ﬂ SCNSOrs m\py

Review

Fano Effect and Quantum Entanglement in
Hybrid Semiconductor Quantum Dot-Metal
Nanoparticle System

Yong He * and Ka-Di Zhu 2

1 School of Mathematics and Physics, Changzhou University, Changzhou 213164, China

2 Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education),

Department of Physics, Shanghai Jiao Tong University, 800 Dong Chuan Road,
Shanghai 200240, China; zhukadi@sjtu.edu.cn

*  Correspondence: hey@cczu.edu.cn

Academic Editor: Igor Medintz
Received: 6 April 2017; Accepted: 20 May 2017; Published: 20 June 2017

Abstract: In this paper, we review the investigation for the light-matter interaction between surface
plasmon field in metal nanoparticle (MNP) and the excitons in semiconductor quantum dots (SQDs) in
hybrid SQD-MNP system under the full quantum description. The exciton-plasmon interaction gives
rise to the modified decay rate and the exciton energy shift which are related to the exciton energy
by using a quantum transformation method. We illustrate the responses of the hybrid SQD-MNP
system to external field, and reveal Fano effect shown in the absorption spectrum. We demonstrate
quantum entanglement between two SQD mediated by surface plasmon field. In the absence of a
laser field, concurrence of quantum entanglement will disappear after a few ns. If the laser field is
present, the steady states appear, so that quantum entanglement produced will reach a steady-state
entanglement. Because one of all optical pathways to induce Fano effect refers to the generation of
quantum entangled states, It is shown that the concurrence of quantum entanglement can be obtained
by observation for Fano effect. In a hybrid system including two MNP and a SQD, because the two
Fano quantum interference processes share a segment of all optical pathways, there is correlation
between the Fano effects of the two MNP. The investigations for the light-matter interaction in hybrid
SQD-MNP system can pave the way for the development of the optical processing devices and
quantum information based on the exciton-plasmon interaction.
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1. Introduction

Advances in modern nanoscience have allowed for the construction of various nanostructures
such as metal nanoparticles (MNPs) and semiconductor quantum dots (SQDs) for their applications in
photonics and optoelectronics. Studies of these nanostructures are essential for further development
of nanotechnology. The optical properties of these nanostructures are very interesting topics, which
can be exploited to design various optical processing devices. In a hybrid nanocrystal complex
composed of SQDs and MNPs, due to the exciton-plasmon interaction several interesting phenomena,
such as energy transfer [1], local field enhancement [2], and thermal effects [3], have been explored.
These phenomena depend strongly on these particles geometry and their coupling. The modified
decay rate and the shifted exciton frequency of SQD are also reported in the presence of MNP [4,5].
They are related to the distance between SQD and MNP.

Metal nanowire can be excited to produce surface plasmon polaritons [6] which are propagating
charge density waves with associated strong enhanced electromagnetic field [7-10]. Surface plasmon
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field can excite a SQD from its ground state to the excited state. To study the light-matter interaction
between surface plasmon field in MNPs and the excitons in SQDs, there are two descriptions,
i.e., semiclassical description and quantum description. Semiclassical description is that the exciton is
described in the quantum framework while the description of surface plasmon field is within the
classical electromagnetic dynamics [11-13]. In quantum description, however, surface plasmon field
has been quantized for showing quantum effects [14-17]. Surface plasmon field in MNP can be
considered as a multi-modes field, the Hamiltonian can be written as Hp = Y hwka; ar [14,15,18,19],
where wy is the frequency of mode k, ak+ (ay) is the creation (annihilation) operator of mode k.
The quantization of surface plasmon field opens up a new frontier in the study of the fundamental
physics of surface plasmons [20]. Quantum description of the exciton-plasmon interaction paves
the way for various applications such as single-photon transistors [21], quantum information
processing [22], etc.

Fano effect appears in the energy absorption spectrum in a hybrid molecule consisting of SQDs
and MNPs. One of the main features of the Fano effect is its asymmetric line profile showed in optical
absorption spectrum [23]. It is well known that because of the exciton-plasmon interaction the energy
absorption of a MNP shows the Fano effect which originates from a Fano interference process between
two competing optical pathways [24]. Recently, Zhang and Govorov have demonstrated that in a
simple hybrid system including a SQD and a MNP the Fano effect from quantum description differs
both qualitatively and quantitatively from that of semiclassical description, especially in the strong
field regime [15]. This implies that quantum description for the exciton-plasmon interaction can reveal
more novel optical properties that may be applied in optical processing devices in the future. However,
for some more complex systems including a few SQDs and MNPs, the quantum description needs to
be further developed to reveal the quantum nature of the exciton-plasmon interaction.

In this paper, we will briefly review our investigation for optical properties and quantum
entanglement of the coupled SQD-MNP system based on quantum description for the exciton-plasmon
interaction. Cavity quantum electrodynamics (QED) as a quantum optics toolbox provides a full
quantum mechanics description of the coupled SQD-MNP system. Under quantum description we
proposed a quantum transformation method that is suitable for the coupling of excitons to surface
plasmon field with large decay rate. The quantum transformation is used to treat master equation of the
entire system for obtaining an effective Hamiltonian in SQD’ subsystem. In this way, we investigated
three sorts of the coupled SQD-MNP systems, i.e., a hybrid system including a SQD and a MNP [25],
a hybrid system including two SQDs and a MNP [26,27], and a hybrid system including a SQD and
two MNPs [28]. The quantum transformation method is advantaged for the investigation of the hybrid
systems including a few nanoparticles. Recently, Hayati etc. have developed an efficient self-consistent
field method based on the discrete dipole approximation for obtaining the optical response of some
large hybrid networks of SQDs and MNPs [29]. This review is organized as follows. We first introduce
the exciton-plasmon interaction under quantum description and a quantum transformation method
in Section 2, and then show the optical properties of a hybrid system including a SQD and a MNP
in Section 3. In Section 4, we demonstrate the coupling of two SQDs induced by a MNP and optical
detection of quantum entanglement between the two SQDs. In Section 5, we show the correlation
between two Fano interferences in a hybrid system including two MNPs and a SQD. We conclude this
review in Section 6.

2. Theory

To study the exciton-plasmon interaction, we consider a simple model which includes a spherical
MNP with radius R coupling to a spherical SQD with radius r consisted of the electronic ground
state |0) and the first excited state |ex) in the presence of an external field E = Ege ™! + c.c..
The center-to-center distance between them is d. The entire system is embedded in a dielectric
medium with constant permittivity ¢, as illustrated in Figure 1a.
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Figure 1. (a) Schematic illustration of the hybrid SQD-MNP system; (b) The energy level diagram.
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The Hamiltonian of an individual SQD can be expressed as (7 = 1)

HSQD = Wex 0z, 1)

where 0, = (Jex) (ex| — |0) (0|) /2. Surface plasmon field in the MNP is induced by the external
field and the dipole of the SQD. It can be considered as a multiple-modes field. After the second
quantization of surface plasmon field, the Hamiltonian can be written [18,19]

Hp =) wiaay, 2)
k

where wy is the frequency of mode k, ak+ (ay) is the creation (annihilation) operator of mode k.
The coupling between the SQD and the MNP is the result of the energy transfer between the exciton
and the plasmon field. In cavity quantum electrodynamics, the energy transfer is always described by
the Jaynes-Cummings model under the rotating-wave approximation. So, the interaction Hamiltonian
between the SQD and MNP can be written as [14,15,30]

Hi = —Z(gkakm_ +h.C.), (3)
k
where 0, = |ex >< 0], g is the coupling constant between the exciton and the mode k. On the

right-hand side of the above equation, the term a;c corresponds to the absorption of a photon and the
excitation of the exciton from the ground state to the excited state, and vice versa. The two processes
describe the energy transfer between the exciton and the plasmon field. If the hybrid system is driven
by the strong laser field with frequency ws, the driving Hamiltonian is given by

