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When a hybrid system consisting of a metallic nanoparticle and a semiconductor quantum dot interacts with
a coherent light source (laser beam) the coherence generated in the quantum dot can significantly renormalize
the plasmonic field. In this paper we study the impacts of such coherent-plasmonic processes when such a
hybrid system interacts with amplitude-modulated laser fields. We demonstrate how such these processes allow
the metallic nanoparticle to act as a nanoamplifier and a pulse controller for the quantum dot. We show that as
a nanopulse controller the metallic nanoparticle can control the shapes of optical pulses experienced by the
quantum dot, including dramatic modification of their widths. As a functional nanoamplifier the metallic
nanoparticle can enhance high intensity parts of a pulse train while suppressing the parts that their intensities
are less than a given value. Therefore, it not only can enhance the amplitudes of the optical pulses but also can

make them return-to-zero pulses.
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I. INTRODUCTION

Currently one of the cornerstones of research in nanopho-
tonics is investigation of the impacts of metallic nanopar-
ticles or localized surface-plasmon resonances (LSPRs) on
the optical properties of semiconductor nanostructures. This
is an important field of research with significant applications,
ranging from fundamental research in controlling emission
of semiconductor nanoscrytals to the development of chemi-
cal and biological nanosensors, '™ electrical DNA switches,
and nanodevices.” Many of these studies have been imple-
mented in heterogeneous hybrid systems consisting of metal-
lic nanoparticles (MNPs) and semiconductor quantum dots
(QDs). These studies have already attracted significant atten-
tions for colorimetric sensing,® detection of energy transfer

between nanoparticles, construction of active
nanostructures,” and enhancement of Forster energy
transfer.®?

One of the main foundations of the above studies is the
electric field enhancement induced by LSPRs.>* This pro-
cess, although short range, is one of the main links between
MNPs and their diverse and ground-breaking applications in
various fields. Despite this, however, currently the main per-
ception is that the plasmonic field enhancement experienced
by QDs in QD-MNP hybrid systems is mostly the prime
property of the MNPs and is not influenced by the QDs.>#
This assumption is not always valid, however. In fact when a
QD-MNP system interacts with a coherent light source (laser
field) the plasmonic field of the MNP can be renormalized
significantly by the QD. In other words, the QD can dramati-
cally influence the plasmonic field and, therefore, renormal-
izes the field that it feels. The main reason for this is the fact
that the interaction of the QD with a laser beam generates
coherence in the QD. Through dipole-dipole coupling such
coherence influences the internal field of the MNP and,
therefore, renormalizes the plasmon field. One of the main
consequences of such coherent-plasmonic processes is to al-
low hybrid systems consisting of MNPs and QDs to have
molecularlike resonances, called plasmonic metaresonances
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(PMRs).'% Such resonances are related to the time delay in-
duced by such processes in the response of a QD when it
interacts with a time-dependent optical field.!' PMR refers to
the event wherein the environmental conditions of the QD-
MNP systems (such as refractive index) or the distance be-
tween the QDs and MNPs reach a critical point causing this
delay to become infinite. Since such a process strongly de-
pends on the environments of the hybrid systems, it can have
numerous applications, including chemical, biological, and
physical sensors.

The objective of this paper is to show how coherent-
plasmonic processes can be used to control modulation and
amplification of optical fields interacting with QDs. We dem-
onstrate that these processes allow MNPs to act as nanopulse
controllers and functional nanoamplifiers. As nanoamplifiers
MNPs not only allow us to use coherent-plasmonic processes
to enhance the optical field experienced by the QDs signifi-
cantly but also to suppress the background light between the
pulses, making them return-to-zero pulses. As nanopulse
controllers we show that by putting a MNP in the vicinity of
a QD we can control the optical pulse shapes that the QD
experiences. In particular, by bringing a MNP close to a QD
the optical pulses experienced by the QD can become sig-
nificantly narrower. Detailed discussions of the theory and
the physics behind these phenomena will be discussed.

