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Abstract

We study optical effects in a hybrid system composed of a semiconductor quantum dot and a
spherical metal nanoparticle that interacts with a weak probe electromagnetic field. We use
modified nonlinear density matrix equations for the description of the optical properties of the
system and obtain a closed-form expression for the linear susceptibilities of the quantum dot,
the metal nanoparticle, and the total system. We then investigate the dependence of the
susceptibility on the interparticle distance as well as on the material parameters of the hybrid
system. We find that the susceptibility of the quantum dot exhibits optical transparency for
specific frequencies. In addition, we show that there is a range of frequencies of the applied
field for which the susceptibility of the semiconductor quantum dot leads to gain. This
suggests that in such a hybrid system quantum coherence can reverse the course of energy
transfer, allowing flow of energy from the metallic nanoparticle to the quantum dot. We also
explore the susceptibility of the metal nanoparticle and show that it is strongly influenced by

the presence of the quantum dot.

(Some figures may appear in colour only in the online journal)

1. Introduction

The optical properties of complex nanosystems that com-
bine semiconductor quantum dots (SQDs) and plasmonic
nanostructures, such as spherical metallic nanoparticles
(MNPs) and metallic nanorods, have attracted significant
interest in recent years. The placement of the SQD next
to plasmonic nanostructures leads to significant alteration
of the electromagnetic field felt by the quantum systems
due to the interaction between the excitons from the SQD
and the surface plasmons of the metallic nanostructures.
This has significant influence on the optical properties
of the hybrid complexes, and leads to several interesting
phenomena, for example, the creation of controlled Rabi
oscillations [1, 2], plasmonic meta-resonances [2], tunable
ultrafast nanoswitches [3], modified resonance fluorescence
and photon statistics [4, 5], and intrinsic optical bistability [6]
in SQD-MNP hybrid systems.

0953-8984/13/045304+10$33.00

In addition, the nonlinear optical response of SQD-MNP
complexes and the creation of controlled slow light [7],
gain without inversion [8] and optical bistability [9] under
the interaction of a weak probe field and a strong pump
field have been studied. Furthermore, it has recently been
shown [10] that the combination of SQD-MNP hybrids that
are coupled by a weak probe field, a strong pump field
and nanomechanical resonators has the potential to lead to
ultrasensitive mass detection.

In all of these studies the optical response of the probe
field is studied solely by the optical susceptibility of the SQD.
In fact, in the absence of the pump field it has been shown
that the linear absorption spectrum of an SQD-MNP hybrid
system has a Lorenzian form and its width and height is
strongly dependent on the distance between the SQD and the
MNP.

In this work we calculate and analyze the linear optical
susceptibility of an SQD-MNP hybrid system. The hybrid

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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complex that we study is comprised of a spherical MNP and
a small SQD. The SQD is described by a two-level system
and the interaction of the system with an external laser field is
described by the modified nonlinear density matrix equations
that take into account the interaction between excitons and
surface plasmons [11-13]. This methodology has recently
been used in such systems, or in directly related systems that
contain plasmonic nanorods and multi-level quantum dots, for
the analysis of their optical properties [1-10] and for the study
of energy absorption and the creation of the nonlinear Fano
effect in energy absorption [11-22].

Here, we present approximate analytical solutions of the
nonlinear density matrix equations and use these solutions
for the determination of the linear optical susceptibilities of
the SQD, the MNP and the total system. We find that the
linear optical susceptibility of the SQD leads to an absorption
spectrum that is not Lorenzian. The absorption spectrum can
become zero for specific frequencies and even negative, so
gain without inversion is possible for a range of frequencies.
In addition, we show that the linear susceptibility of the MNP
is strongly influenced by the presence of the SQD. We find
that both the SQD and the MNP susceptibilities contribute to
the optical properties of the hybrid system. We investigate the
dependence of the linear optical susceptibilities of the SQD,
the MNP and the total system on the interparticle distance as
well as on material parameters of the hybrid system. Actually,
all of these effects occur due to the strong exciton—plasmon
coupling and do not need the use of additional external
(coherent or incoherent) fields.