Hp = =Y _(poy + pial ) Ese ' + hc, (4)
k

where y (yy) is the dipole moment between the ground state and exciton-excited state in SQD
(plasmon-excited states in MNP) [15].
In a rotating frame at the external field frequency w, the entire system Hamiltonian is given by

H = (wex — w)oz + Y_(wi —w)afax — Y [graxoy + (poy + pial)Eo + h.c.] (5)
k k

The full quantum dynamics of the coupled nanosystem can be derived from the following master
equation for the density operator

oo = —i[H,p] +¢s +¢6p, (6)
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with the Liouvillian terms, ¢g = (x/2) x (20p04 — poyo —oop) describes the decay of SQD
to Markovian reservoirs, x is the exciton radiative decay rate in SQD, ¢p = Y (7x/2) X

i
(2axpa; — pa; ax — a;" axp) describes the relaxation of plasmonic mode k with decay rate ;.
Based on Equation (6), the expectation values < a;y >, < ¢ > and < 0; > satisfy the

following equations,

0} mp(w) <o >] = 1) g <ap > —)_m(w)(gf < o > +ufEy), 7)
k K K
i0) <0 >= (Wex —w —ik/2) <0 >+2 <0y > () gk < ax > +uko), (8)
k
i0; < 0y >= —ik(< 0y, > 41/2) — [< oy > () gk < ax > +pEg) —c.c, )
k

where m(w) = 2gx/[2(wy — w)i + v¢], and < o > represents the probability amplitude of the
transition from the ground state to the excited state. Because the above equations can not be solved
accurately, we have to resort to the steady state limit method.

In the steady state limit, using Equation (7) we have

Y gk <ap >=1)_ m(w)(gr <o > +ufEy). (10
% %

With respect to the quantization of the electric field Eynp induced by the MNP, the electric
field operator can be written as E(d). It can be split into two contributions E* (d) + E~ (d) evolving
with positive and negative frequencies, and uE*(d) = Y. gxa, [31], where < E*(d) >= Eynp,

k

and Epnp = Ejoc + Epor, Ejoc = (sa'yR3Eo)/(seff1d3) comes from surface charges of the MNP induced
by the external field. E,y = (us2yR3P*)/ (sefflseffzdé) is the effective electric field produced by
the dipole polarization in the MNP induced by the effective dipole of the SQD, P* = u < ¢ >,
eeff1 = (es+2¢0)/(3e0), eefr2 = (€5 +2¢0)/3, v = [em(w) — €]/ [em(w) + 2e0], €5 and ey (w) are
the dielectric constants of the SQD and the MNP, respectively. s, = 2(—1) for the exciton-dipole
orientation parallel (perpendicular to) the axis of the hybrid nanocrystal complex of the SQD and the
MNP [11,12]. Therefore, using Equation (10) we have

22,03 3
. " " uosyYR® <o > usyy1R°Eg
1 E T (w <o>4uEy = + . 11
k k( )(gk ]’lk 0) gefflsgffzdé ggfflda ( )

Further, ¥ pim(w) = —ipC(w), Lgim(w) = —iG(w), where C(w) = (saYR3)/(eefp1d?),
k k
Glw) = (y25§7R3)/(hsefflseffzdé). Since w is arbitrary, we have

= sy [ _ 3
= , - = hs R . 12

The above equations show the quantum-semiclassical relation. If only one plasmon mode in the
MNP is considered, the expression of the coupled strength between the SQD and the MNP can be
obtained by the derivation, as illustrated in Ref. [32]. Considering the multiple-modes field, Zhang and
Govorov establish the quantum-semiclassical relation for revealing the optical properties of the coupled
SQD-MNP system under the quantum description [15].
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We try to treat the density operator for obtaining the reduced density operator of the
SQD. Firstly, we take a time-independent unity transformation ¢’ on the density operator p,
where s = ¥ [ (w,, )axoy + 71 (w, )a; 0], so that g = e’*pe ™.

k

0ip = —i[eHe ™,p] + e'*cge™™ + eisgpe_is. (13)

For the mathematical expansions of ¢S He 'S, i c ge’s, eisg pe’is, we can neglect the terms of order
O( gi) and higher. In order to obtain the reduced density operator of the SQD ps = Trp[0], we assume
that the multi-mode plasmon field can be consider as a thermal reservoir and the reservoir variables are
distributed in the uncorrelated thermal equilibrium mixture of states [33], < ak*a | >= nydy;, where the
thermal average boson number (1;) ! = exp|[(hwy)/ (kgT)] — 1, kp is the Boltzmann constant, and T
is the temperature. At room temperature T < (hwy)/kp (hwy ~ eV), so np < 1.

In the subsystem of the SQD, the master equation can be written as

dips = —i[Hs,ps] + s, (14)

where,
Hs = (wgy = @)oz = (poEoos + hic), (15)
ls =(k0/2) x (2op04 — poyo — 0 0p), (16)

where ng = Wex — Gr(Wex), k9 = &+ 2G1(Wex), po= u[1+ C(w,,)], Gr(wex) and Gj(w,y) are

the real and imaginary parts of G(w,y), respectively. We note that the exciton energy shift and
the reduced lifetime of the SQD are related to the exciton energy. I'yy = 2G(wex) represents the
non-radiative decay rate that can be decomposed into different contributions for each plasmon mode,
ie., Ty = % gk [*7k/ [(wk — wex)? + 72 /4] [14]. We can see that the transformation treatment can reveal

the optical phenomena induced by the plasmon field which have been reported experimentally.
Another treatment approach to obtain the reduced density operator of the SQD can be implemented by
using the effective time evolution superoperator in the Heisenberg picture [34]. In a two-level system
driven by an external force, the approach can also be used to obtain the effective Hamiltonian [35].

Figure 2 shows the energy shift, the modified decay rate as a function of the distance for a
given exciton energy. Here, we consider a Au nanoparticle with radius R = 10 nm. Its dielectric
constant is e (w) = &, — wy/[w(w + in)] with &, = 9.5, hwy, = 9 eV, hy = 0.07 eV [36]. And 5, = 2.
The dielectric constant of the background medium is g = 1.8 (water), and the SQD &g = 6. For the
decay rate and the dipole moment of the exciton, we take ¥ = 1 GHz and p = ery with ry = 0.65 nm.
Because the exciton energy are related to the generation of plasmon field, it has important influence
on the exciton-plasmon interaction which causes the exciton energy shift. As shown in Figure 2a,
the exciton energy shifts for the exciton energy 2.5 eV and 3 eV are different for a same distance.
However, another obvious phenomenon is that the decay rate of the exciton increases as a result of
the exciton-plasmon interaction. The non-radiative decay rate induced by the MNP is increasing with
the decreasing distance, and it depends strongly on the exciton energy [3] as illustrated in Figure 2b.
Especially for a short distance, the non-radiative decay rate is much larger than the radiative decay
rate, which causes a pronounced decrease of the exciton lifetime. The modified decay rate have been
reported by observing photoluminescence spectra [37,38].
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Figure 2. (a) The energy shift; (b) the modified decay rate as a function of the distance for
hwey = 2.5,3eV.

3. Optical Response of a Hybrid Molecule Including a SQD and a MNP

We consider the response of the entire system to the presence of a laser field Ej. The optical Bloch
equations of the SQD are given by

0tp22 = ipoEop21 — iugEg 051 — K0p22, (17)

o1 = i(wly — w)p21 + ipGEG (202 — 1) — kop21/2, (18)

where py; =< ex|ps|lex >, p11 =< 0|ps|0 >, po1 =< ex|ps|0 >, p11 + p22 = 1. In the steady state limit,
we set the left hand side of Equations (17) and (18) to zero.

_ 2Im{psEge3]

o = SO (19)
oyt = #oEg (1 —202) 20)
(Wl — w) +iKy/2
For a weak laser field py» < 1,50,1—2p02» ~ 1,
|1oEol?
= . (21)
P22 (W —w)2+x3/4
For a strong laser field,
E, 2
o2 = o |1oEol (22)

Wl — w)? + 13 /4+ 2|ugEo|?

