., w; _=0.8026 eV; more precisely,
Wy, = w4 2meV and w,; = w,* + 1meV>!. As can be seen, g2(1=0)=0and g?(7) > g¥(0)as T > 0. This
demonstrates the presence of photon antibunching, which is definitely of quantum origin. Moreover, g?(7) shows an
oscillatory dependence on 7. The magnitude of these oscillations decreases as T is increased and finally g®(7) is stabi-
lized at an asymptotic value, g¢?(7) = 1. The oscillatory behavior comes from the non-Markovianity of the system
evolution. In addition, the figure shows that increasing the Rabi frequency decreases the coupling strength between
the QD and surface plasmon modes and, consequently, the antibunching time increases.
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Figure 5. Normalized second-order autocorrelation function, g<2)(7'), versus the delay time 7 for the photons
emitted from a QD located in the vicinity of a (16, 14) nm nanoshell for different values of h. Other parameters
are the same as those in Fig. 4.
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Figure 6. Normalized second-order autocorrelation function, g?(), versus the delay time 7 for the
photons emitted by a QD located at h =4 nm away from a (16, 14)nm nanoshell with ¢, =¢,=10.95, and
A =wy;—w; =0 for two values of the Rabi frequency of the driving laser. Other parameters are the same as
those in Fig. 4.
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Figure 7. The normalized second-order autocorrelation function, g (), versus the delay time 7 for the
photons emitted by a QD located at h =4 nm away from a (16, 14)nm nanoshell. Other parameters are the same
as those in Fig. 4.

In the next step, we investigate the impact of detuning frequency between the QD transitions|2) < |1) and
|2) < |3) and two perpendicular surface plasmon modes (w/™), i.e., 0,(» on the photon-number statistics. In
Fig. 7 we have plotted g®(7) versus the delay time 7 for two values of the detuning frequency &,y when the QD is
placed at the distance =4 nm from a (16, 14) nm nanoshell. One can see from Fig. 7 that with increasing &,
from zero (solid blue curve) to 0.05eV (dashed red curve) the antibunching time increases.

The LDOS of a (16, 14) nm nanoshell (Fig. 2(a) and (b)) shows that the FWHM of the lowest resonance plas-
mon mode in energy (w,*™), which is coupled to the QD transition|2) « |1(3)), is about 0.25 eV. By taking some
frequency away the summit, the intensity of LDOS is significantly weakened. Consequently, the QD interacts with
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the unwanted modes and this process leads to the QD dissipation and decreases the coupling strength between
QD and surface plasmon modes which makes the Rabi oscillations slower.

Based on the results obtained above we can claim that the optimal situation to achieve photon antibunching
in a QD-nanoshell hybrid system is one in which #=4nm, the detuning frequency between the QD transition
|2) <> [1(3)) and the surface plasmon mode (w,*™) is zero § =0, and the Rabi frequency is set to its minimum
value. In general, Figs 5, 6 and 7 show that by decreasing the QD-MNP separation distance and the detuning §
along with increasing the Rabi frequency Q) one can achieve optimal photon antibunching in the system under
consideration.

Conclusions

In conclusion, we have presented a theoretical study of the photon-number statistics of a hybrid system composed
of an emitter (QD) in the proximity of an MNP with non-Markovian dynamics. Our approach is based on the
classical Green’s function technique and a time-convolution master equation. The InAs quantum dot is taken
as a three-level A-configuration system in which the transition channels are orthogonal. One of the transition
channels is along the x axis and the other is along the z axis. The x channel is coupled to a x-polarized classical
driving field while both channels are coupled to the elementary excitations of the MNP. The statistical properties
of the emitted photons are determined through the normalized second-order correlation function which can be
controlled by the geometrical as well as the physical parameters of the system, including the QD-MNP separation
distance, the QD-surface plasmon modes detuning, and the Rabi frequency of the x-polarized driving field.

