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A scheme for terahertz (THz) generation from intraband transition in a self-assembled quantum dot
(QD) molecule coupled to a metallic nanoparticle (MNP) is analyzed. The QD structure is described
as a three-level atom-like system using the density matrix formalism. The MNP with spherical
geometry is considered in the quasistatic approximation. A femtosecond laser pulse creates a
coherent superposition of two subbands in the quantum dots and produces localized surface plasmons
in the nanoparticle which act back upon the QD molecule via dipole-dipole interaction. As a result,
coherent THz radiation with a frequency corresponding to the interlevel spacing can be obtained,
which is strongly modified by the presence of the MNP. The peak value of the terahertz signal is
analyzed as a function of nanoparticle’s size, the MNP to QD distance, and the area of the applied
laser field. In addition, we theoretically demonstrate that the terahertz pulse generation can be
effectively controlled by making use of a train of femtosecond laser pulses. We show that by a proper
choice of the parameters characterizing the pulse train a huge enhancement of the terahertz signal is

obtained. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863781]

. INTRODUCTION

Terahertz (THz) technology is an ever growing field,
due to the important properties of such radiation and its sig-
nificant applications, in spectroscopy and imaging. The
THz wave can be obtained by both electronic' and optical
methods.”® Because of the lack of high quality terahertz
sources and efficient detectors, the study and application of
terahertz pulses have been greatly restricted. Recently, with
the advent of the femtosecond laser technique, the reliable
terahertz pulses can be obtained by photo-conductive
switches,™” optical rectification (OR)® or photo-induced
plasma in a gaseous medium.”* The development of quan-
tum cascade laser”'? based on semiconductor super lattices
is also a breakthrough for THz wave generation. Terahertz
fields have been widely applied in various areas of research,
such as non-invasive imaging,m’15 and have been described
in several comprehensive review articles.'®!”

One promising direction towards the realization of both
detectors and emitters operating in the THz, are semiconductor
nanostructures, such as quantum wells (QWs) and quantum
dots (QDs).!®” Low-dimensional semiconductor heterostruc-
tures are almost ideally suited for terahertz and infrared gener-
ation because the spacing between levels of dimensional
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quantization can be conveniently manipulated over the region
from several to hundreds of microns, and injection pumping is
possible. The specific working frequencies of such devices are
determined by the structure design and their modification for a
given fabricated sample is possible just by applying an external
electric or magnetic field and by means of a mechanical stress.

Optically pumped terahertz emission from a semicon-
ductor surface has been observed in a wide range of semi-
conductors. Several mechanisms for coherent THz emission
from semiconductor heterostructure devices have been dem-
onstrated in the past. In particular, QWs have been proven as
THz emitters wherein THz generation is due to charge oscil-
lations with wave packets tunneling back and forth between
wells. For example, Roskos er al.?**' and Planken er al.**
used near-infrared femtosecond laser pulses to excite quan-
tum beats in undoped quantum wells. Generation of terahertz
radiation based on the difference of optical frequencies in
bound-bound transitions is one of the most promising mecha-
nisms to produce coherent THz sources.*

In strong laser fields, the emission spectra contain a
Rabi frequency that is much smaller than the frequency of
the driven laser (located in the low frequency region). In this
regime, investigations on few-cycle laser pulses interaction
with asymmetric systems have been carried out along recent
years. One should break the inversion symmetry of the
atomic and molecular systems to obtain low frequency radia-
tion corresponding to slow oscillations which can be realized
by the degenerated energy levels combined with the initial
coherent superposition states of a certain parity or applying a
weak static electric field. The generation of terahertz transi-
ents from semiconductor irradiated by femtosecond laser
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pulses has been well-studied in the context of searching for
intense, pulsed terahertz emitters.”*® From the nonlinear
optics point of view, the terahertz generation from bulk
materials and quantum wells modeled as a three level system
can be explained from the second-order nonlinear suscepti-
bility for difference-frequency generation, y@(w—w»; i,
5). Wiener?’ calculated the time-dependent polarization for
this system by using first order perturbation theory. The
polarization for this system is proportional to the product of
the transition dipole moments of the three transitions. In the
case of a semiconductor heterostructure with a symmetric
potential, one of the interband matrix elements is zero, so
terahertz emission is impossible to occur. Even if the sym-
metry of the potential is broken by an electric field of a few
kV/cm the matrix element remains very small. Therefore,
THz emission due to quantum beats cannot be expected very
high. This limitation can be addressed by designing new,
nano-engineered materials whose resonances are tuned to a
frequency region of interest, such as specially designed
plasmonic structures. It is well-known that dipole-dipole
interactions occur naturally in nanometer-scale hybrid heter-
ostructures. Nanometer-scale metallic structures can dramat-
ically modify the optical properties of various optically
active objects of similar dimensions such as atoms, mole-
cules, or semiconductor quantum dots. In the presence of an
external laser field, the surface plasmon oscillation in metal-
lic nanoparticles (MNPs) renormalizes the external field and
enhances the electric field in the QDs. The strong modifica-
tions are conceptually well understood as a product of free
electron oscillations in the metal that induce strong localized
electric fields near the surface of nanostructured metals. This
has motivated that the research field of plasmonics, while
still expanding its applications in linear nano-optics, is
quickly advancing towards nonlinear phenomena opening a
route to numerous practical applications, such as surface
enhanced Raman scattering (SERS),Z&29 the control of radia-
tion from single quantum emitters>" or generation of extreme
ultraviolet pulses by nonlinear high harmonic generation.>!
From a theoretical point of view, many interesting phenom-
ena have been found in these coupled nanocrystals, such as
nonlinear Fano effect,*** Forster energy transfer,”” and
local field enhancement.*®*’ Such exciton-plasmon coupling
can lead to a dramatic change in the optical properties. This
includes enhancement or suppression of their emission,>’
shift and broadening of their excitonic transitions,”’38
enhancement of the Rabi flopping,®® and optical bistability.*’
Significant attention has been focused on the emerging field
of quantum plasmonics with the goal of making devices for
quantum information processing*'*? as single photon tran-
sistors* or lasers.** Controlling light-matter interaction at
the nanoscale has become as one of the paramount goals of
nanophotonics.*>™’ Additionally, the possibility of reaching
the quantum regime using plasmonic systems has also been
addressed.**°