The total energy absorption rate takes the from Qi = Qs + Qum, Where Qs = hweykp22/2,
QM = Y hwpye < a;rak > /2. We combine Equations (10), (12) and (22) to obtain the equations
k

|A + Fg|? + F?
A% +1

Qm(d) =Q AA+1)

,Qs(A) (23)
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where Q = %(wk7k|ﬂk|z|EO|2)/{2h[<wk — W+ /4 A = (wg — w)/\[15/4+2|poEol?,

FRr = (9]/{R)/Q/K%/4+2|VOEO|2, Fr = \/[9[41—Ko/Z]Z+2|]/10E0|2/\/K%/4+2|]/10E0|2,

M= \/y%{ + y%/\/xg/él +2[poEol?, Ho = pRr + it &k = O, 0 = (usa)/ (heerpod®) is a real number.
Using Equation (12), we can obtain

w|Eo|*R* Im[ep(w)]
Q= 2
6|Seff1|

(24)

To estimate the response of the system to a laser field, we take fiwey = 2.5 eV and d = 50
nm. Other parameters are the same as those of above section. Figure 3 shows the response of the
entire system to a laser field. The total energy absorption rate includes two parts coming from the
SQD Qg and the MNP Qy, respectively. The Fano effect of the system is caused by Qp; that has a
Fano factor F [23]. When the laser intensity is 1 W/cm?, a steep and symmetrical peak of the total
energy absorption rate near fiw = 2.5 eV shows the absence of the Fano line profile. However, in the
strong laser field (1000 W/cm?) the Fano effect appears as shown in Figure 3b. With the increasing
laser intensity, the Fano effect becomes more pronounced because the Fano factor is a function of
the laser intensity (see its expression). In Ref. [15], Zhang and Govorov compare Fano effect of the
semiclassical theory with that of the quantum theory in the strong field, and show the difference
between them. In a system consisting of two-level quantum emitter and one-dimensional coupled
resonator waveguide, Zhou et al. illustrate a Fano-like line shape in the reflection spectrum of the
resonator [39]. By controlling the quantum emitter, they show that Breit-Wigner-like line shape appears
while Fano-like line shape disappears. This work can help to the study of Fano effects in the coupled
emitter-resonator system.

Now, we consider a strong laser field E; and a weak laser field E;, simultaneously presented in
the system, i.e., Eg = Es+ Epe ™, ws = w, wy = w + 6, |Es| > |Eql. According to Equations (14)—(16),
we have

ap = li(w — wh) —x0/2]p — iupoEow, (25)
drw = —xo(w + 1) + 4Im[ugEqgpl/ (26)

where p = p12021, w = p2 — p11. In order to solve the above Equations, we make the ansatz [40]:
p=rpotpie+p e w=mw+wie +w e? and [po| > |pil, lp-|, [wol > |wil [w-|
Upon substituting these equations into Equations (25) and (26), we have

0 = [i(w — wd) — Kko/2]po — inpoEswo, (27)

—i6p4 = [i(w — wd) —x0/2]p+ — ippo(Eswy + Ewwy), (28)
iop_ = [i(w — ) —x0/2)p— — inpoEsw—, (29)

0 = —xop(wo + 1) +i2(poEspy — HoEs po), (30)
i0pw— = —xopw— +i2(poEsp’, — uoESp_ — poEwpy)- (31)

After the mathematical calculations, we can obtain the solution for p4 as

_ HopELH(8)wo

P+ T/ (32)

where,

D(6) = 4|poEs|*(6 +ixg/2) + (8 + ixg) [(w — wd) — & — ixg /2][(w — wO) + 6 +ixg/2],  (33)
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. , 2|poEs|*s
H(6) = (6 + i) [(w — w¥,) — 6 — ixg /2] + Wg d - , (34)

(W — wex) —ixg/2
0324 ,2
W — Wey) tK5/4
wy = — ( 0 5 BXZ) 0 5 (35)
(w — wex)"+x§/4 4 2|poEs|

Here, p5, = (wo+1)/2 and p%, = 2Im[uiE;p+]/(uxy) represent the contributions of

strong field and weak field to the exciton population, respectively. It is obvious, p3, > p5,.

Using Equation (32), the energy absorption rate of the SQD for the weak laser field can be expressed as
Q¥(0) = hwyrIm[K], where

K = |]’10Ew|2w0

. . 2 Es 25
W X {(5+1K0)[(ws—w8x) — 0 —ixg/2] + |noEs|

[(ws - w(e)x) - iKo/Z}

12 (36)
However, the energy absorption rate of the MNP is given by

QU () = (Wt OBl RoImler(wotd)] o b= O+ [0p —x/ 2 +2]oEu

. 37
STeersi [l —cws 0P +#2 /At 2uoEa? 57)
a) TR ]
—_ Qtot < oy
=T S T
"o 248505 250000250001
. 3F ho B
c
0
e
(]
[72]
Q.
<

(=2
~

Apsorption (10" w)

0

2.49990 2.49995 2.50000 2.50005 2.50010

fiw (eV)

Figure 3. The energy absorption rate (Q:t, Qpr, Qs) as a function of the laser energy. (a) For a weak
laser (the laser intensity is 1 W/cm?). Inset shows a population difference in the weak field regime;

(b) For a strong laser (the laser intensity is 1000 W/ cm?). Inset shows a population difference in the
strong field regime.
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Figure 4 shows the energy absorption rate of the SQD (Q¥ (9)), the MNP (Q%,(4)) to the weak laser
field when ws = wey, g = €5 = 12 and d = 30 nm. Other parameters are the same as the above section.
In solid state system, controlling light with light helps to implement various optical processing devices.
In the hybrid SQD-MNP system, in principle we illustrate that the energy absorption rate of the system
to the weak laser field can be tuned by the strong laser field. Here, we focus on the response of the
system to the weak laser field. In Figure 4, the sharp peak in the middle (the red curve) represents
the energy absorption rate of the MNP to the weak laser field. The other three peaks (the black curve)
corresponding to three quantum transitions as shown in inset illustrate the energy absorption rate
of the SQD to the weak laser field [40]. Their corresponding transition frequency can be tuned by
the strong laser intensity. For instance, the frequency w3 = w;s + Q) (corresponding to the second

peak with number 2), where () = \/(ws — w)2 + 4(|puoEs| /1)? depends strongly on |Eg|%. So, it is
possible to control the optical absorption to weak laser field with strong laser field in the coupled
SQD-MNP system. The optical property of the coupled SQD-MNP system may be applied in the
optical processing device in the future.

The above discussion is under the quantum description for the exciton-plasmon interaction.
In what follows, we compare the quantum description with the semiclassical description. In Ref. [41],
Lu and Zhu investigated the hybrid SQD-MNP system in the presence of a strong pump field and a
weak probe field under the semiclassical description, and revealed slow light effect appeared in this
system. However, electromagnetically induced transparency (EIT) is often exploited to implement
slow light [42].

Here, we study the energy absorption rate of the SQD to the weak laser field under both
semiclassical and quantum descriptions with the same parameters in Figire 4. In Figure 5, the red
thick curves (the black thin curves) represent the results of the semiclassical (quantum) description for
different distances d = 30,50, 100 nm. When d = 30 nm, the result of quantum description deviate
significantly from that of semiclassical description. However, the deviation becomes slight with the
increasing distance. In Figure 5c the results of the two descriptions are identical when d = 100 nm.
We note that the increase of the distance produces little difference to the result of the semiclassical
description. In contrast, the result of the quantum description has a huge change, especially for the
short distance. The rapid change is caused by the strong exction-plasmon interaction. Quantum
description can pave the way for the investigation of the optical properties induced by the strong
exciton-plasmon interaction.

0.08 |- .