Note that the negative absorption in the SQD spectrum
predicted here is different from that predicted in another
publication in the same system by one of us [8], as there the
gain in the probe field occurs under the influence of a strong
pump field. In this paper, however, no external pumping field
is used, and the gain occurs due to energy transfer from the
MNP to the SQD. This is an important result, as it suggests
that the quantum coherence generated in the SQD-MNP
system can reverse the course of energy transfer as dictated
by Forster energy transfer [15].

2. Calculation of the susceptibilities

We consider a hybrid structure composed of a spherical
MNP of radius a and a spherical SQD with radius b,
in an environment with dielectric constant geny, as shown
in figure 1. The center-to-center distance between the two
particles is represented by R. We also assume that the radius of
the SQD is much smaller than the radius of the MNP and also
consider that R > a. This system interacts with an oscillating
electromagnetic field E(f) = Epcos(wt), applied along the
7 direction, which excites the interband transition between
the two energy levels of the SQD |1) — |2), with exciton
energy equal to swg. Only these two levels contribute to the
dynamics of the system and an oscillating dipole moment is
induced. The dielectric constant of the SQD is represented by
es, while we treat the MNP as a classical dielectric particle
with dielectric function &, (w).

The electromagnetic field also excites plasmons on the
surface of the MNP. These plasmonic excitations provide a

R

Figure 1. The hybrid system constitutes of an SQD of radius b
which is coupled to an MNP of radius a. The centers of the two
particles are separated by a distance represented by R.

strong continuous spectral response. Such surface plasmons
influence the excitons and induce dipole—dipole interaction
between excitons and plasmons [11]. This interaction is
responsible for the coupling between the two particles and
leads to Forster energy transfer [15]. Taking into account the
symmetry of the SQD and assuming that the electromagnetic
field is linearly polarized, the Hamiltonian of the system takes
the form

H = hawo|2)(2] — wEsqp (11)(2] + 12)(1]), ey
where u represents the dipole moment of the SQD
corresponding to the single exciton transition, and Esqp

represents the electric field inside the SQD, which is explicitly
written as [12, 13]:

h . .
Esqp = —[(Q+ Go)e " + (2" + G*o*) '].  (2)
uw

We introduce the slowly varying quantities o = pa1et
and 0* = pjpe'", with p;; being the density matrix elements.

We also define the parameters €2 and G respectively as [12, 13]

_ Eon . SaV1 a
2hgeffs R3

G ZN: 1 (n+ D?ya®tpu?
- A ) ngfs R2n+4

Q and

3)

3

1 Eenv

em (@) —Eenv

em(@)+ " eeny
the dielectric constant of the vacuum and s, = 2 as the applied
field is parallel to the interparticle axis of the system (z axis).
The parameter €2 is related to the direct coupling to the applied
field (first term), as well as to the field from the MNP that is
induced by the applied field (second term). The parameter G
represents the self-interaction of the SQD. This arises from
the procedure described below. At first, the electromagnetic
field polarizes the SQD, which in turn polarizes the MNP.
The MNP then produces a field that interacts with the SQD
(dipole effect). However, in this study, we are aiming to be
more precise and thus take into account multipole effects [12].
Below, we will take N = 10 in our calculations, as we find that
this is enough for obtaining converging results.

Our goal is to obtain an analytical expression for
the first order susceptibility x of the system in a

where ¥, = and gqfrg = zsg‘“gvﬂ, with &g being
env
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straightforward manner. This is given by the sum of the
first order susceptibility of the SQD, xsqp, and the first
order susceptibility of the MNP, yynp. We initially derive
an expression for the first order susceptibility that determines
the optical response of the SQD [7-9]. For this we derive
the density matrix equations, which describe the dynamics of
the system. These under the rotating wave approximation are
given by [11-13]

5 (1) = —Tizo(t) +iQA®) +iGAD)o (1) + i8o (f), 4)

A(r) = 2iQ% 0 (1) — 2iQ* (1)

+ 4Gro (o™ (1) — % 5)
In equations (4) and (5) A(¢) = o11(f) — 022(f) corresponds
to the population difference between the two energy levels,
which is a real quantity, § = w — wy is the detuning of the
applied field from resonance and Gj represents the imaginary
part of the parameter G. Moreover, 77 is the population
relaxation time, while 75 is the relaxation due to dephasing
processes of the SQD under the presence of the MNP. The
relaxation time 77}, and thus the relaxation time 75, are also
influenced by the presence of the MNP [23-26]. However,
for the parameters that we use here the values of 77, 7> do
not practically change in the frequency region of interest,
and therefore will be considered constant in this study, as in
previous papers concerning similar systems [1-21].