Here, we will discuss the terahertz generation enhance-
ment from intraband transition in self-assembled QD
molecules near a MNP. The linear and nonlinear optical
properties in hybrid systems based on metal nanoparticles
have attracted the attention primarily in surface-enhanced
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Raman scattering.”’ More recently there are few works on the
enhancement of second harmonic generation (SHG), either in
semiconductor QDs or in molecules, produced by the resonant
excitation of metal nanoparticles. For instance, enhanced opti-
cal SHG by a factor of 8 has been observed in hybrid polymer
nanoassemblies based on coupled surface plasmon resonance
of a gold nanoparticle array. The observed enhancement was
attributed to coupling of surface plasmons between two adja-
cent gold nanoparticles.”® Second harmonic generation prop-
erties of fluorescent polymer-encapsulated gold nanoparticles
has been demonstrated.”* Midinfrared generation from differ-
ence frequency in self-assembled quantum dots near metal
nanoparticles with two-color interband excitations have been
theoretically analyzed,>* and SHG signals produced by quan-
tum dot and nanoparticle have been theoretically and experi-
mentally addressed in QD-MNP system.>>>’

In this paper, we will analyze the ultrafast optical dy-
namics of terahertz radiation in a hybrid resonant plasmon-
exciton system. A short laser pulse excite heavy holes (hh)
excitons from two adjacent QDs and creates a coherent
superposition of two quasi-degenerated adjacent levels with
dipole coupling in the quantum dot molecule,”®® which in
turn implies the existence of charge oscillations in the sys-
tem. The level of overlapping of hole wave-functions can be
tuned with the application of an external gate voltage. As a
result, coherent excitation of THz radiation with a frequency
corresponding to the inter-level spacing can be observed.
Specifically, we discuss the plasmon enhancement terahertz
generation from intraband transition in quantum dots by fem-
tosecond pulses. It is shown that by tuning the pump field
near the resonance of the two coupled exciton states the gen-
erated terahertz radiation can be enhanced depending on the
size and localization of the MNP. In addition, when the
hybrid system is driven by a coherent multipulse sequence,
we show that the generated terahertz radiation can be either
enhanced or weakened, by controlling the relative time delay
and phase difference between the optical pulses. The paper is
organized as follows: Sec. II establishes the model, i.e., the
Hamiltonian of the system and the time-evolution equations
of the atomic operators assuming the rotating wave approxi-
mation. Section III deals with the numerical simulations and
discusses the enhancement of the terahertz emission with
pulse trains. Section IV summarizes the main conclusions.

Il. THEORETICAL MODEL

We investigate quantum coherence and interference
phenomena in a QD-MNP hybrid system. We consider a
spherical MNP with radius a coupled to a QD (see Fig. 1).
The center-to-center distance between the QD and the MNP
is denoted as R. We consider a QD molecule consisting in
two QD embedded in the intrinsic region of a typical p-i field
effect structure. A suitable level scheme is provided by a
pair of vertically stacked self-assembled InGaAs QDs, sepa-
rated by a thin GaAs tunnel barrier and embedded in a GaAs
Schottky diode.””® By applying an external gate voltage,
the number of surplus holes in the dot structure can be pre-
cisely controlled. By tuning appropriately a external gate
voltage, we have a knob to change the overlapping of the
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FIG. 1. (a) Schematic illustration of the proposed double-dot molecule. The
dashed line indicates the confinement potential along the growth axis for
electron (top) and holes (bottom) including an external electric field which
allows for the control of overlapping of hole wave-functions. (b) The QD-
MNP hybrid system. The MNP has a radius a and a dielectric constant ¢,,.
The dielectric constants of the QD and the environment are €, and e, respec-
tively. (c) Atomic states of the QD molecule and the MNP. ygg /75, and
yg? /74, are the free space/plasmon-modified upper level decays to the
ground levels, and ), stands for the angular frequency of the laser field.

hole wave-functions of the two dots. In addition, the electron
wave function extends over the two dots because of the
smaller electron mass and the resulting increased interdot
tunneling. As a consequence, the full system can be repre-
sented by a three level A-type system. The three states are
denoted as |1), |2), and |3), with energies fiw;, (j =1 — 3).
The two single-excitonic transitions |1) < |3) and |2) < |3)
are orthogonal linearly polarized,“ or left and right circu-
larly polarized.®> The resonant frequencies between the
upper level |3), and the ground levels |1) and |2) are w3; and
w3, respectively. Note that w3—ws3; = s, @, being the
frequency separation of the ground levels. Levels |1) and |2)
are also dipole coupled. It is to be noted that in semiconduc-
tor quantum wells or bulks modeled as three-level systems,
all the transitions are not allowed because of parity.