‘F------[Q w
SREN O
oos |~ HFRRE 1
— o
- s ol o
; a)l_a).s=a)dx
S 004 @ -
=} 0,=0,+Q0,=0,-Q
-
z s
O (wl i

Q’,
0
» =

0.00

-0.02 1 U 1y L1 )
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

78 (meV)

Figure 4. The energy absorption rate of the SQD (Q¥ (4)) and the MNP (QY,(9)) to the weaklaser field.
Inset: Quantum transitions of SQD’ subsystem corresponding to the three absorption peaks.
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0.04 ———1——7——7— 0.01
a) [ |— Semiclassical ] b)
0.03 | Quantum 4 o000 W
I ] d=50 nm
0.01 -0.02 -0.01 0.00 0.01 0.02
B
s 716 (meV)
o
-
S
2 »n
(¢} 0.01
c)
OAOO—W
d=30 nm 1 d=100 nm
N PR TR B S | Ny
0.02 .0.02 -001 000 001 0.02 0.01 -0.02 -0.01 0.00 0.01 0.02

Figure 5. The energy absorption rate of the SQD under the both quantum and semiclassical descriptions
for different distances d = 30 (a),50 (b),100 (c) nm.

4. Quantum Entanglement of Two SQDs Induced by a MNP

Recently, the coupling among SQDs mediated by surface plasmon field has received increasing
attention [22,43]. Here, we consider two SQDs in the vicinity of a MNP. Each SQD consists of
the electronic ground state |0) and the first excited state |ex). They interact with surface plasmon
field in the MNP. Firstly, we need to quantize surface plasmon field based on the cavity quantum
electrodynamics. Recently, a good deal of work had been devoted to quantize surface plasmon field
in the metal [14,18,19,44,45]. surface plasmon field in the MNP can be considered as a multi-modes
field. After the second quantization of surface plasmon field, the Hamiltonian can be written as
Hp = %wka,jak [18,19], where wy is the frequency of surface plasmon field mode k, a]:r(ak) is the

creation (annihilation) operator of surface plasmon field mode k. Next, we consider the interaction
between each SQD and surface plasmon field modes. We assume that the coupling strength between
each SQD and surface plasmon field is identical for simplicity. The interaction Hamiltonian, under the
rotating-wave approximation, can be written as H;,;; = — % (8kaxo +gia; o) [14,30], where g is the

coupling strength between each SQD and surface plasmon field mode k, oy =0 + 02,0% = |ex); (0|
is the raising operator of the ith SQD. Therefore, the Hamiltonian of the entire system can be written as
(n=1)

H = wex (07 +02) + Y_[wra) ax — (garo  +85a; )], (38)
k
where of = (1/2) x (|ex); (ex| — |0), (0]). The full quantum dynamics of the coupled nanosystem
can be derived from the following master equation for the density operator 9;0 = —i[H, p] + gsop +
Gspp, with the Liouvillian terms [32], ¢sop = (x/2) x Y (Z‘Ti—P‘Ti — paﬂrai — Uiaip) describes
i=12

the decay of each SQD to Markovian reservoirs, « is the exciton radiative decay rate in SQDs,
cspp = Y(1k/2) x (2axpa; — pa a — af ap) describes the relaxation of surface plasmon field mode k

i
with decay rate 7. Next, we take a time-independent unity transformation e** on the density operator,
where s = %(nkakai—l—n;:a,jal), Tt = 28k / (Vi + 2i6k), O = Wk — Wex, s0 that p = epe . If |71y < 1,
i,
the second-order term remains, and the higher-order terms can be ignored safely. Thus, for the
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reduce density operator of SQDs, we have dipsqop = —i[Heff, psop] + gISQD/ where psop = Trp|p].
The effective Hamiltonian to reveal the exciton energy shift and the coupling among SQDs is given by

Heff = (wex —1o) (0 +07) —(c}o? +clo}), (39)

where 179 = 1 + 28|gk|25kﬁk/(fy,% +402), 1 = < afag >, = Z4\gk|25k/(45,% + 72) is the coupling
k k

strength among SQDs induced by surface plasmon field modes. At low temperature, 7, < 1, so that
o = 11. The dissipation term is given by

¢sop = (Tij/2)x Y (20 psope?, — oo’ psgp — psgpeo’), (40)
ij

Iij=x+2tifi = I;; =2tifi # j, where 7 = 22|gk\2'yk/(4§]%+'y,%). We note that a
k

cross-decay rate 27 between the two SQDs appears and the exciton lifetime decreases because of
the presence of surface plasmon field field. The cross-decay rate represents the nonradiative decay
rate that can be decomposed into different contributions for each surface plasmon field mode, i.e.,
27 = T p [14]. According to the quantum-semiclassical correspondence, we have 17 = Re[G(wex)],
T = Im[G(wey)].

Our method to treat the Hamiltonian is similar with Schrieffer-Wolff transformation which
can be used in cavity (circuit) QED system [46]. Circuit QED system has been received extensive
attention in recent years. Superconducting circuits in circuit QED system exhibit macroscopic quantum
coherence. So, it can behave like artificial atoms, which can be investigated by cavity QED theory.
You et al. have presented a brief overview of the latest progress in this rapidly advancing field [47,48].
Superconducting circuits can interact with other quantum systems such as atom, spin etc., in order
to implement some hybrid circuits [49]. Hybrid circuit fabricated on a chip is crucial for building
future quantum technologies, including quantum simulators [50,51], and quantum computers [52].
In cavity (circuit) QED, when the decay rate of cavity mode is very small as compared to the detuning
between the cavity mode frequency and the transition frequency of qubits so that it can be ignored
safely, the effective Hamiltonian can be obtained by using Schrieffer-Wolff transformation [53,54].
Under the treatment of Schrieffer-Wolf transformation, one can obtain 7 = Y | gk|2 /6, T = 0. Butitis
well-known that the decay of surface plasmon field is too large to be ignored in the coupled SQD-MNP
system. Taking this fact fully into account, our method is suitable for revealing the exciton energy shift,
the modify decay rate and the coupling strength among SQDs.

When the distances between every SQD and the MNP are not equal (d; # d2), we need
to make a modification for the expression of two parameters 7, 7. If one of the two distances
changed, the expressions of the cross-decay rate and the coupling constant between the two
SQDs need to be modified. As mentioned above, gy ~ d~3. The expression of the cross-decay
rate and the coupling strength can be rewritten as Im|[G(wey)] and Re[G(wey)|, respectively,
where G(wex) = [1(sa)* R3]/ [hege? : fldi’dg]. However, here, we assume that d; = d, = d for simplicity.
In the SQDs’ subsystem, we choose an adequate basic of SQDs’ subsystem, ie., |1) = |0,0),
2) = (1/v/2) x (Jex,0) + [0,ex)), |3) = (1/v/2) x (|ex,0) — |0,ex)), |4) = |ex, ex). The four collective
states are the eigenstates of the two coupling SQDs. The master equation of the SQDs’ subsystem is
given by

3 = —i[H', p] + Lsqp, (41)

where H' = —(wex — 1) [1) (1] = 11 |2) (2] + 17 [3) (3] + (wex — 1) 14) (4], Tsop(p) = [(k +47)/2] x
2(12) (4] + [1) (21)p(14) 2] + [2) (1]) — (12} (2] + |4) (4)p — p([2) (2] + [4) (4])] + (x/2) x [2(]1) (3] -
13) (4])p(]3) (1] — [4) (3]) — (I3) (3] 4+ |4) (4])p — p(|3) (3| + |4) (4])]. It shows two dissipated channels.
The first term describes dissipation through one cascade channel [4) — |2) — |1) with fast decay rate
& 4 47. The second term describes dissipation through another cascade channel |4) — |3) — |1) with
slow decay rate x.
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In order to illustrate the coupling of the two SQDs, we analyze the following two
parameters: (1) The probability of the two SQDs being in the state |i), Pi(t) = p;;(t),
for i = 1,2,3,4. (2) The concurrence for quantifying entanglement of the two SQDs,
C(t) = \/ [022(F) — p3.3(1)]* + 4Im[oo3(£)]* [22,55]. Here we use the above parameters, and take
d =18 nm.