II. COHERENT-PLASMONIC CONTROL
OF PLASMONIC FIELDS

The core objective of this study is inclusion of coherent-
plasmonic processes in the dynamics of QDs when they are
in the vicinity of MNPs and are exposed to an amplitude-
modulated single-mode laser field. This field drives plasmons
in the MNP and excitons in the QD. Considering these two
excitations as two dipole moments, the resultant field expe-
rienced by the QD is combination of three terms: (i) the
external field, (i) the field formed by direct excitation of
plasmon by the laser field, and (iii) the field that is generated
by the QD itself via excitation of the plasmons. (iii) relates to

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.035413

S. M. SADEGHI

FIG. 1. (Color online) Schematic illustration of a unit of
nanoamplifier/nanopulse controller studied in this paper. The in-
coming optical field is amplitude modulated with a polarization
along the z axis. The QD and MNP are put in the vicinity of each
other with a distance of R via a spacer or linker.

the fact that the electric dipole of the QD generates a field in
the MNP and then the MNP in turn generates a field in the
QD. This is basically the main essence of the coherent-
plasmonic processes since the third term is induced via gen-
eration of coherence in the QD by the laser field.

A unit of the nanoamplifier/nanopulse controller studied
in this paper is shown in Fig. 1. It consists of a spherical Au
MNP with a radius a and a QD separated from the MNP by
the distance R. Such a system can be formed using, for ex-
ample, biological conjugation of these two nanoparticles us-
ing  polypeptides,>'? DNA,"3 antibody-mediated
bioassembly,” etc. We consider the environment holding this
system has permittivity g,=1.8, such as water. The interac-
tion between the QD and the MNP is characterized by the
large electric dipole moments of the QD and plasmon reso-
nance of the MNP. Since the MNP has nanoscale dimension,
its interaction with the laser field is treated within quasistatic
approximation. The dielectric function of the MNP, g, in-
cludes contributions of both d electrons (¢?) and the Drude
contributions (&°). The former is obtained considering the
real and imaginary parts of the interband permittivity of Au
(Ref. 14) while the latter is given by

2
s‘v(w):l——wp— (1)

o[w-iT'(a)]

where I'(a)=I"..—Av/ a refers to the damping parameter in-
cluding surface-scattering mean-free-path effect. For the Au
MNPs studied in this paper we considered A=1 and T,
=0.1 eV."*!5 Additionally w, and v, in the above equation
refer, respectively, to the plasmon frequency and Fermi ve-
locity of Au.!4

To describe how much the field experienced by the QD is
enhanced by the plasmonic effects we usually define an en-
hancement factor. Conventionally this parameter depends on
R, MNP specifications, and the matrix or environment.>* The
issue can become dramatically different when coherent-
plasmonic effects are included, i.e., the QD-MNP system in-
teracts with a coherent light source (a laser field). In fact
considering these effects, the field intensity experienced by
the QD (/) can be written as

I=Pw,1)l,. (2)

Here

PHYSICAL REVIEW B 82, 035413 (2010)

|E"(w,1)?

Pi(wvl()) = |Eq 2

3)

refers to the electric field enhancement factor when the laser
field is polarized along i (i=x, y, and z), I, to the intensity of
the applied laser field and w to the frequency of this field.
Here E;” and E! refer, respectively, to the amplitude of the
electric field of the laser beam in the presence and absence of
the MNP. As highlighted clearly in Eq. (3) here the ampli-
tude of the field experienced by the QD in the presence of the
MNP (E{?) now depends on the frequency and intensity of
the applied field. These are the characteristics of the
coherent-plasmonic effects which allow the QD renormalizes
its own field. As will be shown in the following in the pres-
ence of the MNP E:” depends on the coherence that is gen-
erated in the QD by the laser field. Obviously if one consid-
ers incoherent light sources to excite the hybrid system,
coherence is not generated in the QD and Eq. (3) becomes
identical to what has already been investigated.>*

To elaborate more on Egs. (2) and (3) and to see how one
can control the plasmonic near field of MNPs via QDs, con-
sider the applied laser field interacting with the hybrid sys-
tem is polarized along the z axis [EY=E!(r)cos(wt)], as
shown in Fig. 1. Considering these issues interaction of the
QD with MNP and the laser field can be described by the
following equation:

ap i ap
—=——[Hl(p), = . 4
o ﬁ[ (p).p] + al (4)