We have numerically examined the memory effects on the spontaneous decay of the QD and the dynamics
of the system under study. We have shown that the LDOS around the nanoshell is affected dramatically by the
QD-MNP separation distance as well as the materials of the core and the embedding medium. Since the MNP
affects on x- and z-polarized modes differently the anisotropic Purcell effect happens. The FWHM of the LDOS,
which originates from the dissipation in the system under study as well as the intensity of the LDOS, have sig-
nificant effect on the second-order correlation function. Following this viewpoint, the smaller the FWHM is,
the more oscillatory behavior in the photon-number statistics is. Higher intensity of LDOS leads to more oscil-
latory behavior of the autocorrelation function. We have found that by increasing enough the QD-MNP separa-
tion distance and/or the QD-surface plasmon mode detuning the behavior of the system enters the Markovian
regime. We have also shown that in both Markovian and non-Markovian regimes the emitted photons of the
system exhibit the antibunching feature. Moreover, the QD-MNP hybrid system under study behaves as an ideal
single-photon source (§?(7) =0), irrespective of the QD-MNP separation distance. To sum up, the results reveal
that the presented hybrid system has the potential to be a highly controllable single-photon source.

Methods
System Hamiltonian. The total Hamiltonian of the whole system, in the rotating-wave approximation, can
be written as

3 : el
H = Zi:lwio;'i + Ei:x,z j dS”jO w ff(r, w). fr, w)
dw; — [021f0 dwd,.E(ry, w,) + H.c.]

o0

_[a23j; dw,d,.E(ry, w,) + H.c.] + Hp, @)
where the first term denotes the free Hamiltonian of the QD, the second describes the Hamiltonian of the
medium-assisted quantized electromagnetic field, and the third and fourth terms refer to the QD-MNP interac-
tion Hamiltonian. Here, o are the Pauli operators, f(r, w) and f T (r, w) denote, respectively, the bosonic annihila-
tion and creation operators for the elementary excitations of the lossy metal nanoparticle satisfying the
commutation relation [f(r, w), fT (', W] = 8(w — W)(r — 1), and d;; is the transition dipole moment
between i and j levels. Moreover, E(rw) is the electric field operator at the position of the QD and is defined in
the following.

The part Hy, in the total Hamiltonian of Eq. (2) accounts for the coupling of the QD to the external driving field
andis given by Hy, = Qoye ' + H. C.where the effective Rabi frequency is defined as©2 = (E pump(Tar wp)) A3l gy
with e.7= (2¢;, +€qp)/3¢, in which £, is the dielectric constant of the QD. In this definition, E,,,,,,, contains both the
direct classical monochromatic field of frequency w; and amplitude E; (r,;,w;), and the scattered field from the MNP
which would be defined through the classical dyadic Green's function G(r, ', w;)as**

Epump(rd, wp) = E(ry, wp) + j;/ G(ry 1!, wp)(eynp(wy) — DEL(1, wL)ei¢/d3r’. 3)
MNP

Here ¢’ is the phase change associated with the scattered laser field. Quantization of the electromagnetic fields in

the presence of an absorbing and dispersive medium via the dyadic Green’s function approach leads to an explicit

expression for the electric field operator in the following form®

172 )
E(r, w) = 1[L] f[ﬂ] glr', w)G(r, v', w) x f(r, wyd’r!,
c

TE,
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where £/(r, w) is the imaginary part of the frequency-dependent dielectric permittivity of absorbing medium. Also,
in this equation G(r, ', w) is the dyadic Green’s function of the system describing the system response at r to a point
source at r’. The Green’s function is obtained through two contributions, G(r, r/, w) = G'r, ', w) + G(r, 1, w)
where G(r, ', w) is the direct contribution from the radiation sources in free-space solution and G*(r, r/, w) is the
reflection contribution coming from the interaction of the dipole with the materials. In a frame rotating at the laser
frequency w;" the total Hamiltonian of Eq. (2) reads with

H' = {(w, — w)oy, + wso33} + (Qoy; + Hoc)

+ Z fd3 f a.zifJr (r, w).f(r, w)dw;,

i=x,z

_[UZIethfo dw,dy, Ery, w,) + UZSin{th dw,d, . E(ry, w,) + H.C.]. 5)

Dynamics of the system. The time evolution of the whole system which is composed of the QD, the MNP,
and the coherent laser field, in the interaction picture is determined through the Liouville equation®*%

dp,(0)/dt = —ilH'1,,(0), p(0)]. (6)

Here, the Hamiltonian and the total density matrix in the interaction picture are defined as:
H',(t) = T'H, e ™" and pt) = el OtpT(t)e_’H o The time evolution of the total density matrix p(t) in
the Schrodinger plcture is given by

de( ) —tH’OtmeiH’ot
dt dt ' (7)