If the initial state of the two SQDs is prepared in a product state |ex,0), only two dissipation
channels |2) — |1) and |3) — |1) should been considered (see inset of Figure 6). As shown in Figure 6,
with the decrease of P;(t) and P;(t), the probability of two SQDs in the state |1) increases. At about
t = 0.14x !, the concurrence of two SQDs reaches the maximal value. In the figure of the concurrence,
a weak oscillation is presented as a result of the coupling of the two SQDs.

100 . T T T
€ sof
o I
2 60f
e 4o}
2
o I
o 20|
I P,
0 } } t $ =
106 &5
) [}]
q0.4 2
E [
P =
02 5
| =
T T T T 0.0 o]
0.0 0.2 0.4 0.6 0.8 1.0 ©
kt

Figure 6. The probability of each state, the concurrence of the two SQDs as a function of time when
the initial state of the two SQDs is the state |ex,0). The inset shows the dissipation channels of the
two SQDs.

Another case is that the initial state is in the state |ex, ex). Figure 7 shows the probability of each
state, the concurrence as a function of time. It is surprising that the two SQDs being in their excited
states can be entangled for a long time. Only at about ty = 0.51x ! the concurrence is equal to zero
(see the figure of the concurrence); and P»(ty) = Ps(tg) (see the figure of probability). This is because
two entangled states |2) and |3) make a product state |ex, 0) or |0, ex). The absence of the oscillation
in the figure of the concurrence implies that the coupling of the two SQDs can not play a role in the
creation of the concurrence. Moreover, a stationary state with a high concurrence can be achieved
by continuous pumping [22]. Our results illustrated that the plasmon field of a MNP can lead to the
entanglement of two SQDs. Furthermore, an array of metal nanoparticles can be used to generate the
entanglement of two SQDs, which has been reported by Lee et al. [56]. The entanglement generated
between two SQDs is because of the energy transfer via the array of metal nanoparticles. Interestingly,
an array of cavities can be considered as a quantum way to transfer energy, which can be exploited to
implement single-photon transport [39,57-59].
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Figure 7. The probability of each state, the concurrence of the two SQDs as a function of time when
the initial state of every SQD is in their excited state. The inset shows the dissipation channels of the
two SQDs.

In this hybrid system, a pump laser field Ey = Ee~*f + c.c. can be used to excite the two SQD,
as illustrated in Figure 8.

Figure 8. Schematic illustration of a hybrid molecule consisting of two identical SQDs (SQD 1 and
SQD 2) and a MNP in the presence of the pump laser field Ey. Inset shows quantum transitions
(including photon-induced transition and coupling-induced transition) in the hybrid molecule.

The total Hamiltonian can be written as

H = hwex0z + h Sy (wiay ag) — b o (8kaxot + giaf o) — {[(n/eesp)or + Le(pial )|Ee ! + he},  (42)

where 0, = o + 02, i (1) is the dipole moment between the ground state and the excited exciton
state |ex); of SQD (the excited plasmon state |k) of MNP), e,rr = (&5 + 2¢0) /3¢ is the screening factor
with &5 being the dielectric constant of SQD.

Based on the master equation of this hybrid system, the expectation values Ay, B and (a4} a)
satisfy the following equations

hot Ay = *ih(wk*(U*i')/k/Z)Ak+l'(hg;gB+H;:E), (43)

hoy(a ar) = —hy(al ax) — i[A(hgiB* + uiE) — c.cl, (44)
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where Ay = (ae’!), B = (0e'“!). The above equations can not illustrate the dynamics of the entire
system, but show the correspondence among some expectation values. In the steady state limit,
making use of the above equations we have Ay = (ig; B + u;E)/h(wy — w — i /2).

We now can take a time-independent unity transformation on the orignal master equation.
The master equation of the SQDs” subsystem can be written as (2 = 1)

dips = —i[Hs, ps] +¢s (45)

where '
Hs = wyoz + Go(oto? +0'o?) — (uoEore ! +c.c.), (46)
gs = Y (Tij/2) (20 pso, — o'olps — psa o), (47)

ij=12

Wy = Wex — Gr, po = p/eeff + Cwex), T11 = Top = Ko, [12 = Tp1 = %1, GR = Re[G(wer)],
Gr = Im[G(wex)], ko = k+2Gy, k1 = 2G;. The above master equation illustrates the coupling
of two SQDs (the coupling constant Gy = —Gg). The quantized plasmon field produced in the
MNP plays the platform of Forster energy transfer between two SQDs [60]. The master equation
derived by the quantum transformation method is in good agreement with that of Ref. [22] which
describes the interaction between two qubits mediated by one-dimensional plasmon field. In the
SQDs’ subsystem, we choose an adequate basic, i.e., [1) = [0,0), [2) = (|0,ex) + |ex,0))/V/2,
13) = (]0,ex) — |ex,0))/+/2, |4) = |ex, ex). Based on Equations (43) and (44), the exciton population
M satisfies the following equations

;B = *i{[wo —w — i(Ko + K1)/2] + GRB(M — 1) — ZploE(M — 1)} (48)

M = —(xo + )M — i(ugEB* — c.c.) (49)

Based on the above equations, we can obtain the steady-state solution B = 2Qy(M — 1) /(K — i),
where K = 2[(wex — 2GR — w) + MGR]/ (ko + 1), Qo = 2uoE/ (k9 + x1). The exciton population M is
determined by the following equation

(K2 4+1)M+ 2|2 (M —=1) =0 (50)

We exploit a quantum transformation to reduce the direct coupling between SQDs and MNP, so
that their coupling are mainly included in the terms of high order which can be neglected for obtaining
the master equation of SQDs’ subsystem. This is a transformational decoupling treatment. After the
treatment, however, the SQDs’ subsystem is not considered as a closed system because the obtained
steady-state solutions, such as M, have included “information” of the plasmon modes of MNP.

The energy transfer between SQDs and MNP occurs in the hybrid molecule [5,61,62]. The exciton
energy can be transferred from SQDs to MNP, and then converted into heat [3,6]. The energy absorption
rate of MNP, Qpr = Y% Flwk'\n{(ak+ ax) /2, can be obtained by Equation (45). In the steady-state limit,
Combining Equations (46) and (47) we have

_ |gkBI* + |nkE[* /1 + 2Re(g; i B)

aa 51
(@ o) (wp —w)2+92/4 1)
Since gy = Oy, (6 = psa/ (hepe,fd°) is independent on the index k), we can obtain
K—qr)*+ (g1 +1)*
O = Qg x KR+ (@ +1) 52)

K241 ’

where Qo = Yy wiyi|pk[PE>/ {20 (wy — w)? + 7% /4]}, qr = Relq], g1 = Im[q], g = 46(1 — M)uo/ (ko + K1).
Based on Equation (12), Qy = Im[wG(w) /6% = weoIm[y]|R3E?/2 [15]. Equation (52) shows a Fano



Sensors 2017, 17, 1445 15 of 26

function [23] with the generalized field-dependent complex Fano factor which includes both the
nonlinear and dephasing effects [15]. However, the energy absorption rate of SQDs’ subsystem is given
by Qs = fiwexkM/2. As an example, we consider a Au MNP with radius R = 7 nm, and its dielectric
constant is ey (w) = &, — w/[w(w + in)] with e, = 9.5, hw, = 9 eV, lip = 0.07 eV [36]. The dielectric
constant of the background medium is gy = 2 (polymer), and &; = 7.2 (CdTe). And s, = 2. For the
decay rate and the dipole moment of the exciton, we take ¥ = 2.5 GHz, and u = erg with rp = 0.65 nm.

