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Abstract— The main purpose of this work is studying the
linear Susceptibility in the hybrid nanostructure that
composed of a dual quantum dot (DQD) and metal
nanoparticle (MNP) hybrid system under a standing-wave
field. In our model, we used density matrix equations by taking
into our account the interaction between excitons and surface
plasmons. The proposed DQD is composed of two QDs. Each
QD contains an InAs QD with a disk shape. The interaction
between the QD and the wetting layer (WL) is taken into
consideration. The application of the standing wave field on
DQD-MNP hybrid system was modeled and examined. The
susceptibility of thehybridDQD-MNPsystem reduced by the
pump field under a standing-wave field. The high susceptibility
obtained with a wide MNP radius. An interesting result was
shown in the inversion of the grating period with the tunneling
component in the conduction band. The smaller size of DQD
gave us high susceptibility due to the quantization effect.

Keywords—Double quantum dot, metal
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nanoparticle,

l. INTRODUCTION

When metallic nanostructures and semiconductor
quantum dots (QDs) are adjacent to each other, an interaction
between QD exciton states and metal surface plasmons
occurs. Thus, it modifies the electromagnetic field
experienced by quantum systems. Additionally, the optical
properties of Nano systems like QDs with plasmonic
nanoparticles, metallic nanorods and spherical nanoparticles,
have recently attracted a lot of attention [1-4].

In recent years, there has been a rapid progression in
nanostructure techniques, particularly in the domains of
magnetic nanoparticles (MNPs) and quantum dots (QDs),
contributing to increased affordability. Studying these
nanostructures is  crucial for understanding their
characteristics better. It's an interesting subject to study
various optical processing devices. Recent rresearch has
examined several exciting occurrences in  hybrid
nanostructure made up of MNPs and QDs, like energy
transfer [5], local domain enhancement [6], thermal effects
[7], tunable ultrafast Nano-switches [8], modified resonance-

fluorescence, photon statistics [9], controlled slow light [10],
second-harmonic generation [11], gain without inversion
[12,13], intrinsic optical biostability [14,15], creation of
difference-frequency generation [16], and third-order wave-
mixing processes [17-21]. Due to the exciton's interaction
with surface plasmons, a coupled MNP-QD system
interacting with a strong pump field and a weak probe field
produces unusual optical characteristics, especially in the
dispersion and absorption spectra [22-26]. Sadeghi suggested
using the QD-MNP distance to control an adjustable gain
without inversion. More specifically, a plasmonic resonance
and an extremely high gain without inversion were obtained
at a crucial distance between MNP and QD [20, 23].

The linear susceptibility of DQD-MNP hybrid system
standing-wave field was analyzed and computed in this
work. The hybrid complex consists of a small DQD and a
spherical MNP that interact with both fields a strong pump
and a weak probe. DQD system was proposed considering
both valence (VB), conduction bands (CB), and WL. This
was explained by the updated density matrix equations
including the surface plasmon-exciton interaction.

Il. MODEL AND THEORY

A.  The DQD- MNP system

The hybrid structure that was demonstrated in this research
is composed of spherical MNP of radius a and dielectric
function gy and a DQDofradii p;, p,. The DQD's dielectric
constant is ;. The dielectric constant of the medium in
which the whole system is embedded is eg, as illustrated in
Figure 1. The distance between particles was represented by
R and appeared to be longer than the MNP's radius (R >
a > pq,p2) [14,17] where p; relates to any one of the two
QDs' radius.

A gold (Au) sphere is the MNP that was frequently utilized
in the references [1, 3-8,17]. DQD is made up of two QDs,
an InAs with a height of hy and a radius of p on a disk
shape. The height of the first QD was hg = 0.1nm and its
radius was p; = 3nm. The second QD was with height of
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hgy = 0.15 nm, and radius of p, = 4nm. Every QD has a
single conduction and valence subband. DQD that was
grown on a WL with 10-nm-thick InGaAs quantum well
layer.

