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Abstract: In this work, we present numerical results on the influence of a spherical metallic
nanoparticle to the population transfer in a A-type quantum system under conditions of Stimulated
Raman Adiabatic Passage (STIRAP). For the study of the system’s dynamics, we use the density
matrix approach for the quantum system, where the parameters for the electric field amplitudes and
the spontaneous decay rates have been calculated using ab initio electromagnetic calculations for the
plasmonic nanoparticle. We present results for the evolution of the populations of the different levels
of the quantum system as a function of different parameters, in the presence and the absence of the
plasmonic nanoparticle. We find that the presence of the plasmonic nanoparticle and the polarization
of the pump and Stokes fields with respect to the surface of the nanoparticle, affect the efficiency
of the population transfer inside the three-level quantum system. For the right combination of the
values of the modified spontaneous decay rates and the fields intensities, high efficiency population
transfer is obtained in the quantum system near a plasmonic nanoparticle using STIRAP process.

Keywords: Stimulated Raman Adiabatic Passage technique (STIRAP); A-type three-level quantum
system; metallic nanoparticle; coherent population transfer

1. Introduction

The last three decades, Stimulated Raman Adiabatic Passage (STIRAP) [1] has been proven a
robust and high-efficient technique for population transfer in a three-level quantum system and beyond
that. As coupled quantum-plasmonic nanostructures are widely used in recent nanophotonics for
the superior properties that the coupled structures have over their constituents, a series of studies
have analyzed the influence of a spherical metallic nanoparticle (MNP), which is a basic plasmonic
nanosystem, on coherent population transfer methods in nearby quantum systems [2-8].

For several recent proposals, it is important to understand the behavior of STIRAP near MNPs.
Therefore, in this work we present numerical results on the influence of a spherical MNP to the
population transfer in a A-type quantum system, a model semiconductor quantum dot (SQD),
under conditions of STIRAP. For the study of the system’s dynamics, we use the density matrix
approach for the quantum system, where the parameters for the electric field amplitudes and the
spontaneous decay rates have been calculated using ab initio electromagnetic calculations for the
plasmonic nanoparticle [9]. We then present results for the evolution of the populations of the different
levels of the quantum system as a function of different parameters, in the presence and the absence of
the plasmonic nanoparticle. We find that the presence of the MNP and the polarization of the pump
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and Stokes fields with respect to the surface of the nanoparticle, affect the efficiency of the population
transfer inside the three-level quantum system. For the right combination of the values of the modified
spontaneous decay rates and the pump and Stokes fields intensities, high efficiency population transfer
is obtained in the SQD near a MNP using STIRAP technique.

2. Theory

The model system under study consists of a spherical MNP with radius R = 50 nm, and a A-type
three-level quantum system with transition energies iwg; = fiwg, = 1.517 eV, as shown in Figure 1a.
We allow each laser pulse to drive only one transition.
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Figure 1. The SQD at distance d from the surface of a MNP with radius R (a) and schematic
representation of the three-level A-type model (b) with (3, and ¢, (n = 1,2), standing for the Rabi
frequencies and detunings of the |#) — |0) laser-induced transitions, respectively. The modified field
factor (c) and the modified spontaneous decay rate, the Purcell factor, (d) along z and x axis with
respect to the surface of the MNP.

The electric field is described classically by E(t) = &,E1 f1(£)e!¥1t + 2,5 fo (£)e!®2t + c.c., where &, is
the polarization vector, &, is the electric field amplitude and f;(¢) is the dimensionless pulse envelope
of each laser pulse. We use Gaussian pulses with f(t) = e~ (t=to=tn)?/(26) 4ng fa(t) = e~ (=10 (25)
where f is the common central time of the two pulses, t, characterizes the pulse duration and ¢, is the
time-delay between the two applied fields. In our system we have t, = 1ns, t;, = 2nsand ¢y = 4 ns.
We note that positive t, leads to the counter-intuitive pulse sequence for population transfer from state
1) to |2), which is characteristic of the STIRAP technique [1,10]. The angular frequency of the pump
field is @y and of the Stokes field is ;. We consider that the fields are polarized either tangentially,
i.e., along the x axis, or radially, i.e., along the z axis, with respect to the surface of the MNP.