We assume that the reservoir is in thermal equilibrium and the states of the system and the reservoir are ini-
tially uncorrelated, so that p(0) = p(0)®R, in which p(0) and R, stand for the initial density matrix of the system
and the reservoir, respectively. By formally integrating Eq. (6), and inserting such a formal solution for 5_(¢) on
the right hand side of Eq. (6) and after partial tracing over the reservoir degrees of freedom and appﬂung a
second-order Born approximation, the master equation of the reduced density matrix of the QD in the interac-
tion picture, 5 (¢), is obtained as

= —i[H'(1), p, (D] +

d _ t ~ ~ _

Lp0) = ~Tr [ de'(H (0, (7,0, 50 @ R,
dt 0 (8)
where we have used TrR{ﬁ "at()Ry} = O0because the system-reservoir interaction has no diagonal elements in the
representation in which the Hamiltonian of the thermal reservoir is diagonal. By substituting Eq. (8) into Eq. (7)
and partial tracing over the reservoir variables one arrives at

d . t ~ ~
d_i = —i[H'y p] — T’Rj(; at'{H', H' 1, (' — )p(t')Ry — H' 1, Rop(tYH' 1, (' — 1)

—H' Lt = Dp(tRH' 1y + Rop(tYVH 1 (' — DH' 1.} 9)

Since the plasmonic modes are excited at optical frequencies whose energy scales are much higher than the
thermal energy kT, it is reasonable to assume that the system is at zero temperature?**. Therefore, we can use the
following correlation functions for the reservoir operators: Trylf, (r, wf, o, W )Ryl = 6(r — r')é(w — W) and
TrR[fT (r, w)f(r w')R,y] = 0. On the other hand, taking a look at Eq. (9) one can recognize that this master
equatlon is a non- Markov1an master equation in the time convolution form. After calculating the integrand on
the right hand side of Eq. (9) explicitly we arrive at

Z_f = _i[Hlos» pl + j(;tdT{o‘z(_7')[_021512(—7')P(T) + F,(—1)p(1)0y]
+a (=)= 0y305,(—T)p(T) + Gp(—T)p(T)oysl + Hoed + Lyyre + Lopin fipy (10)

wheret — t' = 7,55, (—7) = eiiH/OSTal2(32)(0)eiH/°ST. By this definition &, = alZ(O)ei(“’z_wf 7, for on-resonance
driving (i.e., w, — w3 = wL) Tay(—7) = 055(0)(1 + cos(2Q7))/2 + 0,5(0)(1—cos(2Q27))/2 — i sin(2827)
X (0y—033)/2, and o (- f J(wy(s) )e’(“’x(zJ Wi )wa () in which the spectral density J ;) (wy) is defined as

Jeof (@) = (0™ w123y IMG (s 1y wo)-dyaza)- (11)

The last two terms on the right hand side of Eq. (10) correspond to the pure dephasing and spin relaxation of
lower energy levels of the QD, respectively. Here, L = ZuZLMpL; — L;[Lﬂp - pL;Lu in which the operators
Ly = /%) |2(3))(2(3)|indicate the pure dephasing and y, and +; are the pure dephasing rates of the QD states
|2) and|3), respectively; while L, @ = =% [1(3))(3(1)|are the operators of spin relaxation and -, indicates the spin
relaxation of lower energy states® and it is non-radiative decay rate®®. Furthermore, in deriving Eq. (10) we have
made use of the relation fg r, w2 : YG(rp 'y )G, 1 gy w)dr = ImG(ry, 1, w)™.
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Photon-number statistics. One of the main purposes of the present contribution is to explore the
photon-number statistics of the light emitted from the QD-MNP hybrid system. In particular, we intend
to analyze the influence of the geometry of the MNP on the statistical properties of the emitted photons. The
photon-number statistics can be determined by the normalized second-order photon autocorrelation function,
i.e., the conditional probability of detecting the second photon at time ¢ =7 when the first photon has already
been detected at = 0. For a given quantum emitter system with an available excited state and a single or multi-
ple channel(s) of relaxation, this autocorrelation function can be written as**3,

@(7) = Py(T) ’
P5,(0) (12)
where p, (1) = (2|4(7)|2) and p,,(c0) indicates the steady-state population of the excited state. Considering the

initial conditions p;3(0) =1, p,,(0) = p;,(0) =0, and p,, + p,, + p33 =1 the Laplace transform of the excited-state
population is obtained as

o [ AGPG) P(s) o (AOME)| A(S)M(s)
Py(s) = {ZRe[—N(s) ] + ZQ]Im[ N(s)”/{s + L(s) ZRE[—N(S) ] ZQHm[—N(S) ]} 13