A laser field E with frequency w; couples the ground
levels |1) and |2) to the upper level |3), and is given by

- 1 — — —io,
E :E(El(t)ul +E2(t)u2)e e, @)

where E; (E,) is the slowly varying amplitude along the
i) (ify) direction, which corresponds to the polarization of
the transition |1) < |3) (]2) < |3)).

We take into account that the effective size of the QD
molecule is usually very small, thus, the QD structure can be
considered as a point-like dipole induced by the external
field. The radius a of the MNP is on the nanometer scale and
it is described in the framework of classical electrodynamics.
The oscillating electric field of the driving laser will generate
localized surface charge oscillations in the MNP and an elec-
tric dipole in the QD molecule, which interact with each
other via the dipole-dipole interaction. The driving field is
assumed to be spatially uniform for the relatively small
dimension of the hybrid system, and the quasistatic approxi-
mation is used. The dielectric function of the QD is denoted
as €, while that of the host medium is denoted as €z (see
Fig. 1). Finally, the dielectric function of the MNP is ¢,,(w).
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The Hamiltonian of the hybrid system can be expressed as
H = Hy+ Hg + Lp, 2

where

3
Hy =y w6,
=
L2 €)]
Hp = _EZMj3Eg)De_i(ULI&3j + H.c.,
=

where Lp is the Liouvillian of the system and H.c. stands for
the Hermitian conjugate. The parameters ;3 with j=1, 2 are
the interband dipole matrix elements of the excitonic transi-
tions |3) — |1) and |3) — |2), respectively. Egg) (G=1,2)is
the slowly varying amplitude of the total field felt by the QD
polarized along the |3) < |j) transition, which is given by

)
1 1 SP
— |E: S MNP 1 D 4
[ J 47'[6063 R3 (1 ’ ), ( )

where €.z, = (2¢5 + €,)/3¢p, and S; is 2 or —1 when the elec-
tric field E; is polarized along the axis of the hybrid system
or in the orthogonal direction. The Z direction corresponds to
the axis of the hybrid system (see Fig. 1). The dipole P,(‘QNP
originates from the charge induced on the surface of
the MNP, and depends on the total field due to the QD
(Ref. 62) as

PY) = dnegepa’y(wp)EVhy (j=1,2), (5)
where E}(QNP is the slowly varying field amplitude at fre-
quency o, felt by the MNP, which is given by

%)
j 1 SiPop .
E}(llI)NP - Ei + 47'(6()63 R3 (] = 172)7 (6)

and y(wp) = [em(wr) — €g]/[2es + em(wr)] is the dipole
polarizability of the MNP. The dipole PY) (j=1,2) is
expressed via the off-diagonal elements of the density matrix
as follows:

PZL = Uj3P3)- (N

Substituting Egs. (6) and (7) back into Eq. (5), we obtain

' 1 Siuizps;
Pz(lil)NP = 27-55063613)}((1%) <Ej + 27mepep J IJQS j

Ju=1.2
®)

Finally, the slowly varying amplitudes of the fields in the
QD are

N
Eeffs

2.3
Sja V(wL)Hj3P3j (=12

(€))

5103?(6%))
R3

27‘[606364st6
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By introducing Eq. (9) into Eq. (3), the total Hamiltonian of
the QD in the dipole approximation can be expressed as
follows:

3
H() = thjéjj,
o (10)

2

where we have introduced the magnitudes €; and G;, which
contain the effects of both coupling fields and localized sur-
face plasmons, and are explicitly given by

ol — HiEj
J 2h63ffs ’
Sia*y(wy)
0 .
Qj:Qj{HfT (j=1,2), (11)
- Shupay(on)
I 4-7'560637[69]"st6

In the above equations, €; is the renormalized Rabi fre-
quency associated with the driving field and the field pro-
duced by the induced dipole moment P,;yp of the MNP. In
addition, G; shows the interaction between the polarized QD
and the MNP Note that G; is a complex quantity. When the
laser field is weak, the imaginary part of G; represents the
Forster energy transfer rate from the QD to the MNP and
therefore contributes to the damping rate of the QD. The real
part of G; refers to the red shift of the QD transition caused
by the plasmonic effects.***°

In view of the previous considerations, the time evolu-
tion of the density matrix now reads

—=—-[H,p]— Lp. 12
% ol = Lp (12)
The term Lp which accounts for the spontaneous decay rates
of the involved transitions, can be written in the Lindblad
form

Lp = /Z (po33 + g33p — 2013p031)

yp
+ 2= 5 2 (po33 + 033p — 2023p032)
+%(Pﬂzz+azzp—2012/?021)- (13)
Here, y% (j=1, 2) stand for the spontaneous emission decay
rates of the QD. These parameters are modified by the plas-
monic field of the MNP. The dissipative process described
by the term of the Liouvillian with the pre-factor 7y,
accounts for the lower levels’ dephasing and is assumed to
be uncoupled with the localized surface plasmons due to the
low values of the Zeeman splitting considered.