From equation (4) in the steady state we obtain

B QA
T 8+ GA+IT

If we substitute equation (6) in (5), solve the last one in the
steady state and approximate A at first order according to
perturbation theory, we find that A ~ 1. As xsop = 5(52% o,
where I' is the optical confinement factor and V is the volume
of the SQD [27], we obtain the following analytical expression
for the linear susceptibility of the SQD:

(6)

y I w?kTy Ty (8 + Gr) —i(1+ TrGy) o
SQD = —; )
< V heo [(1+ 12G)® + T2 (5 + Gr)’]

where Kk = (l + say1a3/R3) /EeffS .-
Then, we determine the first order optical susceptibility
of the MNP. The polarization of the MNP is written as [12]

Pap = Pygpe ' +cc. ®
where
E I Sapo
o 0 alt
P = 3¢ 2 U Areany copeR3 | ’
MNP env)1 |: 2 + 47T86nV 8effSR3j| ( )
As xmnp = ﬁpf\mp we obtain
X =3 Cenv 1 saH2KT2
MNP =SV 77 ™ dreoters | R
T5(8 + Gr) — i(1 + T2Gy) (10)
[(1 + ThG)? + T22(8 + Gr)?] .

In the case where the frequency range of interest is such
that the parameters y; = yig + iy, K = kR + iky and G =
GRr + iGy are practically independent of the frequency, we
can easily estimate from equation (7) the values of several
characteristic features of the real and imaginary part of the
susceptibility of the SQD. Hence, as far as the real part is
concerned, we find that it becomes zero when

1)

and has its maximum and minimum values when

,1/2
K K
aia [1 + (—I) } :
KR KR

12)

1
Smax = —Gr— | —+G
max R (TZ + I)

and
1/2
1 K1 K1 2 /
Omin = —GR — | 7= + G1 ——|1+(=
T> KR KR

That is, it is shifted with respect to the value of the
detuning at which the real part becomes zero by (TL2 +Gpl1+

(;1)%1'/% on both sides (right/left) and hence the gap between
12

13)

the minimum and the maximum is 2(%2 + Gp[1 + (I’:—é)z]
Moreover, from equation (7) we conclude that the zero of
the imaginary part of the susceptibility of the SQD occurs
at

KR 1
8=—Gr+—|=++6G1).
k1 \T2

For higher values of the detuning, we have gain in
the SQD, and this gain is without population inversion.
The maximum and minimum peaks of the imaginary part
respectively arise at

| 7172
K K
Bmaxz—GR+(—+G1> —R—[1+<—R> } :
T> K1 K1

5)

(14)

and
1/2
1 KR KR 2 /
Omin=—-Gr+|=—+GC1|| —+|1+|—
T> K1 K1

In fact, equations (15) and (16) predict, in the case that
KR > k1 which is the usual situation, that the maximum
occurs at approximately § ~ —Gr and the minimum (which
corresponds to the gain dip) at § = —GRr + 2';—‘:(%2 + Gy).
Finally, we can identify the magnitude of the absorption and
the gain peak, which are respectively equal to

(16)

Im[XSQD]maX
_ Tu’n 1 5
~V oheg 2(1+TaG) [k + k2112 — kr

, A7)
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Im[xsQDImin
I u?T 1 /(12
V heo 2(14 T2G) [kE + k212 + kR

(18)

Similarly, in this case of practically frequency-
independent parameters, the values of several characteristic
features of the real and imaginary part of the MNP
susceptibility can be estimated from equation (10) by
performing simple calculations to find the roots of the
susceptibility and its derivative. However, the analytical
expressions for the values of the detuning at which the real
and imaginary part of the MNP susceptibility becomes zero
are very lengthy and intractable and give practically no more
information.