Here p refers to the density matrix of the QD system, and the
second term represents the relaxation term of the QD that is
not influenced by the presence of the MNP. In fact this term
illustrates the energy relaxation and dephasing rates of the
excitons, considered to be 1/0.8 and 2.7 ns™L.!17 H(p)
=Hy+W;,(p), wherein H, refers to the Hamiltonian of the
system in the absence of the laser field, and W, (p) repre-
sents the interaction term of the QD with this field in the
presence of the MNP. Note that W;,,, depends on the solution
of Eq. (4) via the exciton-plasmon coupling. Within rotating
wave and dipole approximations this term is given by

Win(p) = 1 Q05 (p)cie; + AOQT(p)c]es. (5)

where C; and c; refer, respectively, to the creation and anni-
hilation operators of |i) with i=1 and 2 representing the
ground and upper states of the fundamental exciton transition
of the QD (the 1-2 transition). (}}, is the normalized Rabi
frequency given by!!

1
Qi,(p) = Q= iT_le - Re{ p21- (6)
F

2

he. gy

2 . .
Here &, :%, g, refers to the dielectric constant of the
QD, and p,, represents the slowly varying part of the coher-
ence generated by the laser field in the QD. u,, is the dipole
moment associated with the 1-2 transition and )/:%.

0 2ya’ 0 wi2Eo(1) "

Q= Q5 (1+75-) and Q)= 120

ey refers to the Rabi fre-
quency when the QD is isolated (very large R). Tir represents
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the Forster energy-transfer rate from the QD to the MNP
given by

1 dyu?,
—:Im{%“—ﬁ]. (7)
T ﬁseffl R

Considering these issues, the equation of motion for d=p,,
—p11 and p,; are obtained as follows:

29 a6
— =4 Im[Q] + — , 8
o [Q2021] 9t | (8)
P21 _ _rin rplas 05 9
Py =-[i eff t 721+‘—‘relax]p21_l effO- 9)
Here
4%“%2 a3]
A=A —Re{ s (10)
eff — =21 2 6
ﬁsefﬂ R
and Eféi‘jx:#& A, refers to the detuning of the applied

optical field from the 1-2 transition in the absence of the
plasmonic effects (large R). In the following we consider
A21=0.

Considering the above equations the coherent-plasmonic
field-enhancement factor [Eq. (3)] can be calculated using

qu(ﬁ)
ol

2
Pz(w710) =

(11)

This equation clearly indicates that in contrast to previous
studies,’** when coherent-plasmonic effects are included the
enhancement factor depends on the frequency and intensity
of the exciting field. To obtain Q},(p) we solved Egs. (8) and
(9) including time-dependent variation in the applied field
amplitude.'! Additionally, Eq. (11) is consistent with Eq. (3)
considering

2hhep
EF=- qz( 1)- (12)
M2

Considering Eq. (6), this equation demonstrates how the am-
plitude of the field experienced by the QD depends on its
own coherence and Forster energy transfer. In the following
sections we show how by just changing the MNP size (a)
and the energy of the QD transition we can apply the formal-
ism described in this section to the cases representing coher-
ent nanoamplifiers and nanopulse controller.

III. COHERENT NANOAMPLIFIERS

To study the significance of the QD coherence in the near
fields of LSPRs, in Fig. 2 we show how P(w,l,) changes
with R for different intensities of the laser field (I,). We
assumed this laser is resonant with the fundamental exciton
transition of the QD (the 1-2 transition) and its photon en-
ergy (hw) is 2.28 eV. We also here consider a=14 nm. This
figure shows that when the QD and MNP are far from each
other (large R) P(w,I,) is basically equal to unity, i.e., no
significant field enhancement occurs. As R reduces, however,
depending on the intensity of applied field, P(w,I;) can be
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FIG. 2. (Color online) Variation in P(w,I,) with R for different
values of applied field intensities, I, (numbers in legends in
W /cm?). The dashed line represents the case of [y=8 W/cm? when
the Forster energy-transfer rate is turned off.

very different. For high-field intensities (I,=128 W/cm?)
the enhancement factor monotonously increases (dots). This
is basically what has been shown previously considering
only plasmonic effects.>* For smaller field intensities, how-
ever, the scenario becomes completely different. In fact for
1,=2.8 W/cm?, after some slight increase and reaching a
peak, P(w,l;) drops significantly as R decreases further
(squares). For R=26 nm, the amount of enhancement be-
comes insignificant. For I,=8 W/cm? the enhancement fac-
tor reaches its peak at smaller R with a higher amplitude
(circles). It decreases, however, more abruptly as R becomes
smaller.