We consider that the QD molecule can lose its excitation
radiatively by emitting a photon and non-radiatively through
the dissipation of currents induced by the QD in the MNP. In
order to describe how the spontaneous emissions of the QD’s
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atomic transitions are modified by the plasmonic interaction,
we make use of the classical calculations of the fields as
shown, for example, in Ref. 63. In the case of considering a
metallic particle whose size is much smaller than the wave-
length, the calculation simplifies because it is sufficient to
consider the quasistatic field solution,63 and the QD is also
treated as a point dipole. It is well-known that the decay rate
of an electric dipole in free space is

1 P R
yOZEJEOAHO~ dS o ot |do|?, (14)
S

where dj is the dipolar moment of the atom and B (ﬁo)
is the electric (magnetic) field in free space. When a nano-
particle is close to the atom, the radiation power will
change since the electric and magnetic fields reflected on
the particle act back upon the atom and modify the emis-
sion of the atomic dipole. In this new situation, the decay
rate is

r=3 | (0 E) (@4 A7) s il a5
S

Ef (ﬁR) being the reflected electric (magnetic) field, and

dror being the total dipole moment of the hybrid system. In
view of these considerations, we can compute an enhance-
ment factor for the decay rate as Fo,;, = 7/ = |j,0t|2/|50|2.
This topic has been addressed in detail in previous
works.%*®* The enhancement factor (F.np) depends on both
the size and shape of the MNP and its relative orientation to
the dipolar moments of the QD. The coherent-plasmonic

field enhancement factor in the current case, F. o> Teads as
[see Eq. (11)]
; Q; ? Sia*y(wy) .
ME§=$+’W (=12. (6

In view of the considerations raised when defining the
enhancement factor in Eq. (16), the radiative decay rate of
the atomic transitions modified by the coherent-plasmonic
field enhancement are given by

ygj = ))gj) enh (/ = 172)’ (17)
where the super-index O is used to indicate the values of the
free space decay rates. A similar approach to estimate the
modification of the decay rates has been used in other works
(see, for example, Refs. 65-69). It is worth noting that
depending on the orientation of the dipole moments of the
QD emitter’s transitions, the decay rates could become very
different from one another, ie., the value of F!, can
strongly differ from that of F2 ,. This could result in an ani-
sotropic Purcell factor enhancement which will have impor-
tant consequences for controlling the time dynamics of this
nano-hybrid system.

The equations of motion for the density matrix elements
of the QD in the hybrid system and in an appropriated rotat-
ing frame can be derived from Eq. (10) and read
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ot

5/031 { 31T 7/372
8/021 [

ot

2
8/’32 Vp + ng
ot
a:033 (
ot

+i(Q + Gap33)pa3 —

dp
thz = —921P2m + V52033 —

where A3j = W3; — L, (j = 1,2).

A close inspection of Eq. (18) reveals that the plas-
monic interaction manifests in three ways: the first one
relies on the enhancement of the Rabi frequencies which
drive the QD according to the values given in Eq. (11).
The second mechanism can be formally interpreted as a
nonlinear frequency shift in the optical resonance causing a
dynamical detuning. The value of the dynamical detuning
for the optical coherence p;; and p;, are given by
Re[Gi(py — p33)] and Re[Ga(py — p33)], respectively. In
addition, the radiative decay rates are also modified by the
plasmonic interaction as previously discussed. It should be
remarked that the three above mentioned mechanism
strongly depend on the QD-MNP distance R and its size
through a.

The electric field radiated by the hybrid system in the
THz regime (Eg(?)) is proportional to the second temporal de-
rivative of the coherent time-varying polarization P o< p,, (1),
ie., Eg(t) oc 8*py,(t)/0F. In what follows we will analyze
the effects of localized surface plasmons on the radiated THz
signal.

lll. NUMERICAL SIMULATIONS AND DISCUSSION

We consider a spherical gold MNP with radius
a=8-10nm. The dielectric constant for gold is obtained by
interpolating the tabulated experimental data from Ref. 70.
We use the following parameters to describe the QD mole-
cule: e,=€5=12.96, hiw;3 = 1.526eV, an energy splitting
of hw, = 6meV, a relaxation time of yg(i) = y(;? =7
=0.17ps~!, and dipole moments fi,; = ;3 = 31.2D. These
are typical values for the decay rates and the dipolar
moments commonly used. The choosing of lowers’ level
splitting of 6 meV is close to the value reported in Ref. 59 of
1.1 meV. The specific value of 7/, is not essential to the
purposes of the current work, and merely manifest as a
change in the frequency of the THz generated signal.

The lowers’ level dephasing is set to y,; =0.3y,. We
consider that the system is driven by either a single Gaussian
laser pulse centered around 814nm or by a finite train of
identical delayed pulses. The pulse/s can be derived from a
Ti:sapphire laser. In the case of a single laser pulse, it can be

written as QV(¢) = Q)(r) = \/;)—7‘1’76’(”"’>2/2“2, where /20 is
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i[Asy — Ga(py — P33)]},032 — i (p33 — px) +i(Q1 + Gip31)pias (18)
Y1+ V)p3 +i(Q1 + Gips))pis — i(Q + Gipiz)pa
i(Q + G3p23) P32,

i(Q2 + Gap3)pa3 + i(Q5 + G3p23) P30

the 1/e half-width, Qg is the normalized (dimensionless)
peak amplitude which measures the pulse area, and 1, is the
center of the pulse. The bandwidth of the laser pulse is
assumed to be large enough to be able to drive the two exci-
tonic transitions simultaneously. The temporal pulse length
is 0 = 0.05/y, =~ 300 fs. Finally, the polarization parameters
are S =S,=—1.

