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Abstract

We perform a theoretical study of the optical response of a hybrid system comprised of a closely
spaced semiconductor quantum dot (SQD) and a noble metal nanoparticle (MNP). We show that
this system exhibits fascinating properties originating from the strong dipole-dipole SQD exciton -
MNP plasmon interaction. In the linear regime, this interaction leads to the creation of a modified
exciton-plasmon excitation with a red-shifted resonance energy and a broadened energy absorption
spectrum. In the nonlinear regime, the coupling results in the formation of narrow exciton-plasmon
Fano resonances with tunable properties. Additionally, the presence of the MNP leads to a self-action
(feedback) of the SQD that can result in bistability of the hybrid dimer optical response. We provide
a detailed analysis of the bistability phase diagram.

1. Introduction

Nowadays, modern nanotechnology allows us to assemble a variety of hybrid nanocomposites. These
systems have been studied for a range of applications such as light nanosources for nanophotonic de-
vices [1] and resonance energy transfer [2]. Among ubiquitous combinations, the mostly studied hybrids
are noble metal-semiconductor nanocomposites [3, 4]).

The SQD-MNP dipole-dipole interaction for closely spaced nanoparticles can be relatively strong. This
coupling dramatically modifies the optical response of such hybrid systems and gives rise to a number of
interesting phenomena, among them nonlinear Fano resonances and bistability [4]. The novel properties
exhibited by the hybrid systems held the potential to revolutionize optoelectronics and nanophotonics.

We perform a theoretical analysis of the optical response of a simple hybrid system comprising a spher-
ical MNP and SQD, both in the weak-field (linear) and the strong-field (nonlinear) regime. The system
is assumed to be embedded in a dielectric host with permeability €, and driven by a linearly polarized
(along the system axis) external field with amplitude Fy and frequency w. The SQD is modeled as a two-
level system with transition frequency wg and optical transition dipole moment p. It is treated quantum
mechanically within the framework of the 2x2 density matrix (DM) formalism with relaxation constants
v (population) and I' (polarization). The MNP is considered classically via its frequency dependent
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scalar polarizability a(w) = a®[epr(w) — p)/[enr(w) + 26p); @ is the MNP radius and ey (w) is the di-
electric function of the metal. All sizes of the system (SQD and MNP radii and center-to-center distance
d) are assumed to be small enough to neglect the retardation effects and to consider both nanoparticles
as point dipoles.

2. Bistability phase diagram

Within the rotating wave approximation for the DM and under steady-state conditions, it is straightfor-
ward to derive an equation for the SQD population difference Z = p11 — pgo. It reads

2 Z+1|(-GiZ)+i(A+Gr2)) 0
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where Qg = pEp/h and €/, = (g5 + 2¢3)/(3ep). Equation (1) is of third order in Z and therefore

may have three real solutions, depending on the values of the off-resonance detuning A = wy — w, the
polarization relaxation constant I', and the SQD-MNP coupling constant G = G, + iG;.
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Fig. 1: Bistability phase diagrams of the SQD optical response. Shaded regions show the parameter space
where bistability exists. From left to right: phase diagram in the parameter space [G,, A] at G; = 0,
[G;, Al at G, = 0, and [G,, G;] at arbitrary A.

Bistability phase diagrams for different set of parameters A, G;, and G, are presented in Fig. 1. From
these data, we derive that both coupling constants, GG,- and G, gives rise to bistable optical response.
At G, = 0, the critical value for bistability to occur is G; = 81", while at G; = 0, the critical value of
G, = 4I'. For a nonzero detuning A, higher values of G- and G; are required.

3. Spectra

The total energy () absorbed by the hybrid system is due to the absorption by both the SQD and the
MNP: @ = Qsqp + Qunp- The Qsqpunp) is calculated as
|2

; 3)

1
QSQD(MNP) = §WIH1(XSQD(MNP))’ESQD(MNP)

where xsqpvnp) and Esqpvnp) are, respectively, the susceptibility of SQD(MNP) and the field am-
plitude acting on SQD (MNP). We consider a SQD in the vicinity of an Au MNP and use the follow-
ing set of SQD parameters: the transition energy fwg = 2.5 eV, the SQD transition dipole moment
i = 0.7 e - nm, the SQD relaxation constants ¥ = 1.25 ns~! and I' = 3.33 ns~! [4], the SQD dielectric
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constant €5 = 6.2, the MNP radius a = 10 nm, d = 16 nm, the background dielectric constant g, = 1.
The metal dielectric constant £); was taken from the tabulated data for the permittivity of gold [5].

Figure 2 shows the dependence of the spectrum on the center-to-center distance d (smaller d increases
the SQD-MNP dipole-dipole coupling). The left (middle) plot corresponds to the weak (strong) field
limit, specified in the figure caption. In the weak limit, the absorption peak is red-shifted and broadened
when reducing d, while in the strong field limit it demonstrates an asymmetric Fano shape. Moreover,
the hybrid absorption reveals a discontinuity, dependent on which branch of Z it is measured (see the
right panel and the insert).
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Fig. 2: Energy () absorbed by a hybrid system comprised of a SQD and a Au MNP. Left panel: spectra
calculated for different center-to-center SQD-MNP distances in the limit of low external field intensity,
1= Q% /v/AT < 1. Middle plot: the same, but now in the limit of high external field intensity, I =
Qg /v/7T > 1. Right plot: discontinuity in the absorbed energy Q when exciting the system at the upper
branch of the bistability characteristic Z vs I (see the insert).

4. Conclusion

We studied the optical responce of a hybrid nanodimer comprised of a closely spaced semiconductor
quantum dot and a metal nanoparticle. In the linear regime, the strong dipole-dipole SQD exciton-MNP
plasmon interaction results in the formation of hybrid excitation with a shifted and broadened energy
absorption peak. In the nonlinear regime, the SQD-MNP coupling results in the formation of a narrow
hybrid exciton-plasmon Fano resonance, which can be controlled by changing the SQD-MNP center-
to-center distance. Furthermore, the self-action of the SQD via the MNP can result in bistability of the
optical response, giving rise to a discontinuity in the absorption spectra. We conducted a detailed study of
the bistability phase diagram of the composite and calculated critical parameters for bistability to occur.
The considered hybrid system may serve as an element of all-optical logic.
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