Figure 1: A DQD of radius p connected to an MNP of radius a makes
up the hybrid system.

B. The Hamiltonian

The hybrid structure comprising double quantum dots
(DQD) and magnetic nanoparticles (MNP) exhibits
interactions with both probe and pump fields. Considering

0 .
that the probe field formula is (Ey,(t) = %e‘“"ozt +cc)

with an amplitude (EJ,) between (|0) « |2)) and frequency
(wg2) - In the same way, a pump laser field (E,5(t) =
0 .
%e‘“"wt + c.c.) with amplitude (Ef;) was applied
between states (|1) < |3)) and frequency (w43).
Using density matrix theory, the dynamics of the DQD

system are described by the following equation of motion
[27],

pij = %[H' pijl M

The system's Hamiltonian can be expressed following
the discussion of the QD-MNP hybrid system in previous
works [16, 28, 29],

H = Hy + Hipe + Hrepan 2

Where is H, the unperturbed Hamiltonian, H, =
?_o hwj, Hyerqx is the relaxation Hamiltonian. In this work,
H;,; represents the interaction between was expressed as
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Where T,; and Ts, represent the tunneling components,
I N N
Bij = -+ o with A (= 3MSSC3) is the Einstein coefficient,
G;j is the DQD's self-interaction, p;; is DQD density matrix

operator.

C. The DQD- MNP fields

There are two components of the DQD systems inside
electric field (Epqgpsj). The fields were generated by the
polarization of the MNP and those applied externally. It was
approximated quasi-statically by [28],

Ejj 8o PMNP,ij (4)

Epop i = —
DDA ™ goprs T amepeeprsR3

E;; refers to any of the applied fields (probe E, or

2eg+ . . . .
pump E;3), &q¢rs = SBS % gz is the environment dielectric
B

constant, and 8, = 2. The interparticle axis (Z-axis) and the

applied fields are parallel. MNP's surface-induced charge,

which causes its polarization, was expressed as,

yYMa384Ppqp.jj

—_——] 5
EeffsR® ( )

Y = (U278 \hile the DQD polarization is [30],

Punpij = 4megyma’Ey +

2eg+epm(w)
_ —iwjit iwijt
Poqp,ij = ij(pije 0" + pye' i) (6)
Then,
0
P o 41‘[£Ba3yMEij aBYMS(XP-ij B e_i“)ijt+
MNP,jj 2 SefstB ij
amegadyMEY  aSymOalii 00
( ij + 0(3]1 pji elmllt (7)
2 geffsR

The applied field's amplitude was expressed as Eg
while the transition momentum was represented by p;;.

Using the results of Eqgs. (4)—(7),
h o . . .
Epap,j = - [(5 + Gigpyy)e ™0 + (i + Gjipyi)e' ]
ij

®)

where();; represents the effective Rabi frequency of the
pump £, field or the probe €, field, respectively, and it is

expressed as:
3
Yma 80(
— NO
Q5 = Q5 <1+ RE )

€

The direct coupling of DQD was indicated by the first

0

term of the Rabi frequency Qi"j(= ;fi—u;) the second term
efls

represents the field that was generated by the MNP as a

result of its interaction with the applied field. The parameter

Gy; represents the self-interaction of the DQD [15]:

3
B 4 G

Gy = 4meghR® €effs) (10)

Where the DQD and MNP are polarized by the applied field

that was generated by the interacting with the DQD to

produceG;; [29].

D. Density matrix equations of the DQD-MNP system

DQD-MNP system's band energy diagram is shown in
Figure 2. DQD system has two states. One state is in the
CB, |0) and |1), and the second state is in the VB, |2) and
|3). WL CB state was represented by state |4), and the WL
VB state was represented by state |5). However, our results
were different from what has been mentioned in the
literature [31-33]. With DQD states, MNP energies are
shown as a quasi-continuum state. Additionally, Rabi



frequencies Q?j, the tunneling components T,, and T;, are

shown in the DQD system
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Fig. 2. Diagram of DQD - MNP system's energy band withWL.