We numerically solve the density matrix equations of
motion [Eq. (18)] using a time interval [0, #]. The instant of
time #,=200/yp~1.2ns is selected to be large enough to
allow for the proper sampling of the low frequency compo-
nents of the radiated field which account for the terahertz
signal Ex(t). For all simulations, we consider p;;(0) =1, and
p;i(0) =0(i,j=1,2,3,i and j # 1).

Figure 2(a) displays the time evolution of the electric
field of the terahertz signal in the absence (dashed line) and
in the presence (solid line) of the MNP. The distance from
the QD to the MNP was set to R=15nm and the radius
of the MNP was selected to be a=8nm. It becomes clear
that the presence of the MNP leads to a larger terahertz sig-
nal than the one obtained in its absence. This effect is further
confirmed when analyzing the power spectrum of the signals
depicted in panel (a) and they are displayed in panel (b). The
maximum of the power spectrum is reached at a frequency
v.~1.45 THz (vertical dashed line) which is roughly the
same value as the lowers’ level splitting. The enhancement
of the peak value in the power spectrum of the terahertz sig-
nal can be attributed to the dipole-dipole interaction between
the QD and the MNP. Let us analyze in detail which is the
major mechanism for causing the terahertz signal enhance-
ment. The values of the nonlinear parameters are
Gy = G, =~ (—0.17 +i0.37)y,. Note that both the real and
imaginary parts of the nonlinear parameters remain lower
than one in units of 7y, which indicates us that the energy
transfer from the QD to the MNP and the dynamical detun-
ing should have a negligible effect in the time dynamics of
the hybrid system and, consequently, in the generation of the
terahertz signal. In view of this, the influence of the MNP on
the QD reduces to the enhancement of the effective Rabi fre-
quency (|Qj| ~ 3.78|QJQ|) which drives the excitonic transi-
tions. This effect is accompanied by the modification of the
optical decay rates: 75, = 75, = 14.3y,. In order to clarify
the role of these two mechanisms, we plot in panel (c) the
THz signal without considering the change of the decay rates
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FIG. 2. (a) The terahertz radiation sig-
nals (Eg(7)) emitted after irradiating
the hybrid system with a femtosecond
pulse at resonance with the [1) < [3)
optical transition (A3; =0), in the ab-
sence (dashed line)/presence(solid
line) of the MNP. (b) The power spec-
trum of the respective signals
(|ER(V)\2) displayed in panel (a). (c)
The terahertz radiation signals (Ex(f))

1.6 emitted after irradiating the hybrid sys-
tem with a femtosecond pulse like in
panel (a) considering/neglecting the

modification of the decay rates of the
optical transitions (solid/dashed line).
(d) The power spectrum of the respec-
tive signals (|ER(1/)\2) displayed in
panel (c). In all panels the pulse center
is t,~3 ps, its width is 0 ~0.3 ps, the
pulse area is Q,=0.5. The MNP has a
radius of ¢=8nm and it is located
R=15nm apart from the QD. The
dashed-dotted line in (a) and (c) stands
for the scaled driving pulse.
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due to QD-MNP interaction (dashed line), and using the
same parameters as in panel (a). For comparison purpose, we
also plot the THz signal when such modification of the decay
rates is taken into account (solid line). This figure reveals
that the change of the decay rates due to the QD-MNP inter-
action results in a dramatic change of the time evolution of
the radiated field while the driving pulse is on (dashed-dotted
line). In addition, disregarding the modification of the decay
rates results in a low terahertz signal (dashed line). This
effect can be confirmed by inspecting panel (d) which shows
the power spectrum of the signals of panel (c). In summary,
the MNP produces a huge enhancement of the THz signal.
This result can be attributed to the enhancement of both the
Rabi frequencies and the optical decay rates.

The system dynamics is expected to depend also on the
detuning Aj;. Experimentally, As; is controlled by varying
the frequency of the driving laser. Thus, we now focus our
attention on the peak value of the power spectrum of the sig-
nal (|Eg(v.)|?). We performed numerical simulations by
varying both the pulse area (€)y) and the detuning (As;). The
resulting map is displayed in Fig. 3, indicating that a huge
enhancement of the terahertz signal is obtained for a wide
pairs of values (A3, Qp). This indicates that such enhance-
ment can be achieved without requiring precise control for
the optical detuning, while the peak value at v, can be tuned
by a proper selection of the pulse area. This point is essential
to address the experimental implementation of this hybrid
system.

Figure 3 has shown that the area of the incident pulse is
an external parameter which allows for the control of the ter-
ahertz signal. In addition, the magnitude of the enhancement
of the effective Rabi frequency (see Eq. (11)) is explicitly
dependent on the size of the MNP. Thus, we resort to analyze

1.6

the influence of the pulse area (€)) and the size of the MNP
on the generated signal. Figure 4(a) displays the peak value
of the power spectrum at v,. (|ER(V(.)|2) as a function of the
pulse area €. In the case of an isolated QD (dashed line),
we observe an oscillatory behavior in the achieved peak
value at v,.. The period of the oscillations is shortened in the
presence of the MNP and an enhancement of the peak value
is achieved (dashed-dotted line). This shortening appears due
to the strong exciton-plasmon coupling, which produces a
huge increase of the effective Rabi frequency as indicated in
Eq. (11). The change of the radius of the MNP from ¢ =8 nm
(dashed-dotted line) to @ = 10 nm (solid line) results in a fur-
ther increase of the peak value of the terahertz signal