The Hamiltonian of the laser-matter interaction in this system, within the rotating wave and
dipole approximations, is given by H(t) = Qy (t)e™"1*|1) (0| + Q (t)e2*|2) (0] + c.c. with 71 = 1. Here,
Qu(t) = Q% fu(t) with Q)(t) = —ino - €nEnfau(t), with n = 1,2, is the Rabi frequency of the transition
|n) <+ |0), with ji,,o being the associated dipole transition matrix element. Also, 6, = wy — wy — @y =
won — @y is the laser field detuning from resonance for the transition |n) <> |0), with the energies of
the n-th lower level and upper level, respectively, being w,, and wy.
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In all the calculations presented below, we take the laser fields at exact resonance with the adjacent
transitions, i.e., 6; = d = 0. The equations of motion of the density matrix elements are given by

ipoo(t) = —i(To1 + To2)poo(t) + Q7 (t)p10(t) — Qu(t)po1(t) + Q3 (H)p20(t) — Qo (t)poa(t), (la)
ip11(t) = iTo1000(f) + Q1 (t)po1(t) — Qfp10(t), (1b)
ip22(t) = iTozp00(t) + Q2 ()02 (t) — Q3p20(t), (1c)
ip10(t) = —ir10010(f) + Q1(t)p0o — Q1 (t)p11(t) — Q2(t)p12(t), (1d)
ip20(t) = —iv20020() + D (t)po0 — Q1 (#)p21 () — Mo () p22(t), (le)
ip12(t) = M (t)poz(t) — Q3 () p10(t), (1f)

with Y-, pun(t) = 1 and pum(t) = pjy, (). We have assumed a closed system, i.e., there is no decay to
levels outside of the three-level manifold under study. We denote by I'p; (I'p2) the spontaneous decay
rate from level |0) to level |1) (|2)) with Iy; = I'pp = Iy and by 7, the coherence decay rate between
states |n) and |m), with 719 = 720 = 3(To1 + Tp2). We note that we use fourth-order Runge-Kutta
method for the numerical solution of the above equations.

3. Results and Discussion

In this section, we investigate the influence of the MNP on the target-state population dynamics
using the STIRAP technique for various parameters.

In Figure 2, we investigate the time evolution of the population of each state of the A-type system
for different distances between the MNP and the SQD. The pump field is polarized along the x axis,
with QO = 10 ns™!, and the Stokes field is polarized along the z axis, with O = 1 ns™!. We find
that the population transfer in the SQD under the STIRAP technique works with high efficiency for
d < 10 nm. Also, we note that the efficiency of population transfer decreases when the SQD-MNP
distance is large. As the SQD moves away from the MNP, oscillatory population dynamics is also
observed because the adiabatic condition is almost fulfilled. On the other hand, in the absence of the
MNP Figure 2a, we do not obtain high population in the target state of the SQD using STIRAP, due to
the insufficient fulfillment of the adiabatic condition.

In Figure 3, we further study the time evolution of the population of each state of the A-type
system but for the inverse polarizations of the two applied fields, i.e., the pump field is polarized along
the z axis and Stokes field is polarized along the x axis. We use Q) = 1ns~! and Q9 = 10ns~!. We find
that the population transfer in the SQD under the STIRAP technique works efficiently for 4 < 10 nm,
with transfer efficiency above 80%. In the absence of the MNP, as well as for distances 4 > 30 nm, we
note that the adiabatic condition is not fulfilled, STIRAP does not work properly and the intermediate
state |0) has population both in the transient regime and even at the end of the population dynamics.
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Figure 2. The two columns present the population evolution of p11 (¢) (blue solid curve), poo(#) (red
dashed curve) and py;(t) (green dotted curve) at d — oo (a), d = 50 nm (b), d = 30 nm (c), d = 15 nm
(d), d =5nm (e), and d = 1 nm (f), with [y = 0.1 ns~ 1. The polarization direction of the pump field is
along the x axis with QY = 10 ns~! and of the Stokes field along the z axis with Q) = 1ns™ 1.
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Figure 3. The two columns present the population evolution of py1(¢) (blue solid curve), pgo(t) (red
dashed curve) and pp;(t) (green dotted curve) at d — oo (a), d = 50 nm (b), d = 30 nm (c), d = 15 nm
(d),d =5nm (e), and d = 1 nm (f), with Ty = 0.1 ns~1. The polarization direction of the pump field is
along the z axis with 0(1) = 1ns~! and of the Stokes field along the x axis with QJ = 10ns~ .

4. Conclusions

In summary, in this work, we have studied how a MNP affects the STIRAP population transfer
process in a A-type three-level SQD. We investigated the time evolution of the population of the SQD
for different positions between the SQD and the MNP and different polarizations of the pump and
Stokes field. In the first case that the pump laser is polarized along the x axis and the Stokes field is
polarized along the z axis, the population transfer using STIRAP is highly efficient as the distance
between the SQD and the MNP decreases. The same dynamical behavior is observed in the second
case, when the applied fields are polarized in opposite way. A difference between the two cases is that
in the second case, we do not observe oscillations in the population dynamics. Also, the population
transfer efficiency is higher in the first case for this pair of parameters. We conclude that for suitable
values of the above parameters the STIRAP technique is a robust high-efficient population transfer
process for a SQD near a MNP and the presence of the MNP may help the efficiency of STIRAP. Our
results can be of importance for applications of quantum photonic devices in nanotechnology.
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Abbreviations

The following abbreviations are used in this manuscript:

STIRAP  Stimulated Raman Adiabatic Passage
MNP metallic nanoparticle

SQD

semiconductor quantum dot
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