Note that the results shown in Fig. 2 are rather unique.
They encompass two main features, which are not accommo-
dated in the previous investigations of plasmonic field en-
hancement. The first feature is that P(w, ;) can be influenced
by Forster energy transfer from the QD to the MNP, and the
second feature is the impact of PMR. The abrupt decline of
enhancement factor seen in Fig. 2 as R reduces is the sign of
PMR. When this phenomenon happens the field experienced
by the QD is screened dramatically and, therefore, P(w,1)
becomes insignificant. PMR is quite well pronounced for the
case of I[,)=8 W/cm? and to less degree in the case of I,
=2.8 W/cm?. Much sharper drops happen for I,=32 and
128 W/cm? but that requires smaller R’s that considered in
Fig. 2. Note that conventional methods that do not consider
this effect predict monotonous increase in the enhancement
factor as R reduces, in contrast to what seen in Fig. 234
Additionally, in this paper PMR is studied in a quasisteady-
state condition, i.e., at times well after the turn on process of
the laser field. In Ref. 10, however, this process was studied
in time domain, wherein one can see the combined effects of
coherent and plasmonic effects can delay response of a QD
to a time-dependent optical field. When R reaches a critical
value this delay becomes infinite, i.e., PMR happens and the
field experienced by the QD is screened strongly at all times.
PMR is different from conventional transitions such as those
happen between energy states of atoms, molecules, etc., via
an optical field. Rather it corresponds to transition between
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FIG. 3. (Color online) Variation in the (a) real and (b) imaginary
parts of ), with time for different values of R (legends in nano-
meter). The thick line in (a) also represents Q(l)z, indicating the form
of the applied field. Here a=14 nm, g,=1.8, and the 1-2 transition
energy is 2.28 eV.

two states of a QD-MNP system with significantly different
forms of exciton-plasmon coupling.

Moreover, the results shown in Fig. 2 show that P(w,I,)
is also influenced by the Forster energy transfer between the
QD and the MNP. To see this note that one of the prime
impact of this process is to make the 1-2 transition broad-
ened as R reduces. Such a broadening influences interaction
of the laser field with the QD and, therefore, changes the
enhancement factor. To clarify this we artificially turned off
the Forster energy transfer for the case when I,=8 W/cm?.
The dashed line in Fig. 2 shows that this increases the
strength of the interaction of the laser field with the system,
as if the intensity of applied laser field was higher. This was
expected since broadening reduces the impact of laser field
on the QD.

The results presented in Fig. 2 form the core foundations
of the nanoamplifiers introduced in this paper. As mentioned
in Sec. I, such amplifiers are not just about amplifying the
near field experienced by the QD via plasmons. Rather, here
we consider coherent-plasmonic effects which, as shown in
Fig. 2, can be dramatically different from the pure plasmonic
effects. A significant feature of the nanoamplifiers studied in
this section is the fact that they are functional. This means
that we can set the performance of these amplifiers, acting as
linear amplifiers that amplify all parts of a pulse train, i.e.,
the minima and maxima, or adjust them such that they en-
hance the maxima while reducing the minima to nearly zero.