Poo = —YoPoo * i[To1 (P10 — Po1) + (Qz0 + G20P20) (P20 —
Poz2) + B30(P30 — Po3) + Bao(Pao — Poa)]

P11 = —¥1P11 + ilTo1(Po1 — P10) + B21(p21 — p12) +
(Q31 + G31p31) (P31 — p13) + Bar(Par — p14)]

P22 = —VaP22 + i[(Qz0 + G20P20) (o2 — P20) +
B21(p12 = P21) + Ta2(P32 — P23) + Bs2 (025 — Ps2)]

P33 = —V3P33 + i[B30(Pos — P30) + (31 + G31p31) (P13 —
p31) + T52(p23 — p32) + Bs3 (P35 — Ps3)]

Paa = —VaPas + i[Bso(Poa — Pao) + Ba1 (P14 — Pa1)]

Pss = —VsPss + i[Bs2(ps2 — P2s) + Bs3(pss — p3s)
+ Bs4(Psa — pas)]

P10 = —(Votv1)p1o + i[To1(Poo — P11) + B21P20 +
(Q31 + G31Pp31)P30 + ParPao — Q20 + G20p20)P12 ]

P20 = [=(Vot+¥2) — iBy0lp20 + i[(Q20 + G20P20) (P00 —
P22) + B21P10 + T32P30 + B3oP2s +
Bs2050—To1P21—PaoP24]

P30 = —(Vot+v3)pz0 + ilBz0(Poo — P33) + (31 +
G31P31)P10 + T32020—To1P31 —
(Q20 vdss + G20P20)P32— 0P34

P10 = —Vot+Va)Pao + ilBao(Poo — Paa)—Ba1P10 —
(Q20 + G20020)P42 — B30Pa3 — To1P41+BaoP34l]

Pso = —(Yo+Vs)pso + ilBs2p20t Bs3p3o + BsaPao +
(Q20 + G20020)P52—P30P53 — BaoPs4l

P21 = —(V1+v2)p21 + ilB21(p11 — P22) — Q0 +
G20P20)Po1 — TroP20 + T32031 — (Q31 + G31P31)P23 —
Ba1P24 + Baspsil

P23 = —(V2+V3)pas + i[Ts2(p33 — p22) + (Qz0 +
G20P20)P03 — BozP20tB21p13 — (Q31 + G31P31)P21 +
B2sPs3 — Ps3pzs]

P2a = —(V2HVa)Pas + i[( Q20 + G20P20) Pos —
Boap20tB21P14—B1aP21 + T32P34 + +P25P54 — BsaPas]

P25 = —(V2+Vs)p2s + i[B25(pss — pa2) + Q0 +
G20P20)PostP21P15 + T32P35—B3sP23 + BraPas — Paspza +
B25Ps5]

P31 = —(Y1+v3)pz1 + i[(Q31 + G31p31) (P11 —
P33)+B30P01—To1P30 + B21P32 + T32021—B3sPs1 —
Ba1P3al

pa1 = —(1tY)par + i[Ba1 (P11 — Paa) tBaoPor1—To1Pa0 —
B21Paz+Baspss — (Q31 + G31031)P43]

P3a = —(V3+Va)P34 + ilBaoPo3tPa1P1z — BozPao +

(Q31 + G31P31)Pa1 — T32042]

P35 =

—(¥3+Ys)P3s + i[B3oPostTs2P25 — B2sPs2+P3spPss +

(Q31 + G31p31)P15 + B3s(Pss — P33)]

ps1 = —(1+t¥s)ps1 + ilBs2p21 — TorPso— (D31 +

G31P31)Ps3 + Bs3P31 — B21Ps2tBsapPar—Ba1Pa1l
With the condition,

1D

Poo + P11+ P22 +p3z=1

where w, represents the resonant frequency of the
second QD2 state, A,, is detuning with A,y = W, — Wgz,
and y; is relaxation rate. Density operators p,,, pss are for
WL occupations and pj4, paj, pis, ps; for WL interactions.