On the other hand, it becomes apparent by comparing
equations (7) and (10) that the values of the detuning at which
the maximum and minimum values of the susceptibilities
occur should have the same functional form. The latter
occurs as the derivative of equation (10) is practically the
same with the derivative of equation (7), once we replace
the parameter k of equation (7) with the parameter k (=« -
y1 = kR + ik1). Therefore, in order to estimate the position
of the minima and maxima of the real and imaginary
susceptibilities we can use equations (12), (13), (15) and (16)
by just replacing the parameter « with the parameter «. For
example, we show the characteristic values related to the
minimum of the imaginary part of the susceptibility to arise
at

| _ 12
K K
%m=—Gm+(—+GO :5+[L+(§>} :
I K1 K

19)

showing a value equal to

3e
Im[XMNPImin = —— Y11

€0
0 =2
T XMNP k1 (20)
2(1 + TaG) [[&E + /212 + &R)
0 _ __ B35’

where xynp = — pr—

Following exactly the same reasoning we can get simple
expressions for the extreme values and the detuning at
which these extreme values occur for the real and imaginary
part of the total susceptibility. Hence, for all equations
determining these features we get expressions of the same
functional form, with proper replacement of the important
parameter «. In order to clarify what changes are needed
for the expressions in the total susceptibility, we present the
characteristic values of the detuning at which occurs the
minimum of the imaginary part of the susceptibility and the
minimum value:

(|XSQD|KI + |X1E)/[Np|’zl)
1 -
(Ix$op R + LxynpIFR)

- 241/2
Uxdop Ikt + [x e lFD)

I P Ll . @D
(|XSQD|KR + IXMNP|KR)

1
Smin = —GR + (— + G
b

(a)
10f o ]
a
g
o [ T
“ 10 V) ]
[ \7[/ //
_20} “‘\/{ ]
—0.0010 —0.0005 0.0000 0.0005 0.0010
16 (eV)
(b)
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h
30 g ]
a c‘ ‘
g 4
=
E
0 =" . r——

0.0000  0.0005 0.0010
76 (eV)
(c)
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0.2 ——————————
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—02f L :
_03F 77777777777 =T
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—04F e ]
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Figure 2. The spectral form of the real, (a), and imaginary part, (b)
and (c), of the linear susceptibility of the SQD, xsqp, as a function
of the detuning /8 of the probe field for several values of the
interparticle distance: R = 11 nm (solid curve), 12 nm (dotted
curve) and 13 nm (dashed curve). The rest parameters are
r/v=5x 102 m=3,a=7.5nm, T, = 0.3 ns, gepy = &9, €5 =
6¢0, iwy = 2.5 eV and p = 0.65¢ nm.

3¢ge

80““ yir — ((x3op et + Ixgp D)

x (2(1 4+ TaGDII (| xyplRR + 1 X50p *R)
12

Im[x D pin =

+ (IxSop k1 + xypl#D’]

+ (xvplRR + [xSoplkR)D ™, (22)

U2
hieg

where XgQD = —‘E/
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Figure 3. The spectral form of the real, (a), and imaginary part, (b),
of the linear susceptibility of the MNP, xynp, as a function of the
detuning 7 of the applied field for the same parameters as in

figure 2. The interparticle distance is R = 11 nm (solid curve),

12 nm (dotted curve) and 13 nm (dashed curve).

We note that the MNP plays a crucial role in the gain
without inversion, as due to the interaction between the
excitons of the SQD and the surface plasmons of the MNP,
energy is transferred from the MNP to the SQD, and this
makes gain without inversion possible.

3. Form of the susceptibilities

In the following we present results for the spectral form of
the linear susceptibility. Initially, in figures 2—7, we take the
dephasing times to be T, = 0.3 ns as in previous studies, see
e.g.[2, 3,6, 10-13, 15]. The dielectric constants take different
values for the environment and the SQD. Here, we consider
that eg = 6&g and .y = €9, Where &g is the dielectric constant
of the vacuum. In the strongly confined regime for the SQD,
we take I['/V = 5 x 10?> m™3. Moreover, for the dielectric
function e, (w) of the MNP we use the experimental values
that correspond to the case of gold, according to [28]. The
interband optical transition matrix element is ;& = 0.65¢ nm,
while the energy gap between the two levels that contribute
to the dynamics is fiwg = 2.5 eV at the plasmon peak of the
MNP. These parameters have been used in various studies, see

20F

=
[0
m /
[ ‘ / 1
_20; ‘ /s A
—-0.0010 -0.0005 0.0000 0.0005 0.0010
hio (eV)
(b)
J”‘\
40 [ I i
b | |
— 30f “‘ \‘ 1
S ‘ |
E 20f j
10f | 1
T . N

O S S S S I S S S S M
—-0.0010 -0.0005 0.0000 0.0005 0.0010
hi6 (eV)

Figure 4. The spectral form of the real, (a), and imaginary part, (b),
of the total susceptibility, x D, as a function of the detuning /8 of
the applied field for the same parameters as in figure 2. The
interparticle distance is R = 11 nm (solid curve), 12 nm (dotted
curve) and 13 nm (dashed curve).

e.g. [2, 3, 6, 10-13, 15], and correspond to colloidal SQDs
(typically CdSe [6]).