x 10
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FIG. 3. Peak value of the power spectrum of the terahertz signal (|Eg(v.)[*)
as a function of the pulse area Q, and the optical detuning As;. The rest of
parameters as in Fig. 2.
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FIG. 4. (a) Peak value of the power
spectrum of the THz field (|Eg(v.)[*)
as a function of the pulse area €.
Isolated QD (dashed line) and hybrid
system: (R =20, a = 10) nm (solid line)
and (R=20, a=8) nm (dashed-dotted
line). (b) Enhancement factor 5 as a
function of the distance R in the case of
Qy=2.5 (dashed line) and Qy=1.2
(solid line). The radius of the MNP is
a=10nm. The rest of parameters as in
Fig. 2.
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accompanied by an additional shortening of the period of os-
cillation. This behavior can be explained by taking into
account the fact that the plasmonic interaction enhances the
effective Rabi frequency and also produces a modification of
the decay rates (ygj, j=1,2) due to the term which scales
with the cube of the radius of the MNP (see Eq. (16)). The
curve with the largest radius of the MNP (solid line) is of
special interest since it allows to obtain a moderate peak am-
plitude even for modest values of the pulse area Qy~2.5.
This is of special interest for the experimentalists since it
does not require the use of a very high energy driving pulse.

Let us define an enhancement factor (1) as the quotient
of the power of the terahertz signal at v, obtained in the pres-
ence of the MNP (|E,, (v.)|*) to that obtained for the isolated
QD (|Eiso(ve)|D), ie., 1 = |Ew(ve)*/|Eiso(ve)|*. Figure 4(b)
presents the magnitude # versus the distance R for two values
of the pulse area. These curves indicate us that for an
adequate selection of the distance R and the pulse area €,
up to an eightyfold enhancement can be achieved. Note that
for a separation larger than R =40nm the enhancement is
reduced, since the dipole-dipole interaction is negligible at
such large distances: Q; ~ Q and 75, ~ 7.

Now we turn our attention to the possibility of obtaining a
precise control of the duration and the shape of the generated
terahertz signals. Different schemes have been considered to
shape the terahertz electromagnetic waves. Such coherent opti-
cal control over individual quantum systems in semiconductors
has been the subject of active research over the past decade’'
because of its potential applications in atom optics,? preparation
of entanglement,”” and quantum computation.”*”> Three main
strategies, that is, temporal coherent control, optimal control,
and adiabatic passage, have been proposed to realize quantum
coherent control.”® Stimulated Raman adiabatic passage
(STIRAP)"""78 has emerged as a very efficient and robust way
to achieve complete coherent population transfer between two
discrete states in an atomic or a molecular system. This tech-
nique has played a major role in population transfer in A and
ladder systems.”"”**" In what follows we will analyze the use
of a train of pulses which drive simultaneously the two optical
transitions or a train of delayed pulses in an STIRAP schema.

Here, we will analyze how the application of two
delayed pulses which drive simultaneously the two optical

R(nm)

transitions would allow to improve the efficiency of the tera-
hertz signal generation. To this end, we carried out numerical
simulations to compare the terahertz signal obtained when a
single driving pulse is applied with that obtained under
the application of two consecutive pulsg:s of theosame wi%th.
The two-pulse train is given by QV(r) = Q)(¢) = 122
(e_(’_’ﬂ)2/£2 + e—<f—fv—Tr>2/g2”2). Thz seclc()n)d puléf(: >is dél\e{%_aé
by T, = 1/v,;, and v, being the frequency associated to the
lowers’ level splitting. In the case of the two pulses, the area
of the two-pulse train was selected to be identical to the area
used in the single driving pulse, which is guaranteed by the
prefactor 1/2. Note that in both cases, the single pulse and
the two-pulse train cases, the laser field drives simultane-
ously both optical transitions. In the simulations depicted in
Fig. 5, we have chosen the width of each one of the driving
pulses to be lesser than in the previous figures of this work.
This choice is motivated by the fact that the time interval
between the centers of two consecutive pulses must be larger
than the width of each one of them, which allows to drive
the optical transitions with non-overlapping pulses.

Figure 5(a) displays the terahertz radiation signals emit-
ted by irradiation with a single femtosecond pulse tuned to
resonance (dashed line), centered at #, ~ 3 ps, 6 ~ 60fs and
Qy=0.75. The resulting terahertz signal obtained for the
case of two-pulse excitation is also shown (solid line). We
can observe that the application of a second pulse allows to
manage the terahertz radiation signal. In particular, the am-
plitude of the THz is enhanced by a factor greater than 2
when compared to the signal obtained in the single pulse ex-
citation case. Panel (b) shows the power spectrum of the re-
spective THz signals obtained in both situations. Again we
observe that the terahertz field has the maximum peak at a
frequency close to v, ~ 1.45 THz, which demonstrates the
enhancement arising from the use of two pulses. The particu-
lar choice of the delay between the two pulses (T, = 1/v,,) is
motivated by the fact that this time interval is related to the
beating time of the lowers’ level coherence. Figure 5(c) dis-
plays the peak value of the power spectrum (|ER(V(,)|2) ver-
sus the time delay between the two pulses (7,) in the
presence/absence of the MNP (solid/dashed line). The verti-
cal dashed line stands for the value T, =1/v,,. This panel
reveals that the particular choice used to produce panel (a)
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0 by irradiation with a single femtosec-
ond pulse (solid line) at A;; =0 cen-
tered at 7,~3 ps and width g~ 60 fs
-2000 (solid line) and two pulses of the same
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maximizes the enhancement of the terahertz signal in the
two-pulse train. The oscillatory behavior of the two curves
indicates that the use of time delay close to integer multiples
of 1/v,, allows for the maximization of the peak value of the
terahertz signal.