For convenience, we define the total spontaneous emission rate of the state|2) as I'y(s) =I',;(s) + I';5(s) in
which T),(s) = 2Re{3,(s)} and Ly(s) = Refa(s) + (17s) + 12(s))/2} with

B(s) = ifooo J(w,) do,

Wy, —w, +1is

oo ] w.
az(k)(s) = if X Z(X)( Z(X)) 3 dwz’
0 W — Wy T is

L[ T (wy
nx(l)/(z)(s) = zf = () —dw,.
0 wp —w, £2Q 4 is (14)

Moreover, the Lamb shift is given by éw, = Im{205,(s) + o, (s) + (nx(l)(s) + n}fz)(s))/Z}”. In Eq. (13) the func-
tions M(s), N(s), and P(s) are defined by

M(s) = (A(5))° + Q@ + {Dys(s) — 29JB*(s) — {5 + 4, + LA () + i%/(s + 4) — B*s)},  (15a)
N(s) ={s + 1 + 15+ % + L(s) — idwy()}2 + A*(s)) + B (s)(A(s) — i), (15b)

P(s) = {(A*(s) + i0)* + 27B*(s)}/{s + 4}, (15¢)

where A(s) = (17(s) — n{"(s))/4and B(s) = a,(s)/2 — (n/2As) + n{"(s))/4.

References
1. Eisaman, M. et al. Single-photon sources and detectors. Rev. scientific instruments 82,071101 (2011).
. Migdall, A. et al. Single-photon generation and detection: physics and applications, vol. 45 (Academic Press, 2013).
. Lounis, B. et al. Single-photon sources. Reports on Prog. Phys. 68, 1129 (2005).
. Santori, C. et al. Indistinguishable photons from a single-photon device. Nat. 419, 594 (2002).
. Pironio, S. et al. Device-independent quantum key distribution secure against collective attacks. New J. Phys. 11, 045021 (2009).
. Leifgen, M. et al. Evaluation of nitrogen-and silicon-vacancy defect centres as single photon sources in quantum key distribution.
New journal physics 16, 023021 (2014).
. Sangouard, N. ef al. Quantum repeaters based on atomic ensembles and linear optics. Rev. Mod. Phys. 83, 33 (2011).
8. Sangouard, N. et al. Robust and efficient quantum repeaters with atomic ensembles and linear optics. Phys. Rev. A 77, 062301 (2008).
9. Bennett, C. H. et al. Teleporting an unknown quantum state via dual classical and einstein-podolsky-rosen channels. Phys. review
letters 70, 1895 (1993).
10. Clauser, J. F. Experimental distinction between the quantum and classical field-theoretic predictions for the photoelectric effect.
Phys. Rev. D 9, 853 (1974).
11. Diedrich, E. et al. Nonclassical radiation of a single stored ion. Phys. review letters 58, 203 (1987).
12. Burnham, D. C. et al. Observation of simultaneity in parametric production of optical photon pairs. Phys. Rev. Lett. 25, 84 (1970).
13. Mandel, L. et al. Experimental realization of a localized one-photon state. Phys. Rev. Lett. 56, 58 (1986).
14. Basché, T. et al. Photon antibunching in the fluorescence of a single dye molecule trapped in a solid. Phys. review letters 69, 1516
(1992).
15. Yuan, Z. et al. Electrically driven single-photon source. science 295, 102105 (2002).
16. Michler, P. et al. Quantum correlation among photons from a single quantum dot at room temperature. Nat. 406, 968 (2000).
17. Shields, A. J. Semiconductor quantum light sources. Nat. photonics 1, 215 (2007).
18. Kurtsiefer, C. et al. Stable solid-state source of single photons. Phys. review letters 85, 290 (2000).
19. Hogele, A. et al. Photon antibunching in the photoluminescence spectra of a single carbon nanotube. Phys. review letters 100, 217401
(2008).
20. Vuckovic, J. et al. Generation and manipulation of nonclassical light using photonic crystals. Phys. E: Low-dimensional Syst.
Nanostructures 32, 466-470 (2006).
21. Lukin, M. et al. Quantum optics with surface plasmons. Phys. review letters 97, 053002 (2006).
22. Bozhevolnyi, S. I. Quantum Plasmonics (Vol. 185. Springer, 2016).
23. Purcell, E. M. Spontaneous emission probabilities at radio frequencies, Confined Electrons and Photons, 839-839 (Springer, 1995).
24. Novotny, L. & Hecht, B. Principles of nano-optics (Cambridge university press, 2012).