To start we consider a train of identical optical pulses
reaching a unit of the QD-MNP system, as shown in Fig. 1.
We consider this system is identical to the one considered in
Fig. 2. To see how such a system allows the MNP to act as a
functional nanoamplifier, in Fig. 3 we show variations in the
(a) real and (b) imaginary parts of ), as R is changed. For
R=100 nm the optical pulses experienced by the QD are
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FIG. 4. (Color online) Variation in p,, in the QD as a function of
time for different values of R (legends in nanometer). All other
specifications are the same as those in Fig. 3.

very similar to the applied pulses. Therefore, since under this
condition Qf,=09,, the thick line in Fig. 3(a) shows nearly
the form of the applied field. This shows that the maximum
intensity of the applied field is 32 W/cm?(Re[Q],]
=5 ns7!) and the minimum (trough) intensity is
2.8 W/ecm*(Re[Q,]=1.5 ns'). As R decreases, however,
one can see ()}, becomes complex while the intensities of the
maxima are increased and the trough intensities are de-
creased. For R=26 nm (thin solid lines), the maxima of real
and imaginary parts of ()}, reach 8.2 and 2.8 ns~!. This cor-
responds to a field intensity of more than 100 W/cm?. On
the other hand, the trough intensities of the pulse train be-
come nearly zero. These results suggest amplification as well
as formation of a zero state in the pulse train, forming return-
to-zero pulses.

To study the impact of variation in the normalized Rabi
frequency on the population, in Fig. 4 we show the corre-
sponding results for p,,. Here one can see that for R
=100 nm, when the coherent-plasmon effects are ignorable,
P2y varies between 0.48 and 0.34 (thick line). With the de-
crease in R the maxima go as far as they can (0.5) while the
minima are decreased dramatically (thin line). For R
=26 nm, the values of the latter become significantly small
(0.04). Therefore, these results suggest significant increase in
the extension ratio in the population oscillation. The over-
shoots seen in this figure are associated with Rabi flopping.!!

IV. COHERENT NANOPULSE CONTROLLERS

The results represented in the preceding section showed
enhancement and suppression of the peak and trough inten-
sities of an optical pulse without causing any significant
pulse-shape deformation. Two main features that contributed
to these were the energy of the QD and the size of the MNP.
It is well known that as MNPs become larger they can lead to
larger enhancement factors for QDs.>* Also, as clarified in
the next section, for a given MNP the enhancement factor is
maximum when the QD transition frequency is slightly less
than that of the plasmon peak.>* For these reasons in the
preceding section for the refractive index considered for the
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FIG. 5. (Color online) Variation in the real (a), (b), and (c) and
imaginary (a’), (b’), and (c¢') parts of ], with time for different
values of R (legends in nanometer). The thick line in (a) also rep-
resents Q(l)z, indicating the form of the applied field. Here a
=7 nm, gy=1.8, and the 1-2 transition energy is 2.37 eV.

environment and a=14 nm we found the maximum en-
hancement factor happened when the 1-2 transition energy
became equal to 2.28 eV. Obviously larger MNPs could be
more beneficial in this sense but this weakens dipole ap-
proximation considered in this paper.

To study nanopulse controllers we need to consider a situ-
ation wherein the shapes of the optical pulses can be changed
dramatically. For this, we utilize the mechanism responsible
for formation of PMR, i.e., time delay in the response of a
QD to a time-dependent optical field via coherent-plasmonic
effects.!” This requires setting up a strong dynamic normal-
ization of the damping and detuning of the 1-2 transition and
exciton excitation as the QD-MNP interacts with the laser
pulses. For this we need to consider conditions where ZP%
and A [Egs. (8) and (9)] are changed significantly with
time as the QD-MNP interacts with the optical pulses. There-
fore, they can strongly renormalize such interaction, chang-
ing the shapes of the effective fields experienced by the QD
considerably. As clarified in the following and discussed in
Sec. V, we found the main criterion for having nanopulse
controller is to have large Forster energy-transfer rate (TLF)
For this reason in this section we consider the QD transition
energy is 2.37 eV, i.e., the energy wherein TLF becomes maxi-
mum. We also need to reduce R as much as possible. This is
rather more convenient for smaller MNPs since we can de-
crease R considerably without getting too much close to the
MNP. For this reason in this section we consider a=7 nm
while considering other parameters are the same as those in
the preceding section.