Finally, let us consider the case where both transitions are
driven simultaneously by a finite train of identical pulses of

Q
V2na?

Figure 5(d) displays the peak amplitude of the THz field
(|Ex(ve)|) as a function of the number of pulses (N) in the
presence/absence of the MNP (4-/o). In the case of an isolated
QD (o), we found a monotonic decrease of the peak value
achieved as the number of pulses increases. This situation is
dramatically modified by the presence of the MNP: a close
inspection of panel (d) reveals that there exists an optimum
value of the number of pulses (N,,, = 3) which maximizes the
peak value of the power spectrum of the signal. This is of par-
ticular interest for the experimentalists since the use of finite
train of pulses allows to obtain up to a nearly sevenfold
enhancement of the signal by using pulses of small area com-
pared to the case of using a single pulse of large area. We
would like to remind here that the simulation was performed
by imposing that the area of the single driving pulse is identi-
cal to the total area of the finite multipulse train.

Now we turn our attention to the use of a pair of delayed
pulses which drive the two optical transitions in an STIRAP

the form Q(r) = Q1) =4

N
Z e—(t—fp—(/—l)/lm)z/zaz'
=1

schema, in order to analyze whether this choice would allow
for a high terahertz signal. To this end, we carried out nu-
merical simulations to compare the terahertz signal obtained
when a pair of simultaneous pulses of the same width drives

the two optical transitions of the form QU(r) = Q5(z)

2 . . .

= %e’“’fﬂ) / 2”2, with the case of using non-simultaneous
. .. . 0/n O

pulses for both optical transitions given by Ql(;) = 2202

2
e =027 and QY(r) = \/%

time separation between the time center of the two pulses.
We allow ot to be either positive/negative which allows to
simulate the driving of the optical transitions in an counterin-
tuitive/intuitive way. It is worth mentioning that the use of
driving fields in a counterintuitive way, i.e., where the pulse
which drives the |2) < |3) optical transition precedes the
pulse which drives the |1) < |3) transition, has been proved
to be more useful for the optimum transfer of population
between the two lower levels in a similar A-like atom as the
one considered here (see, for example, Refs. 71, 79, and 80).
In both cases, the area of the pulses used was the same.
Figure 6(a) displays the terahertz radiation signals emitted
by irradiation with a single femtosecond pulse tuned to reso-
nance which drive simultaneously the two optical transitions
(solid line), centered at #,=0.3 ps, 0 ~300 fs, and Q,=2.
The resulting terahertz signal obtained for the case of
two pulse excitation and delayed dt=o¢ is also shown
(dashed line). We can observe that the application of a

—(t—1,407)% /20>

e , 0T being the
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FIG. 6. (a) The terahertz radiation sig-
nals (Eg(7)) emitted after irradiating
the hybrid system with two simulta-
neous/non-simultaneous femtosecond
pulses in a STIRAP like sequence
B (solid line/dashed line). The delay is
| equal to the width of each individual
pulse ot =300 fs. (b) The power spec-
trum of the respective signals
(|Ex(v)*) displayed in panel (a). The

4
t (ps)

MNP has a radius of ¢ =8nm and is
located at R=15nm, each train of
pulses have the same area Qy=2, and
the pulses have the same temporal

O o N

|E(ve)?

width =300 fs. (c) Peak value of
the power spectrum (|Eg (v.)|*) versus
the Rabi frequency Q, for two simulta-
neous (0t = 0)/non-simultaneous
(0t=300fs) femtosecond pulses
(dashed/solid line), and other parame-
ters like in panel (a). (d) Peak value of
the power spectrum of the terahertz
signal (|Eg(v¢)|?) as a function of the
pulse delay (J7), using the rest of data
as in panel (a).

1

non-simultaneous second pulse in a STIRAP way allows to
produce a huge enhancement of the terahertz radiation sig-
nal. In particular, the amplitude of the THz signal is
enhanced by a factor greater than 9.9 when compared to the
signal obtained in the simultaneous excitation case. Panel (b)
shows the power spectrum of the respective THz signals
obtained in both situations. Again we observe that the tera-
hertz field has the maximum peak at a frequency close to v/,
~ 1.45 THz. Panel (c) shows the peak value of the power
spectrum at v, versus the Rabi frequency € in the case with
two simultaneous/non-simultaneous pulses. It is remarkable
that the use of the STIRAP schema for driving the optical
transitions produce a large peak value than that obtained in
the simultaneous driving in the range from low to intermedi-
ate values of the pulse area (0 < Q, < 3), whereas for larger
areas the STIRAP schema shows a worse performance. This
is of interest for the experimental testing of these predictions,
since the use of large areas would require more powerful
lasers to drive the hybrid system. Let us define an enhance-
ment factor € = %. This will allow to know the rela-
tive efficiency of the STIRAP-like driving schema compared
to the simultaneous excitation one. Magnitude e ranges from
1 to 3 in the interval Qy € [1, 2.5] and exhibits a maximum
of 11.3 at Qy=1.9, indicating the existence of an optimum
value of the pulse area to enhance the THz signal. Finally,
panel (d) depicts the peak amplitude of the power spectrum
of the THz signal at v, versus the time delay ot. Positive

0
o7 (ps)

values of o0t correspond to the counterintuitive driving
STIRAP schema, whereas negative values of dt match to
the intuitive driving schema, where the pulse which drives
the |1) < |3) optical transition precedes the pulse which
drives the |2) < |3) transition. The maximum attained in
the counterintuitive driving schema is fourfold greater than
the maximum obtained in the intuitive driving one.