In figures 2-7 we study the dependence of the linear
susceptibilities of the SQD, the MNP and the total system on
the center-to-center distance between the SQD and the MNP.
Figures 2—4 correspond to several low values of the parameter
R, while figures 5-7 depict higher values of it. In all figures,
the susceptibilities are plotted as a function of the detuning
hé [=h(w — wp)] of the probe field, while we consider the
radius of the metal nanoparticle to be a = 7.5 nm.

In all these figures 2—7 the previously mentioned features,
described by equations (11)-(22), are observed at positions
and take values described by these expressions, as in this
range of interest yi, k, G are almost constant. Moreover, as
1/T> = 3.34 ns™!, in all cases studied in figures 2—4 the 1/7>
term is much smaller than the real and imaginary part of G and
its contribution can be considered of minor importance (i.e. in
most cases it can be practically ignored).

Then, we discuss in more detail the results obtained
for longer interparticle distance (shown in figures 5-7).
In this case, the range of interest is very narrow and to
an excellent approximation the G-parameter is constant.
Contrary to the previously discussed figures 2—4 the parameter
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Figure 5. The same as in figure 2, for different values of the
interparticle distances R = 16.5 nm (solid curve), 20 nm (dotted
curve), 30 nm (dashed curve) and 80 nm (dashed—dotted curve).

1/T»(=3.34 ns~!) is now very important in the explanation
of the observed features, as G has comparable or smaller
values when compared to 1/7>. All the features that
characterize these figures are explained by means of the
equations (11)—(22). However, for high interparticle distances,
the imaginary part of the x-parameter is rather small and
we get simplified expressions for (a) the value of the
detuning at resonance for Re[ xsgp] which is practically equal
to —GRr (see equation (11)) and (b) the width (now, the
absorption curve is rather symmetric) which is estimated
by the simplification of equations (12) and (13) to be
approximately equal to 2(TL2 + Gy).

(a)
5
Té 0
5 -5
o~
-10
T S
-0.00004 —0.00002 0 0.00002  0.00004
76 (eV)
(b)
20F 1
15}
IR
= 10}
ER!
o
0: 1 n n n 1 n n 1 n “‘:‘ n 1 n n n 1
-0.00004 —0.00002 0 0.00002  0.00004
6 (eV)
(©

Im[yvnep]

0.00002 0.00003 0.00004

fi6 (eV)

0 0.00001

Figure 6. The same as in figure 5 but for xmnp. The interparticle
distance is R = 16.5 nm (solid curve), 20 nm (dotted curve), 30 nm
(dashed curve) and 80 nm (dashed—dotted curve).

In general, we note that the position of this resonance
moves towards higher values of the detuning parameter as the
parameter R increases. This was expected, since all the three
parameters GR, Gy, k1/kRr decrease, when the interparticle
distance increases. Moreover, as the SQD approaches the
MNP, the two sidebands increase in magnitude and shrink in
the direction of the detuning (i.e. a decrease of the ‘width’
arises), while the dispersion at resonance becomes steeper.

The most striking of our findings is that for all values
of the interparticle distance (see figures 2-5), we note that
the absorption coefficient Im[xsgp] becomes negative for a
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Figure 7. The same as in figure 5 but for x (1. The interparticle
distance is R = 16.5 nm (solid curve), 20 nm (dotted curve), 30 nm
(dashed curve) and 80 nm (dashed—dotted curve).

certain range of detunings, to the right of the absorption peak.
This is easily explained from the expression of the minimum
value of the absorption coefficient (see equation (18)) where
we observe that no matter what the values of all parameters of
the equation, it gets a negative value. We note, however, that
for large interparticle distance the gain becomes practically
zero. The negative value of the imaginary part of the SQD
susceptibility means that we have gain in this frequency
region. Its origin lies in the coherent interaction between the
SQD and the plasmons that are induced on the surface of the
MNP, and the induced energy transfer between the MNP and
the SQD due to this interaction. The systematic study reveals