QN U & W N

~

SCIENTIFICREPORTS| (2018) 8:12435 | DOI:10.1038/s41598-018-29799-4 9



www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

42.
43.
44,
45.
46.
47.

48.
49.

50.

66.

67.

Singh, M. R. et al. Photoluminescence Quenching in Quantum Emitter, Metallic Nanoparticle, and Graphene Hybrids. Plasmonics
12(4), 1021 (2017).

Singh, M. R. Enhancement of the second-harmonic generation in a quantum dot-metallic nanoparticle hybrid system.
Nanotechnology 30, 205203 (2013).

Tejedor, C. et al. Dissipative dynamics of a solid-state qubit coupled to surface plasmons: From non-markov to markov regimes.
Phys. Rev. B 82, 115334 (2010).

Zubairy, M. S. et al. Spectral properties of a strongly coupled quantum-dot-metal-nanoparticle system. Phys. Rev. A 89, 053835
(2014).

Hughes, S. et al. Accessing quantum nanoplasmonics in a hybrid quantum dot-metal nanosystem: Mollow triplet of a quantum dot
near a metal nanoparticle. Phys. Rev. B 87, 205425 (2013).

Bagheri Harouni, M. et al. Highly entangled photon pairs generated from the biexciton cascade transition in a quantum-dot-metal-
nanoparticle hybrid system. Phys. Rev. A 96, 023836 (2017).

. Zubairy, M. S. et al. Nanoshell-mediated robust entanglement between coupled quantum dots. Phys. Rev. A 93, 022320 (2016).
. Thanopulos, I. et al. Non-markovian dynamics in plasmon-induced spontaneous emission interference. Phys. Rev. B 95, 075412

(2017).

. Hughes, S. et al. Quantum dynamics of two quantum dots coupled through localized plasmons: An intuitive and accurate quantum

optics approach using quasinormal modes. Phys. Rev. B 92, 205420 (2015).

. Singh, M. R. et al. A study of energy absorption rate in a quantum dot and metallic nanosphere hybrid system. J. of Phys.: Condense.

Matter 27(34), 345301 (2015).

. Gu, Y. et al. Resonance fluorescence of single molecules assisted by a plasmonic structure. Phys. Rev. B 81, 193103 (2010).
. Martin, O.J. et al. Generalized field propagator for electromagnetic scattering and light confinement. Phys. Rev. Lett. 74, 526 (1995).
. Pastukhov, V. M. ef al. Photon-number statistics from resonance fluorescence of a two-level atom near a plasmonic nanoparticle.

Phys. Rev. A 90, 063831 (2014).

. Marty, R. et al. Photon antibunching in the optical near field. Phys. Rev. B 82, 081403 (2010).

. Bagheri Harouni, M. et al. Photon statistics of a hybrid quantum dot-metal nanoparticle cluster. Plasmon. 12, 1-8 (2017).

. Andreani, L. C. et al. Surface plasmons and strong light-matter coupling in metallic nanoshells. Phys. Rev. B 86, 035421 (2012).

. Prodan, E. et al. The effect of a dielectric core and embedding medium on the polarizability of metallic nanoshells. Chem. Phys. Lett.

360, 325-332 (2002).

Halas, N. J. et al. Metallic nanoshells with semiconductor cores: optical characteristics modified by core medium properties. ACS
nano 4,6169-6179 (2010).

Halas, N. et al. Effects of dielectric screening on the optical properties of metallic nanoshells. Chem. Phys. Lett. 368, 94-101 (2003).
Halas, N. J. et al. Plasmonic properties of concentric nanoshells. Nano letters 4, 1323-1327 (2004).

Singh, M. R. et al. Medical applications of hybrids made from quantum emitter and metallic nanoshell. J. Appl. Phys. 122, 034306
(2017).

Singh, M. R. et al. Control of fluorescence in quantum emitter and metallic nanoshell hybrids for medical applications. J. Appl. Phys.
121(9), 094303 (2017).

Dutt, M. G. et al. Stimulated and spontaneous optical generation of electron spin coherence in charged gaas quantum dots. Phys.
review letters 94, 227403 (2005).

Xu, X. et al. Coherent population trapping of an electron spin in a single negatively charged quantum dot. Nat. Phys. 4, 692 (2008).
Imamolu, A. et al. Optical amplification using raman transitions between spin-singlet and spin-triplet states of a pair of coupled
in-gaas quantum dots. Phys. review letters 107, 017401 (2011).