Figure 9 shows the nonlinear Fano profile in the energy absorption spectrum of MNP in the strong
pump laser field (Ip = 800 W/ cm?). The Fano interference refers to three states [24], i.e., the common
ground state |1), an entangled state |2) and an infinite collection of extended states |k). As shown in
inset of Figure 9, there are two optical excitation transitions (|]1) — |2) and |1) — |k)) and one coupling
transition (|2) — |k)). Two optical pathways (path 1 and 2 in inset) can be found to generate the
continuum of states |k). Constructive or destructive interference between two pathways, depending
on the energy difference between quantum transition (fiwy = hi(wex — 2GR) represents the quantum
transition energy between |1) and |2)) and the pump laser (fiw), give rise to the nonlinear Fano effect
(see Fano function in Equation (52)).

interference
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Figure 9. The energy absorption rate of the MNP as a function of the energy difference fi(wy — wex)
with the pump laser intensity Iy = 800 W/cm?. Inset: Quantum interference pathways to excite the
plasmon states |k) in the hybrid molecule in the steady-state limit.

The total energy absorption rate of the entire system is given by Qo = Qp + Qs. In the weak
field regime, the linear Fano effect appears in the total energy absorption spectrum. Figure 10a,b shows
a symmetric peak with the broadening 1.8 neV (3.1 peV) as the pump laser intensity Iy = 1 W/ cm?
(10 W/cm?). The exciton population M < 1 in the presence of weak pump laser field so that the
Fano factor gg >> 1, which lead to the appearance of the symmetric peak profile [23]. However,
the asymmetric Fano profile becomes more and more pronounced as the pump laser intensity increases.
As shown in Figure 10c,d, we can see the obvious nonlinear Fano effect as a result of the Fano
interference. A strong pump laser field creates a large exciton population in SQDs’ subsystem which
give rise to the appearance of the nonlinear Fano effect. We find that the exciton population, which
depends on the pump laser intensity, is a important factor in the determination of Fano profile.
The entangled state |2) is a state in one of the two optical pathways that create Fano effect, which gives
us a motivation to connect Fano profile with entanglement of two SQDs. Concurrence for quantifying
entanglement of two SQDs, can be expressed as C(t) = /[022(t) — p33(t)]2 + 4Im[pa5(t)]? [22,55].
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Figure 10. The total energy absorption rate as a function of the energy difference fi(wy — wex) with
different pump laser intensity Iy, (a) 1 W/ cm?; (b) 10 W/cm?; (c) 100 W/cm?Z; (d) 1000 W /cm?.

Figure 11 plots the steady-state concurrence versus the energy difference 1(w, — w) and the pump
laser intensity Iy. We see that the steady-state concurrence at resonance reaches the maximum value for
every fixed intensity. The pump laser intensity and the energy difference can be obtained by analyzing
Fano profile based on Figure 10. Combining the two important parameters with Figure 11, then, we
can evaluate the steady-state concurrence. Because the entanglement of two SQDs is determined by
both the pump intensity and the energy difference, according to the red region of Figure 11, we can
properly choose the two parameters to obtain the non-negligible entanglement. We can also see
that the steady-state concurrence at resonance reaches the maximum value for every fixed intensity.
Atresonance w;, = w, we plot the steady-state concurrence as a function of the pump intensity Iy. If the
pump rate is much slower than the life of the state |2) (corresponding to a very weak pump intensity,
such as 0.01 W/cm?), the state |2) can be hardly populated so that the populations of the states |2), |3)
and |4) can be neglected (the population of the state |4) is not more than that of the state |2) because of
pumping from |2) to [4)). This is the reason why the steady-state concurrence approximates to zero in
the presence of very weak pump intensity. Because the transition frequency w, from [1) to |2) is equal
to the pump laser frequency w (resonance, see the inset of Figure 12), the population of the state |2)
can reach the saturation with an appropriate pump intensity (whose pump rate is much faster than the
life of the state |2)). Compared to the former, a stronger pump intensity is needed for the population of
the state |4) to reach the saturation because of the non-resonance (see the inset of Figure 12) between
the pump frequency w and the transition frequency wjy from |2) to |4) (ws = wex). And the population
of the state |4) is connected to that of the state |3). With the increasing pump intensity, therefore, the
steady-state concurrence firstly increases to reach the maximum value, then decreases. When the
pump intensity is very large, such as 10000 W /cm?, the populations of the three states, |2), |3) and
|4) reach the saturation, and they are approximately equal so that the steady-state concurrence also
approximates to zero. From Figure 12, the steady-state concurrence reaches its maximum value at an
optimal pump intensity, about 10 W/cm?. However, the steady-state concurrence is small at strong
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pump intensity, such as 100 W/cm?, 200 W/cm?. So, at resonance we can choose an appropriate pump
intensity region for detecting the non-negligible entanglement.

Concurrence

Energy 7i(o, - ®) (neV)

10 100 1000
Intensity I (W/em®)

Figure 11. The steady-state concurrence versus the energy difference /i(w, — w) and the pump laser
intensity Ip.
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Figure 12. The steady-state concurrence as a function of the pump intensity Iy at resonance w, = w.
Inset: The energy levels of two coupled SQDs.

Entanglement exists in various physical systems, such as entanglement based on photons [63],
atoms [64], SQDs [43] and polymer molecules [65]. Quantum state tomography can be extensively used
to measure the entangled state [66]. However, it is challenging in experiment because many copies of
the measured states are necessary. The optical observation proposed by us, here, is a simple and feasible
approach to obtain information of entanglement. And entanglement remains after the observation.
The novel approach has potential to reveal entanglement in many solid-state systems. In Ref. [67], the
authors demonstrated the generation of entanglement between two distant qubits mediated by the
plasmonic waveguide, and proposed a scheme to detect the entanglement by measuring the cross terms
of a second-order coherence function. The correlations between entanglement and Fano resonance
have been reported by Chen et al. [68]. They investigated the Fano resonance of the scattering spectra
in a system consisting of a metal nanowire coupled to two colloidal quantum dots, and revealed that
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there exists correlations between the entanglement of the two QDs and the Fano resonance. In Ref. [69],
Buscemi et al. proposed that the production and detection of carrier-carrier entanglement in quantum
dot structures may be controlled by the manipulation of Fano resonances in the transmission spectra.

5. Fano Correlation Effect of Two MNPs Coupling to a SQD

We consider a hybrid molecule consisting of two identical spherical MNP (MNP a and MNP b)
with radius R and a spherical SQD with the vacuum ground state |0) and the a-exciton state |ex) in the
presence of an external field Eg = Ee ! + c.c.. The SQD is placed in the gap of the nanoparticle dimer.
The center-to-center distance between MNP a (MNP b) and the SQD is d,; (d). The entire system is
embedded in a dielectric medium with dielectric constant ¢y, as shown in Figure 13a.

a) MNP a MNP b
QD
. da . db
% o)
a ax b
‘k>a é <i> |k>b

7 -

Figure 13. (a) A QD is placed in the gap of two identical MNPs (MNP a and b) with radius R in the
presence of an external field, and their center-to-center distances are d,; and d;; (b) Quantum transitions

(including photon-induce transition and coupling-induce transition) in the hybrid molecule.