Re[xsqp]

-0.02 0.00 0.02

16 (V)
(b)
15F T ]
10
=
a
=
E
-5
~10— ‘ ‘ ‘ -
~0.04  -0.02 000 002  0.04
76 (eV)

Figure 8. The spectral form of the real, (a), and imaginary part, (b),
of the linear susceptibility of the SQD, xsqp, as a function of the
detuning #$ of the applied field, for an epitaxial system with
parameters a = 10 nm, /T, = 2 meV, hwy = 1.546 eV,

Eeny = €5 = 12¢0 and u = 0.6e nm, for several values of the
interparticle distance: R = 14 nm (solid curve), 18 nm (dotted
curve), 25 nm (dashed curve) and 80 nm (dashed—dotted curve).

that the increase of the interparticle distance R shifts the
absorption resonance frequency to higher values. If we take
into consideration the modification of the different parameters
as the interparticle distance increases, we conclude that this
zero point moves towards lower values of the detuning for
small values of center-to-center distance R. However, for
higher values of it the zero point once again starts moving
to higher §. In the special case where the two nanoparticles
are far away from each other, the gain peak practically
extinguishes. Moreover, the gain peak, depicted in more detail
in figures 2(c) and 5(c), reaches its highest value at about
R = 16.5 nm (solid curve in figure 5(c)). For even lower or
higher values of the interparticle distance, the gain peak is
weaker and the region of the detuning for which we observe
gain is narrower.

All features observed related to the position and the
value of the imaginary part of the SQD susceptibility can
be understood in terms of the behavior of the imaginary part
of G and k-parameters. Our results have shown that G; and
the factor containing the real and imaginary part of x in
. . [/(2+K2]1/2+KR . . .
equation (16), i.e. %, are decreasing and increasing
functions of R, respectively. These opposite trends explain
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Figure 9. The spectral form of the real, (a) and (c), and imaginary part, (b) and (d), of xymnp as a function of the detuning 4§ of the applied
field for the same parameters as in figure 8. The interparticle distance is R = 14 nm (solid curve), 18 nm (dotted curve), 25 nm (dashed

curve) and 80 nm (dashed—dotted curve).

why we get an optimal value for the negative imaginary part
of the SQD susceptibility (see equation (18)) and why the
minimum value occurs at very high detuning at the two limits,
i.e. very low and very high separations of the SQD—-MNP. In
fact, at interparticle distance at around 20 nm, Gy and TLZ have
almost the same value and after R = 30nm Gj is much smaller
than Tiz which makes the term 2(Ti2 + Gp) an R-independent
term.

To obtain a complete picture of the interplay between
the excitons of the SQD and the plasmons of the MNP we
study in figures 3(b), 6(b) and (c) the imaginary part of
the susceptibility of the MNP. It becomes obvious that the
coefficient Im [ xmNp] gets negative values for a very narrow
range of distances R (see dotted curve in figure 6(c) where
R = 20 nm). This is explained by equation (20) where, for
the system under investigation, we observe that the first part
of Im[ xmnp] is positive and independent of R and the second
part is negative and R-dependent.

However, it is very important to note that even for the
cases showing a negative imaginary part of the susceptibility
of the SQD and the MNP, the imaginary part of the total
susceptibility is positive, as it should be due the conservation
of the energy in the system. Even in the cases where both
SQD and MNP susceptibilities exhibit negative values (see
for example the dotted curves in figures 6(c) and 5(c)),
the total susceptibility is positive as these features occur at

different values of detuning. Moreover, a systematic study of
the imaginary part of the total susceptibility (see figures 4
and 7) shows that it is always positive. As we observe
in equation (22) one part of Im[)((l)]min is positive and
independent of R, as yj; is a function of only the detuning,
and the second part is negative and R-dependent, as Gy, X&NP
and all k-parameters are functions of R. By taking the
derivative of the R-dependent part of the total susceptibility
(equation (22)) we find that the largest absolute value of
the second R-dependent part occurs for R ~ 16 nm. The
value we get is 1.4 and hence the imaginary part of the total
susceptibility is positive and equal to 0.96.