In order to get some physical insight about the numeri-
cal results, we resort to solve a linearized version of Eq.
(18). We assume that each pulse duration is sort compared
with the system response times, and the period of the quan-
tum beat, so that the optical fields can be described by impul-
sive functions®'

N-1

E(1) =) &(t—nT,)e ot (19)

where £(r) is the envelope function and T, is the time
between pulses.

We are interested in obtaining the response of the suble-
vels coherence p,; after a long time interaction with the
pulse train as the system reaches the steady state regime. In
the weak pulse limit, we can neglect the variations in the
populations and then write p;; = p’; , and pyy = p’;z, where
super-index f indicates the steady-state values of the corre-
sponding magnitude. In the frequency domain and in the
weak field limit, the atomic coherences can be derived from
Eq. (18) and read
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—iwpz; (@) = =5 +i(w31 — G1))p3i(w)
+iQ) (0)pl) + (@) @ pyy (),
—iwpy(w) = —(5 —i(wx — 2))P 3(w) 20)
+iQ5 () phy — IQ] (@) @ pay (),
—iwpy (®) = = (721 + iw21)p21( )
+iQ5(w)p3; — Q1 (0) ® pyy (),

where Q(w) stands for the Fourier transform of the pulse
train given by®!

J. Appl. Phys. 115, 064304 (2014)
with w,, = 222, In the above equations, Q;(®) ® p;(w) is the

convolution between the two functions. Using Eq. (21) and
the convolution theorem, we can write

2 pi€ (0 — o) &
T j . *Z (0 — 0p) @ py(o)

m=—0o0

= Qj(w)

Qj(w) © py(@) =

®py Y pi(0 = o). (22)

Pluging this result in Eq. (20), we can obtain the coherence

_ 0
Q(w) = ?M Z 0w —wy)j=1,2, (21)  between the two lower levels as
Q08 |1 + Segle) S o
P2 W) = - - - - - -
u () [0 — @21 = 73] ,; [0 — @31 + 0p — i(5 —iG1)] [0 — 03 — o —i(}5, — Gy

A close inspection of Eq. (23) allows us to explain the origin
of the enhancement of the THz signal by the presence of the
MNP. In this equation, we can devise that the lowers’
level coherence is proportional to the product of the Rabi fre-
quencies of the driving fields modified by the distance de-
pendent term appearing in Eq. (11). In addition, we obtain a
combination of several terms corresponding to one-photon
resonance, as indicated by the denominators @ — w3y + @, —
i(y’gl - iGl) and ® — w3 — Wy — i(w f — iGz). These terms
incorporate the distance dependence of the decay rates by the
plasmonic interaction and the Forster terms (G;, j=1, 2).
These facts provide a qualitative explanation of the numerical
results found in Figs. 2-5. Finally, Eq. (23) also indicates us
that the lowers’ level coherence exhibits peaks at
W = Wy — 0,. Among these peaks, there exists one which
exhibit a resonant behavior when o~ w;;. This finding
explains the appearance of maxima at multiples of T, = 1/v5;
in panel (c) of Fig. 5.

IV. CONCLUSIONS

In this work, we present a description of the exciton-
plasmon interaction in a QD-MNP hybrid system intended
for terahertz generation. The QD molecule is modeled as a
three level-like atomic system of the A-type and the MNP
is considered to be a nanosphere. The exciton-plasmon
interaction manifest in two ways: the localized surface
charge oscillations in the MNP modify the decay rates of
the QD depending on the distance R, and it produces and
enhancement of the effective Rabi frequency experienced
by the QD. The terahertz radiation signal arises from the
coherent oscillation of the lowers’ level coherence and is
dramatically modified by the presence of the MNP. We
have shown that the amplitude of the obtained terahertz
signal depends on the area of the optical excitation pulse,

)]>5(a) — Wy + Opy).

(23)

the distance R, and the size of the MNP. Coherent control
of quantum beats in the current hybrid system is demon-
strated by using two or multiple delayed pumping pulses in
either a simultaneous excitation of the two optical transi-
tions and in an STIRAP-like pumping schema. These
results will be very useful for the pulse shaping of a tera-
hertz signal generated by optically pumping a QD-MNP
nano-composite.

Finally, it should be stated that, although speculative,
the hybrid system here investigated can be implemented in
realistic QD-MNP systems. Recently, the possibility to syn-
thesize on demand light transients have been experimentally
demonstrated.®* The light pulses can be used to probe fine
details of atomic-scale electron-hole motion and its coherent
oscillations in the current hybrid system. The present state of
the art of sample growth and coherent-carrier control allows
the implementation of QDs with the optical characteristics
like the one considered here. Thus, A-like systems in
coupled semiconductor quantum dots have been theoretically
proposed’® and realized®® with lower levels® splittings simi-
lar to the one considered in this work. In addition, hybrid
structures consisting of self-assembled QDs have been
grown and covered with metal nanocrystals.83 We would
like to draw the attention to very recent works where the
controlled coupling of a single epitaxial QD to a plasmonic
nano-antenna has been demonstrated.’*® Thus, the structure
modeled here could be fabricated using available nano-
technologies for the growth and the precise positioning of
the involved elements.
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