E. Momentum matrix elements

One important aspect of this study was to compute the
momentum matrix element y;; of each interdot transition, as
well as the calculation of each momentum matrix element
Ui, Of each WL-QD transition. Calculating momenta is
necessary due to its crucial function in determining optical
property parameters, especially Rabi frequencies found in
Equations (8), (9), and (10), besides its implicit function in
the computation of G;; and Q;; which they present within
the density matrix equations:[34],

1z = Cn { f Jm(plp)lm(pzp)epzdp}
0

{fohd[cos(kzlz) cos(kzzz)]}dz fozn'id(l)

In this case, the normalization constant is C,,,, e is the
electronic charge. The QD state |i) in the z-direction has a
wavenumber of k, , and the J.,(p,p) represents the Bessel
function in the p -direction in the QD-disk plane These
calculations are similar to those in [30].

The momentum matrix element of the WL-QD
transition, denoted as 55, has been explicitly defined, and
an assignment for the band's states has been established,
particularly during instances in VB. This notation and
information are derived from reference [35].

(12)

=3 -
HUzs = (QU(JQD |er|(pWLv) (13)
Hzs = <¢éz3|9ﬁp|¢WLv>AQDz3szs J cos(kzvz) Cos(kzw,,z) dz 14)
Where gaéff , @wiy, are the QD state's total wave
functions |3) and WL VB, while 1)5° and ,,, are those

in the p-direction. Agyp, . and A, _ are the normalization
constants of the wave functions in the z-direction.

- 1 i
<<P(]353|eﬁp|1/)ww) TN [(fpé53|epl¢ww> -
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In the OPW in eq. (15), the normalization constant Ny ;
is defined by [34],

Ny, = \/1 — 2@l ewi)|”

(15)

(16)

Every DQD sub band is included in the summing.

Cmn i
= el [ ), (Pp)e™Pp? dp

(9053 |e.0|'l’WLv) a7n

) hy,
(0151ep|052) = ComjConmile] f Ty Plmapdp (18)
0

(19)

Then,considering u,, as an illustration of CB's WL-QD
transition. It is written as:

(0| Pwiv) = T2 [ Jn;(Pp)e™ p2dp
Va

Hia = <¢é;1|er|¢WLc> (20)
Uig = <(pé;1|eﬁp|lpWLc>AQDzlsz4
f cos(ky,z) cos(kyy, ) dz (21)
(‘Pé;1|eﬁp|lpww> = ﬁ“ [<<Pé1=)1|ep|¢ww) -

olodp lep|ob) (053 | owic) (22)

With
i . h
(‘pél_)1|ep|(pb_l)o> = Cmn,ijn,ilel fo /zjm,j P]m,iPdP (23)

i=0 Cmn ikp
(‘PQD |‘PWLc) = ﬁ ]m,j(PP)e pdp (24)

F.  The Susceptibility of DQD-MNP hybrid

Energy scheme of the hybrid DQD-MNP structure is
shown in Fig.2. Beside DQD states, We Examined a hybrid
DQD - MNP structure where both probe and pump fields
presented. The interband transition |0) — |2), is driven by a
— Ed,lioz

2heeffs
interband transition |1) & |3) was due to the pump field
EY;, The controlling field's Rabi frequency can be expressed
— Efap13
2 Eeffs
Rabi frequency QJ, sin (’Z—x) where the standing wave's

spatial frequency represented by A, and gratings were used
to modify the transmission function in the x-direction.
The Rabi frequency of the total electric field is related

weak probe field EJ, with Rabi frequency Q9, The

as QJ, . For the standing-wave trigger field with

to the direct coupling of the applied field of the DQD and
the induced internal field from the MNP [35,36].
From eq. (9), we wrote the probe Q,, field's effective

Rabi frequency,

36(1
Do, = -082 (1 + %) (25)

11

The effective Rabi frequency for the standing-wave

trigger field can be written as,
3
045 = 0% (sin () + L20e) (26)

R3
Using Eq. (25), and Eq.(26) to calculate density matrix Egs.