To study how a MNP can act as a coherent pulse control-
ler, in Fig. 5 we study variation in the real and imaginary
parts of €}, as R is changed. Figure 5(a) show that when R
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FIG. 6. (Color online) Variation in py, for corresponding cases
considered in Fig. 5.

is large, the field experienced by the QD has the same form
as the applied field (thick line). For R=18 nm, similar to the
cases shown in Fig. 3, the coherent-plasmonic effects in-
crease the maxima of the pulse train and reduce its minima
[Fig. 5(a), thin line]. With further decrease in R the effective
optical pulses are changed in dramatic ways. As shown in
Figs. 5(b) and 5(c), with a slight reduction in R the widths of
the optical pulses are reduced significantly. When R
=14.5 nm, nearly the whole optical pulses are washed away
and only some residual remain [Fig. 5(c), thick line]. Figures
5(a’)-5(c") show the corresponding variation in imaginary
part of the normalized Rabi frequency.

The results of calculations shown in Fig. 5 show that the
shapes of the optical pulses experienced by the QD can be
dramatically different from those of the applied optical field.
To determine the impacts of these on the carrier excitation in
the QD, in Fig. 6 we show how p,, changes with R under the
same conditions as those in Fig. 5. Here we can see when R
is large py,~0.5 or 0.4 (thick line). For R=18 nm, the
minima become very close to zero while the maxima remain
fairly unchanged [Fig. 6(a)]. Note also that here with the
reduction in R the overshoots become more significant. This
is because of the fact that under this condition the carriers are
pushed from a state with nearly zero field to high field, re-
sulting more significant Rabi oscillation.!" With further de-
crease in R, as seen in Figs. 6(b) and 6(c), the population is
exited in two steps, one from zero to about 0.25 and the other
from 0.25 to 0.5. The second step becomes narrower with
further decrease in R. When R passes a limit the whole ex-
citation process is suppressed (dashed line). These show that
the carrier excitation is dramatically influenced by the
coherent-plasmonic processes and can be controlled to a
large extent.

In terms of polarization of the QD the system studied in
Fig. 5 is quit intriguing. To see this in Fig. 7, we show the
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FIG. 7. (Color online) Variation in the real of imaginary parts of
p1» for the corresponding cases considered in Fig. 5.

corresponding dynamics of the real and imaginary parts of
py, for the same values of R as those in Fig. 5. Here one can
see for very large R, Re[p,] is nearly zero and Im[p;,] is
rather large [thick lines, Figs. 7(a) and 7(a’)]. This means
that the QD under this condition is quite absorptive at the
maxima of the pulse train. As R decreases, however, spikes
of Re[p;,] and Im[p,,] are generated. As R reduces the width
of such spikes are increased. In other words, p;, evolves in
opposite to 7,. For R=14.5 nm [thick lines, Figs. 7(c) and
7(c')], under the condition where )}, is significantly
screened, Re[ py,] and Im[p;,] form trains of pulses with sig-
nificant maxima. Note that, similar to Fig. 6, the results pre-
sented in Fig. 7 were obtained when Aw=2.37 eV.

V. DISCUSSION

As mentioned above the primary reason for pulse narrow-
ing seen in Fig. 5 is the fact that coherent-plasmonic effects
can induce time delay in the response of the QD to a time-
dependent optical field. To clarify this issue and the physics
behind nanopulse controllers discussed in the preceding sec-
tion note that EP% and A, not only depend on Forster
energy-transfer rate and the detuning caused by the plas-
monic effects but also on 8. Therefore, damping, detuning,
and carrier excitations of the 1-2 transition can dynamically
influence each other. When the optical field is weak and R is
small, 5~ 1 and both A, and P55 are large. This suggests
that, although we consider the applied optical field is reso-
nant with the 1-2 transition when R is large (A,;=0), for
weak-field intensities and small R it becomes detuned from
this transition (AeffaE 0). It also means that this transition can
become dramatically broadened, 1f = is large. When the op-
tical field becomes strong and 5~0 however both A, and

EPS become insignificant. Considering the fact that large
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FIG. 8. (Color online) Variation in the real part of {5, with time
for variation energies of the 1-2 transition (legends in electron
volt). The inset shows TL as a function of this energy (x axis in
electron volt). Other conditions are the same as those in Fig. 5(b).

broadening and detuning hinder interaction of a laser field
with the QD, when the optical field is weak plasmonic ef-
fects make the system more resistant against such interac-
tion, causing delay in the optical excitation and reduction in
6. Therefore, around the rise times of the applied optical
pulses the field experienced by the QD is screened. As the
applied optical field becomes strong ultimately the mutual
interaction between & and A, and EPE may turn in favor
of very small ¢ and, therefore, the field experienced by the
QD reaches its plateau. This process, which led to the time
delay seen in Fig. 5, is not repeated during the fall times of
the optical pulses, as under this condition the system starts
from 6~0. Note also that when the value of R reaches a
critical value where the amount of plasmonic shift and
broadening become so extensive such that § remains large at
all time [dashed line, Fig. 6(c)] PMR happens.'”