In figures 8-10, we investigate the impact of the
interparticle distance on the linear susceptibilities for a set
of parameters that correspond to an epitaxial SQD-MNP(Au)
at a low temperature regime [12]. Here, the radius a of the
MNP is equal to 10 nm, the decay and dephasing times
are T\ = T»/2 and /T, = 2 meV respectively and the gap
between the two energy levels is fiwg = 1.546 eV, where the
plasmon peak of the MNP occurs when it is embedded in
a high refractive index material. Furthermore, the dielectric
constants of the environment and the SQD are gepy = €5 =
12¢ and the electric dipole matrix element is u = 0.6e nm,
as in [12]. These parameters correspond to epitaxial SQD
(typically GaAs/AlGaAs). In this case, the characteristics of
the curves show a significant change from those of the system
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Figure 10. The spectral form of the real, (a) and (c), and imaginary part, (b) and (d), of x " as a function of the detuning %8 of the applied
field for the same parameters as in figure 8. The interparticle distance is R = 14 nm (solid curve), 18 nm (dotted curve), 25 nm (dashed

curve) and 80 nm (dashed—dotted curve).

studied previously. Here, the dispersion and the absorption
curves have a Fano-type shape. The functional form of the
(8=qFano Ainy)”
82+AZ,
where Ajy is the interaction-induced broadening and grano is
the Fano factor. First, we note that for all cases studied (i.e. for
various distances) the curves corresponding to the real and
imaginary part of the linear susceptibility xsqp can be fitted
by an interaction broadening (Ajy), that takes values in the
range between 1 meV and 3 meV. This reveals, as expected,
that the most important contribution on the broadening comes
from the dephasing time 7> (as //T> = 2 meV) and not
from the G-parameter, which for both the real and imaginary
part always shows values less than 0.1 meV. In addition,
the dimensionless parameter gpan, that corresponds to the
physical quantities Re[xsqp] and Im[xsgp] takes values in
the region 0.3-2.

Figure 9 of the MNP susceptibilities and figure 10 of the
total susceptibility reveal that the response of the SQD-MNP
hybrid system to the external field is different when compared
to the previous one studied in figures 2—7. Here, very broad
dispersion and absorption spectra are found, which are only
modified for a frequency region of a few meV near zero
detuning due to the presence of the SQD. The findings here

Fano resonance is (plus a negative constant),

also confirm that the imaginary part of the susceptibility of
the total system never becomes negative.

Before closing this section, we mention that we have
also studied the influence of the SQD dipole orientation with
respect to the MNP surface to the presented results, as it is
well known that this has an important role in the interaction
of SQD-MNP systems; see for example [11, 12, 14, 22, 29].
In the present results different SQD dipole orientations lead to
different quantitative results; however the qualitative features
of the above results remain unchanged. In addition, we have
studied the influence of different dielectric constants of the
environment on the results and found that they have a small
influence on the reported spectra, so the results presented
above are still valid.

4. Summary

We studied theoretically optical phenomena in a hybrid
system composed of an SQD and a spherical MNP that
interacts with an electromagnetic field. For the theoretical
analysis we used modified nonlinear density matrix equations.
These equations also contain terms which describe the
interaction between excitons and surface plasmons. We take
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the steady state limit of the density matrix equations and
obtain a closed-form expression for the linear susceptibilities
of the SQD, the MNP and the total system. We investigate
the susceptibility dependence on the interparticle distance as
well as on material parameters of the hybrid system. We find
that the linear optical susceptibility of the SQD leads to an
absorption spectrum that is not Lorenzian. The absorption
spectrum of the SQD can become zero for specific frequencies
and exhibit gain without inversion for a range of frequencies.
In addition, we show that the linear susceptibility of the
MNP is strongly influenced by the presence of the SQD.
Both the SQD and the MNP have a significant contribution
in the optical properties of the hybrid system. In all the
cases studied the total optical susceptibility leads to an always
positive imaginary part, even in cases where both the SQD
susceptibility and the MNP susceptibility are negative for
different regions of the spectrum. Finally, one can extend the
present formalism for calculating the nonlinear Kerr effect or
higher order susceptibilities. This can be done by properly
using the methodology of [30]. We intend to do this in a
forthcoming work.
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