(11), Under the Standing-Wave field, the linear
susceptibility of the probe field represented as:
1 — 2NQHo2
X €0EDQD,02 (27)
Where No (= a ) is the number of DQDs per unit

npZhy
volume, hy is the QD height, and g, is the vacuum's
dielectric constant.

1. RESULTS AND DISCUSSION

The results of the hybrid DQD - MNP system were
examined in this section. Other works use selected values for
QD energy sub bands and experimental transition momenta,
making it easy to obtain results. In this work, we studied the
characteristics of materials by calculating QD energy sub
bands and subsequently transition momentum to produce
outcomes for every structure with its starting set of
parameters. Due to the orthogonal zed plane wave (OPW),
the quasi-continuum state of the WL effect on the QD
transitions was observed.[31, 37]. The results of these
calculations were represented in the figure of merit for this
work. MAOUD-37 (our lab software), was developed and
used in this investigation. It was reported in previous
experimental works [38] that addressed various optical
qualities [31, 32, 37, and 39]. Plasmatic nanostructures are
the subject of some of them [40-42]. Table 1 contains a list
of the parameters that were used in our calculations. To
facilitate the interpretation of the findings in this work, Table
1 lists the computed QD energy sub bands and the transition
moments.

Accordingly, this software begins with the calculation of QD
energy levels. Second, the study of transition momenta using
Egs. (12)-(24) were required for the effective Rabi
frequencies Q;; and Gy;. The density operator p,, that was
used in the susceptibility calculation was obtained through
the numerical solution of the density matrix Egs. (11). Then,
the susceptibility under the Standing-Wave field was
calculated. From there, the susceptibility under the Standing-
Wave field was computed. It was assumed that the
background dielectric constant is eg = &,. For simplicity, the
relaxation times (yo =vy1 =v2=VY3 =Vs =Vs) for the
DQD were taken to be the same [43, 44].The MNP dielectric
constant g, of the Au bulk dielectric constant [45].We
referred for (R and a) values in the figures, i.e., (R > a >

p1, p2)[14,17].



Table 1: parameters that were used in our calculations:

Parameters Values Ref.
(unit)
Yo=V1=72 1/(2.5 ns) [43, 44]
=Y3=Va=7Vs
r 6x1073 | [45]
€ 15.15¢, [27]
&M 6.9¢, [46]
Momentum Values Momentum Values
(nm.e) (nm.e)
1o 2.5716 s 0.0176
Uao 0.0069 s 0.0278
Uso 0.0071 Hia 0.0367
Uz 2.3849 Hoa 0.0341
Uy 0.0076 I 0.0066
QD CBsubband | Values QD VB subband | Values
(eV) (eV)
Eg 0.9626 E,, -0.3555
E. 1.0288 Eys -0.3727

Fig. 3 shows the DQD-MNP susceptibility, where a
wide radius gave us a high susceptibility. The curve was
minimum a few-shifted from a grating period with an
increasing MNP radius, while the peak was still at the same
point.

Fig. 4 shows the susceptibility at different distances (R)
between the centers of the DQD and MNP with a=10nm,
08, = 0.009 eV, Q9 =18 GeV, Ty; = 0.01y,, Tz, = 8y, .
A high susceptibility is associated with a small R.