To discuss the role of Forster energy-transfer rate in nan-
opulse controllers in Fig. 8 we showed results of calculation
for the same system as that in Fig. 5(b) but varied the 1-2
transition energies (QD size). The inset of Fig. 8 also shows
variation in TLF with energy (in eV), indicating its peak value
at 2.37 eV and sharp decline for smaller energies. The results
shown in Fig. 8 show that with the reduction in the 1-2
transition energy and, therefore, decrease in %, the amount
of the pulse narrowing decreases and ultimately vanishes.
Additionally, these results show that this process is accom-
panied with enhancement of the amplitude of the optical
pulses. In fact the maximum peak is reached when this en-
ergy is equal to 2.28 eV. For energy less than 2.28 eV the
amplitude starts to decrease. This explains why in the pre-
ceding section we consider the 1-2 transition equal to 2.28
eV.

Additionally the results presented in Secs. III and IV were
obtained under the condition where A,,;=0, i.e., the laser
field was resonant with the 1-2 transition when R is large.
The situation changes if one considers the cases where A, is
not zero. To show a typical example of sensitivity of the
results to A, in Fig. 9 we consider the system considered in
Fig. 5(b) but varied A,;. The results show that with the in-
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FIG. 9. (Color online) Variation in the real part of ()3, with time
for various detunings (A,;) of the 1-2 transition (legends in mil-
lielectron volt). Other conditions are the same as those in Fig. 5(b).

crease in A,; the narrowed optical pulses become broadened,
retaining their own original shapes. Changing the sign of A,,
can lead to different amplitudes for the optical pulses since
), can be frequency dependent.!!

The results presented in Figs. 5-7 show high sensitivity to
the distance between the MNP and QD (R). Regarding this
issue note that, as mentioned in Sec. II, the MNPs studied in
this paper were spherical and their interaction with the QDs
was treated within dipole-dipole approximation. Therefore, R
represents the center-to-center distance between the nanopar-
ticles. Under these conditions, one way to study the impact

PHYSICAL REVIEW B 82, 035413 (2010)

of variations in the size and geometry of the MNPs and QDs
is to find out how they influence this approximation. Of
course the more the QDs get closer to the MNPs variation in
the time delay with respect to the system parameters, includ-
ing size and shape variations, refractive index fluctuations,
etc., become more dramatic. Therefore, although the pulse
narrowing process still happens, its value with respect to R
becomes less certain. One way to have more control over the
system is to reduce the intensity of the laser field. As shown
in Fig. 2, this allows PMR happens at larger R. Therefore,
the time delay required for the pulse narrowing can also be
reached at larger R and the results become less sensitive to
local variations in the MNP shapes. Additionally, when ap-
plied optical pulses are narrower one can make significant
relative changes in their temporal widths with smaller delays.
This means that one can stay farther from PMR, wherein the
delay is not very sensitive to R, and generate enough delay to
cause relatively large changes in the optical pulses.

VI. CONCLUSIONS

We showed that MNPs could act as nanodevices such as
functional optical nanoamplifiers and pulse controllers for
semiconductor QDs. For this, the MNPs need to be in the
vicinity of QDs and both of them are exposed to a laser field.
Via combined effects of plasmons in the MNPs and the co-
herence generated in the QDs, we demonstrated MNPs can
enhance and trim optical pulses that the QDs experience.
MNPs can also dramatically change the shapes of the optical
pulses experienced by the QDs and narrow them dramati-
cally. The physics behind such nanodevices are dynamical
normalization of plasmonic fields and the QDs’ linewidths
and damping rates.
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