The Hamiltonian of the SQD can be written as: Hop = fiwex0z, where o, = (|ex){ex| — [0)(0[) /2.
The plasmon field produced in MNPs can be quantized as a multi-modes field [14,18,19]
Hy =hYy azk(a;“ak + blj by), where wy is the frequency of mode k, ai (by) is the annihilation operator of
mode k in the MNP a (b). If the distance between the two MNPs is very large compared to the radius R,
we can neglect the coupling between them, and only consider the coupling between the SQD and them
because of the strong exciton-plasmon interaction [19]. Based on cavity quantum electrodynamics,
the SQD can interact with the plasmon modes via the exchange energy. Under the rotating-wave
approximation the interaction Hamiltonian between the SQD and the plasmon modes of the two
MNPs can be written as [11,19] Hy,y = —h Yy [(g7a + g0bx) o + h.c.], where o4 = |ex)(0], g7 () is
the coupling constant of the SQD and the mode k in MNP a (b). In the excitation of an external field,
the driving Hamiltonian is given by Hext = —{[(1/¢.r7)0 + Li(pgax + ubby)]Eei“! + h.c.}, where p
(M VZ) is the dipole moment between the ground state and the excited state |ex) of the SQD (the excited
plasmon state |k); of MNP L, L = a,b), ¢, ff = (s + 2¢e0) / 3eq is the screening factor with ¢, being the
dielectric constant of the SQD. So, the total Hamiltonian can be written as

H = Hgp + Hym + Hint + Hext (53)

The full quantum dynamics of the hybrid molecule can be derived from the following master
equation for the density operator

ihdp = [H, p] +if(cop + Ga + Cp), (54)
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with the Liouvillian terms ¢op = (x/2) x (20p0y — 0 0p — poi0), 61 = Yy (7k/2) X (2LgpL — L Lp — pL L)
describe the various scattering channels of molecule decay, plasmon decay through Laudau damping,
and radiative decay [19].

Now, we define two bosonic operators Ay, By which satisfy the following linear relations:

ar A = ghax + gibr, BiBr = (89) ax — (1) bk, (55)

where [ax|* = |Bx|* = |g{[* + |g}|>. We can see [Ay, A[] = [By, B] = 0y, [Ay, B]'] = [A, Bl] = 0.
Therefore, the total Hamiltonian of the hybrid molecule can be rewritten as H = Hg + Hs + Hp,
where Hy = wex0z — {(4/€efp) 0Bt + hc}, Hy = h Y weAf Ap — R (ap Aoy + afAf o) —
{Cel(pist + migy) /e AxEe + hc.}, Hp = h ¥ wiBy By — {[(nig) — migt)/ Br]BrEe' ! + h.c.}.
From the above Hamiltonian, the bosonic system By can be considered an individual system because it
does not interact with both the SQD and the bosonic system Ay. Thus, we only need to deal with the
interaction between the bosonic system Ay and the SQD.

The energy transfer between SQD and MNPs occurs in the hybrid molecule [5,61,62].
Strong coupling between SQD and two MNPs can give rise to the change of optical properties of
SQD. For studying optical properties of SQD, we need to obtain the reduced density operator of the
SQD. We now take a time-independent unity transformation e®, s = Y . [71?;(‘ (ng)A,:r(T — 70 (wex ) Ax0+],
T (Wex) = a/ [wi — wex — (7% /2)], on the density operator p so that p = e °pe’. Combining with
Equation (54), we have iid;p = [e"*He®, p| + ihe™*(gop + Ga + Gp)e°. In the mathematical expansions of
the above equation the coupling between the plasmon modes and the SQD mainly appear in the terms
of order O(g?) and higher. We can neglect these high order terms for obtaining the reduced density
operator of the SQD po = Trp[0]. We assume that the plasmon modes can be consider as a thermal
reservoir and the reservoir variables are distributed in the uncorrelated thermal equilibrium mixture of
states [33], (L, L;) = 7FJy,;, where the thermal average boson number (1)~ = exp[(hiwy) / (kpT)] —
kg is the Boltzmann constant, and T is the temperature. At low temperature, 7 < 1. So, the master
equation of the SQD can be written as (7 = 1)

dpg = —i[Hg,pol + 60 (56)

where
Hg = woos + (poEce'™! +c.c.), (57)
6o = (0/2)(200q04 — 0000 — PQU+0), (58)
wy = Wex — Lylaxrty (Wex) + af i (wex)]/2 shows the shifted exciton frequency, kg = x +
Ykl 7ty (wex) — ag7ti(wex)] represents the modified exciton decay rate, and pg = (p/e.fr) +

Yk (uigh + ubgb*) / [wy — wex — i(7x/2)]. It is well known that the parameter g%(g?) is related to the
distance d,(d}), and pf = yZ = i because of the identical MNPs. Based on the quantum-semiclassical

correspondence [11,25-27], we have Y |gF|?/ [wy — wex — i(74/2)] = 'y(wex)(ysa)zRW(hsosszd(’)

Y(wex) = [em(wex) — €0]/ [em(wex) + 2€0] and g,% = Orpg, where ) = ys,x/(hsosefde) is the
real number. So, we can obtain wy = wexr — Re[G(wexr)], po = (H/ecff) + Clwer), k0 =
K+ Knrmetalr Knrmetal = ZIm[G(weX)]/ where G(ng) = ’Y(wex)(ysﬂt)zR3(dlz_6 + db_é)/(hgoegff)f
Clwex) = y(wex ) uSaR3(d; % + d;, ) /ecff-

We note that «,, yeta1 = [Z(ySN)ZRS‘/(erosﬁffdgff)} X Im[7y(wey)] represents the non-radiative
decay rate of SQD as a result of the exciton-plasmon interaction, where the effective distance between
the SQD and the two MNPs de_f?[ =d, % +d, ®. And the energy transfer time between the SQD and the
MNPs can be defined as Tur = 1/%yr metar [70]. With the increase of the effective distance d, ¢y, the energy
transfer time becomes longer. In what follows, we consider two identical Au nanoparticles with radius
R = 15 nm and a CdTe QD with r = 3.75 nm, &5 = 7.2, the exciton energy fiw.y = 2.5 eV, and the
exciton lifetime 79 = 20 ns [1]. The dielectric constant of gold is € (w) = €, — w}/[w(w + if7)] with
ey, = 9.5, hwy, =9 eV, iy = 0.07 eV [36]. We take g9 = 2 (polymer), 4 = 0.65¢ nm. The exciton-dipole
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orientation parallel to the axis of the hybrid molecule s, = 2. In Ref. [70], Govorov and co-authors
illustrate that the dipole approximation is in agreement with the exact approach for the energy transfer
time when the distance d;, > 3R (L = a,b). Under the dipole approximation, here in Figure 14, we plot
the energy transfer time 7, as a function of the effective distance d, s in the hybrid molecule. We can
see that the energy transfer time between the SQD and the two MNPs depends strongly on the effective
distance between them. The effective distance includes two distances, d, and dj,.

Energy transfer time t__(ns)
o
T
L

0.01 ¢ 1 1 1 1 1 1 3

1
40 50 60 70 80 90 100

Effective distance d  (nm)

Figure 14. The energy transfer time between the QD and the two MNPs as a function of the effective
distance d,f.

The optical Bloch equations of the SQD are given by
0122 = —2Im[ugEp27] — K022, (59)

01021 = i(wo — w +ixo/2)pa1 + ipgE* (2022 — 1), (60)

where p2p = (ex|pglex), pa1 = (ex|pp|0)e™". According to the above equations, we can obtain the
steady-state solutions

|HoE[?
wo — w)? + k3 /44 2|ugE?’

P22 = ( (61)

(wo —w —ixg/2)u{E*
wo — w)? +«3/4+ 2|uoE*>

021 = ( (62)

The SQD absorbs energy by the creation of an exciton. The absorbed energy comes from three
channels, i.e., the external field and the two MNPs (MNP a and b). The energy absorption of the
SQD depends strongly on the distances between the SQD and two MNPs. Thus, it is related to the
position of the SQD in the gap of the nanoparticle dimer. The energy absorption rate of the SQD is
given by Qop = fiwexp22/10. Figure 15 plots the energy absorption rate of the SQD as a function of
the energy difference fi(wex — w) for the distances (d,, dp) in a strong external field (the intensity is
Iy = 1000 W/cm?). We can see that the energy absorption peak represents the exciton energy shift
because the exciton-plasmon interaction can give rise to the modification of the exciton energy. In many
reports, authors have investigated an ideal theoretical model in which the distances between SQD
and two MNPs are equal (d, = d;) [60,71,72]. Here, if the distances d, = d;, = 50 nm are chosen in
our model, an exciton energy shift about 11 peV is shown in the energy absorption spectrum of the
QD. Considering the real distances in experiments, however, we need to study the exciton energy shift
under the condition d, # dj,. If the QD make a movement 5 nm to the direction of the MNP a, the
exciton energy shift has increase by 2.8 eV based on our theory. Let the QD does this again, the shift
can reach 23.5 peV. Thus, the position of the QD in the gap of the nanoparticle dimer is important for
the modification of the exciton energy as a result of the exciton-plasmon interaction.
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Figure 15. The energy absorption rate of the QD as a function of the energy difference fi(wex — w) for
different positions of the QD in the gap of the nanoparticle dimer in the excitation of a strong external
field Iy =1000 W /cm?.