5500

5000 -
4500
4000
3500 -

% 3000 -
2500
2000 -
1500

/
1000 -

500

T T 1
0 1 2 3 4 5

XA
Fig. 3: The DQD-MNP susceptibility at a=510nm MNP
radius R=20nm, 09, = 0.009¢eV , 09, =18 GeV, Ty = 0.01y, ,and

Tz, = 8y,.
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Fig. 4: The DQD-MNP susceptibility at a = 10 nm MNP at different
radii R=20, 50, 80nm, QJ, = 0.009 eV, Q,; = 18 GeV, Ty; = 0.01y, ,and
Ts; = 8y,.

Fig. 5 shows susceptibility in the case of
including/neglecting metal contribution. using the metal
increased the susceptibility, and that explained the reasone
of using MNP with QD structures.

Fig.6comparing DQD-MN and single QD (SQD)-MNP
susceptibility. This also shows the reason for using DQD
instead of QD structures. This comes from the flexibility in
the DQD transitions, which can strengthen some transitions.
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5000 [
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3500 [
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x L

= 3000
2500
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1500

1000 - Jf

500
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Fig. 5 The DQD-MNP susceptibility ata = 10 nm, MNP radius R=20nm,
QJ, = 0.009 eV, Q%5 = 18 GeV, Ty; = 0.01y,, and Ty, = 8y,.
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Fig. 6 The DQD-MNP susceptibility at a = 10 nm MNP radius R=20nm,
QJ, = 0.009 eV, Q%5 = 18 GeV, Ty; = 0.01y,, and Ty, = 8y,.



Fig. 7 shows the DQD-MNP susceptibility under
different pumpings. The susceptibility reduced with the
pump field.

Fig. 8 shows the DQD-MNP susceptibility for different
Q3.

Fig. 9 shows DQD-MNP susceptibility for different DQD
sizes for quantum disk and radius. The smaller size gave us
high susceptibility because of the quantization effect.

5500

0 _
91371.8 Gev

5000 - 0 _
5113—1 4Gev

0 _
4500 —_—,=1 Gev

4000

3500 -

3000 -
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2500
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1500

1000

500

XIA

Fig. 7 The DQD-MNP
radius R=20nm, Q9, = 0.009 eV
different pumpings.

susceptibility at a=10nm MNP
,To1 = 0.01y, , and T;, =8y, at

6000

0 _,
00270.009 ev

—0° =0.012 ev
5000 - 4

——09,=0.016ev

4000

3000

[x()l

2000

1000 | /If

x/A
Fig. 8 The DQD-MNP susceptibility at a=10nm MNP
radius R=20nm, QS, =0.009¢eV , Qf; =18 GeV,Ty; = 0.01y, , and

T;, = 8y, at different probs.
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Fig. 9 The DQD-MNP susceptibility at a = 10 nm MNP
radius R=20nm, 5, = 0.009 eV, Q9; = 18 GeV, Ty; = 0.01y,, and
T, = 8yo.
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Fig. 10 shows DQD-MNP susceptibility at different
values of the tunneling component T_01. An interesting
result is shown in the inverting of the grating period with
tunneling.

Fig. 11 shows the DQD-MNP susceptibility at various
tunneling component T_23 values. This component only
reduces the susceptibility.

x10*

25

Fig. 10 The DQD-MNP susceptibility at a=10nm MNP
radius R=20nm, QJ, = 0.009 eV, QJ, = 18 GeV, T;, = 8y,, and different
tunnelings.

25

T8

11 The
radius R=20nm,
different tunnelings.

Fig. DQD-MNP  susceptibility at a=10nm MNP

Q%, = 0.009 eV, Q% =18 GeV, Ty, = 0.01y, , and

IV. CONCLUSIONS

In this work, the application of the standing wave field of
the orthogonalized plane wave (OPW) between each DQD
and WL-QD transition, as well as the impact of WL, were
calculated, The susceptibility is reduced with decreasing the
pump field under a standing-wave field. Using MNP with
QD structures in the presence of metal increased the
susceptibility. Moreover, the pump field reduced the
susceptibility. Finally, an interesting result was shown in the
inverting of the grating period with the tunneling component
in the conduction band.
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