Singh, M. R. et al. Plasmonic control of nonlinear two-photon absorption in graphene nanocomposites. J. Physics: Condens. Matter
25, 385302 (2013).

. Singh, . et al. Excitonic and photonic processes in materials (Springer, 2016).
. Singh, M. R. et al. Dipole-dipole interaction in a quantum dot and metallic nanorod hybrid system. Appl. Phys. Lett. 99(18), 181106

(2011).

. Maier, S. A. Plasmonics: fundamentals and applications (Springer Science & Business Media, 2007).

. Johnson, P. B. & Christy, R.-W. Optical constants of the noble metals. Phys. review B 6, 4370 (1972).

. Huffman, D. R. et al. Absorption and scattering of light by small particles (John Wiley & Sons, 2008).

. Dionne, J. A. et al. Quantum plasmon resonances of individual metallic nanoparticles. Nature 483(7390), 421 (2012).

. Kreibig, U. et al. Width of cluster plasmon resonances: bulk dielectric functions and chemical interface damping. Phys. Rev. B 48(24),

18178 (1993).

. Tai, C.-T. Dyadic Green functions in electromagnetic theory (Institute of Electrical & Electronics Engineers, 1994).
. Halas, N. et al. Plasmon resonance shifts of au-coated au 2 s nanoshells: insight into multicomponent nanoparticle growth. Phys. Rev.

Lett. 78,4217 (1997).

. Nordlander, P. et al. A hybridization model for the plasmon response of complex nanostructures. science 302, 419-422 (2003).

. Twiss, R. et al. A test of a new type of stellar interferometer on sirius. Nat. 178, 1046-1048 (1956).

. Kastel, J. et al. Electromagnetic-field quantization and spontaneous decay in left-handed media. Phys. Rev. A 68, 043816 (2003).

. Scully, M. O. & Zubairy, M. S. Quantum optics (Cambridge University Press, Cambridge, UK, 1997).

. Goan, H.-S. et al. Non-markovian finite-temperature two-time correlation functions of system operators of a pure-dephasing model.

Phys. Rev. A 82,012111 (2010).

. Pfanner, G. et al. Entangled photon sources based on semiconductor quantum dots: the role of pure dephasing. Phys. Rev. B 78,

195410 (2008).

Hatef, A. et al. Plasmonic electromagnetically induced transparency in metallic nanoparticle-quantum dot hybrid systems.
Nanotechnology 23(6), 065701 (2012).

Vogel, W. & Welsch, D.-G. Quantum optics (John Wiley & Sons, 2006).

Author Contributions
T.M. carried out the theoretical as well as the numerical calculation and wrote the main manuscript. M.B.H. and
M.H.N. supervised the project, conceived the main idea and revised the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:12435 | DOI:10.1038/s41598-018-29799-4 10



www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12435 | DOI:10.1038/s41598-018-29799-4 11


http://creativecommons.org/licenses/by/4.0/

	Photon antibunching control in a quantum dot and metallic nanoparticle hybrid system with non-Markovian dynamics

	Results and Discussion

	LDOS of the system. 
	Spontaneous decay of the QD excited state. 
	Single-photon emission by the three-level QD. 

	Conclusions

	Methods

	System Hamiltonian. 
	Dynamics of the system. 
	Photon-number statistics. 

	Figure 1 Schematic illustration of the QD-MNP hybrid system under consideration.
	Figure 2 Density plot of the scaled LDOS of (a) a (20,16)nm nanoshell versus frequency ω and the dielectric permittivity of the core εc when εb = 1.
	Figure 3 Scaled LDOS, (a) ρzz/ρ0, (b) ρxx/ρ0, versus frequency ω for a (16, 14) nm nanoshell for different values of h.
	Figure 4 Time evolution of the spontaneous decay rate of a QD placed in the vicinity of a (16, 14) nm nanoshell.
	Figure 5 Normalized second-order autocorrelation function, g(2)(τ), versus the delay time τ for the photons emitted from a QD located in the vicinity of a (16, 14) nm nanoshell for different values of h.
	Figure 6 Normalized second-order autocorrelation function, g(2)(τ), versus the delay time τ for the photons emitted by a QD located at h = 4 nm away from a (16, 14)nm nanoshell with εc = εb = 10.
	Figure 7 The normalized second-order autocorrelation function, g(2)(τ), versus the delay time τ for the photons emitted by a QD located at h = 4 nm away from a (16, 14)nm nanoshell.