In the presence of a strong external field, the energy absorption rate of every MNP at Fano
resonance is larger than that of SQD. So, the energy absorption of the two MNPs is significant for
the total energy absorption of the molecule. The exciton energy, in the hybrid molecule, can be
transferred from SQD to MNPs, and then converted into heat [3,6]. The energy absorption rate
of the MNPs Qu = Yy oy ((af ax) + (b)) /2 = Ly heweye((Af Ax) + (B Bi)) /2. Combining
Equations (54) and (61), we can obtain the steady-state solutions of (A Ax) and (B, By). The total
energy absorption rate of the two MNPs including two parts, can be written as Qy = Qa + Qp, Qa
(Qp) represents the energy absorption rate of MNP a (b), where

(A—Mp)?+ N?
A2 41

Qo = Bwedlmlem(w)|R3E>/2lem(w) + 2¢0?], A = (wo — w)/y/K3/4+2|uoE?,
M; = Re[yo]GL/, / K%/4 + 2|]10E|2, N; = \/(Ko/z - GLIWI[}!()])Z +2|}10E|2/\/K%/4 +2|}10E|2. The expression

of the energy absorption rate shows a Fano function [23] with the generalized field-dependent complex
Fano factor which includes both the nonlinear and dephasing effects [15]. The exciton-plasmon
interaction gives rise to Fano interference process in the coupled SQD-MNP system. The excitation of
the plasmon field in MNP can be implemented by two competing optical pathways which causes
Fano interference.

In a molecule including a SQD and a MNP, Fano effect was reported because of the
exciton-plasmon interaction [11]. In the absence of MNP a (d, — 0), in our theory, Fano interference

QL = Qo x ,(L=a,b) (63)

process can also occur under the excitation of the external field. Fano interference refers to three
states [24], i.e., the common ground state |0), an excited state |ex) and an infinite collection of plasmon
states |k),. As shown in inset of Figure 16, there are two optical excitation transitions (|0) — |ex)
and |0) — |k);) and one coupling transition (|ex) — |k);). Two optical pathways (path 1 and 2 in the
inset of Figure 15) can be found to generate the states |k);, . Constructive or destructive interference
between two pathways, depending on the energy difference between the exciton and the external field,
give rise to the Fano effect. Using Equation (62), the energy transfer rate of MNP b can be written as
Qp = Qo X [(A — Mp)? + N2]/[A? + 1]. In Figure 16, we illustrate the energy absorption rate of MNP b
Qp as a function of energy difference /i(w,x — w) for the distances d;, = 50, 55,60 nm in the absence of
MNP a (d; — c0). The asymmetric Fano profile shown in the energy absorption spectrum is caused by
Fano interference process of optical pathways in the inset of Figure 16.
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Figure 16. The energy absorption rate of MNP b Q,, as a function of the energy difference /i(wey — w) for
the distances d;, = 50, 55,60 nm in the absence of MNP a in strong external field Iy = 1000 W/cm?. Inset:
Quantum interference pathways (path 1 and 2) to excite the plasmon states |k}, in the steady-state limit.

In the simultaneous presence of MNP a and b, there are two correlated Fano interference processes.
In Figure 13b, we can see that the two processes share a common segment of optical pathway
(10) — |ex)) between them. And the coupling of the SQD to the two MNPs determine the quantum
amplitudes of the optical pathways (|0) — |ex) — |k), and |0) — |ex) — |k)}), to affect the excitations
of |k), and |k),. In other words, as shown in the inset of Figure 17, the coupling of SQD to MNP seems
a “tap” of optical pathway to excite the plasmon states of the MNP. Because the coupling is related
to the distance between them, “tap” can be controlled by the corresponding distance. In all optical
pathways, there are two “taps” which can affect the excitation of the plasmon states of every MNP
all together. So, the energy absorption rate of one MNP not only depends on the distance between
itself and SQD (see Figure 16), but also it is related to the distance between another MNP and SQD.
This is because of the correlation of two Fano interference processes. To clearly illustrate the interesting
correlation of two Fano interference processes, we plot the energy absorption rates of MNP b Qj
(dp = 50 nm) for the distances d, = 100, 50,40 nm. In Figure 17, we can see that the distance between
MNP a and the SQD plays an important role in the energy absorption rate of MNP b. By adjusting the
distance d, (just as manipulating tap a in the inset of Figure 17), we can change the energy absorption
of MNP b. In our theory, so, controlling the position of one MNP is a potential approach to change the
energy absorption of another MNP because of the correlation.

tap a QD tapb
X RETC
d,=100 nm
-

t 1 |

optical excitation

Energy absorption rate Q_ (10" W/em?)
¢

-0.2 -0.1 0.0 0.1 0.2

Energy 7i(o,, - ) (meV)

Figure 17. The energy absorption rates of MNP b Qj, (d;, = 50 nm) as a function of the energy difference
Ti(wex — w) for the distances d, = 100, 50,40 nm. Inset shows all optical pathways of two correlated
Fano interference processes in optical excitation.
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We have defined a effective distance d,f; for conveniently studying the energy transfer time
between SQD and two MNPs. The effective distance is important for SQD, because it determines
the shifted exciton energy wy and the energy transfer time 7,,. For obtaining the total energy
absorption, however, we need to define a correlated distance d. which satisfies d_ 3 = da; 34 d, 3
and d. € [271/¢4, £f,deff]- It can show the correlation of two correlated Fano interference processes for
a given energy transfer time.

6. Conclusions

Based on cavity quantum electrodynamics, we have investigated the light-matter interaction
between metal nanoparticles (MNPs) and semiconductor quantum dots (SQDs) in a hybrid SQD-MNP
system. By using quantum transformation method, we reveal that the quantized plasmon field in
MNPs gives rise to the exciton energy shift and the modified decay rate of SQDs near the MNDPs. In a
hybrid molecule including a SQD and a MNP, we study the optical response of the hybrid molecule for
one or two external fields. Fano effect can be observed in the absorption spectrum of the MNP, which
originates from constructive or destructive interference between two optical pathways. A tunable
optical response scheme is proposed, which can be potentially applied in optical processing devices.
We also show quantum entanglement of two SQDs induced by the quantization plasmon field of
a MNP in a hybrid molecule including two SQDs and a MNP. Quantum entanglement shows the
quantum correlations of quantum systems which can be exhibited by the violation of some inequalities,
such as Leggett-Garg inequalities for a single system [73], Bell inequalities for multiple spatially
separated systems [74]. Concurrence can quantify entanglement between two quantum systems,
which is proposed by Wootters [55]. In the excitation of an external field, the steady-state entanglement
of the two SQDs can be implemented, and its concurrence can be obtained by means of the observation
of Fano profile shown in the absorption spectrum of the hybrid molecule. We also study the coupling
of a SQD to two MNPs. In the hybrid system, it is shown that a Fano correlation effect shown in the
energy absorption spectrum appears, which stems from two correlated Fano interference processes
because the two MNPs share a common segment of optical pathway involving SQD as a result of the
plasmon-exciton-plasmon interaction. Our results suggested that the spatial structure of a complex
SQD-MNP system determines quantum nature of the exciton-plasmon interaction, which can be
revealed by observing its optical properties. Therefore, the investigation of quantum description
for complex SQD-MNP system provides a bridge between the spatial structure and the observed
optical phenomena.
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