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The basic excitations of noble metallic nanoparticles and semiconductor quantum dots are, respectively,
surface plasmons and excitons. In this Brief Report it is shown that when these nanostructures are conjugated
together, their combined hybrid system can support a meta- “molecular” resonance. Such a resonance happens
in the space/time domain and is associated with the time delay induced by the plasmonic effects in the response
of the quantum dot to a time-dependent optical field. The metaresonance happens when the distance between
the quantum dot and the metallic nanoparticle reaches a critical value and the time delay goes to infinity. The
results demonstrate generation of Rabi oscillation in quantum dots via plasmons and offer alternative ultrasen-

sitive methods for sensing.
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Optical properties of noble-metal nanoparticles (MNP)
are mostly associated with their localized surface-plasmon
resonances. When a MNP is excited by an electromagnetic
radiation field, at such a resonance it exhibits collective os-
cillations of its conduction electrons. Surface plasmons in
MNPs are desirable for many technological applications. For
example, it has recently been demonstrated that coupling of
such plasmons in linear chains of MNPs results in transport
of light along the chains.'=* Plasmonic resonances are also
quite useful for many other applications including sensors,*>
nanoscale optical devices, imaging, etc.® Conjugates of
MNPs with semiconductor quantum dots (QDs) have also
been studied extensively.”® It has been shown that in such
nanoparticle molecules one can modify energy transfer be-
tween quantum dots,” enhance or suppress  their
emission,'%!3 modify heat dissipation in MNPs, etc.”$

One of the objectives of this Brief Report is to show,
similar to diatomic molecules, when QDs and MNPs with
primary exciton and plasmon excitations are conjugated to-
gether, their combined systems can support a meta- “molecu-
lar” resonance, called here plasmonic metaresonance (PMR).
This resonance is associated with the time delay (T,,) induced
in the response of a QD to a time-dependent optical field
when it is at the vicinity of a MNP. During this period of
time, because of the strong exciton-plasmon coupling, popu-
lation density and polarization of excitons are governed by
dynamic normalization of their energies and linewidths, and
by significant screening and reshaping of applied optical
field via plasmonic effects. PMR occurs when 7, goes to
infinity abruptly. When refractive index of the host medium
is considered constant, PMR happens when the distance be-
tween the QD and MNP reaches a critical value (R.). We
discuss the origins of the plasmonic time delay and PMR in
detail and investigate how R, depends on the applied optical-
field intensity and time dependency. PMR offers a new class
of ultrasensitive sensing techniques, including detection of
distance up to subnanometer resolution using conventional
optical techniques.

Another objective of this Brief Report is to demonstrate
how plasmonic effects can dramatically modify the optical
field experienced by a QD. The effective field not only can
be different from the external field in terms of its amplitude,
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but also in terms of its time dependency. As a result, in
addition to significant screening during 7, the rise time of
the effective field can be significantly shorter than that of the
applied field. Therefore, as shown in this Brief Report, when
the external optical field cannot generate Rabi flopping be-
cause of its slow rise, significant Rabi oscillation can be
induced when the QD is close to the MNP. This effect and
formation of complex Rabi frequency illustrated in the fol-
lowing suggest quantum optics of QDs in the presence of
plasmonic effects can be distinctively different from that of
isolated QDs. Note that recently we studied a similar hybrid
system embedded in an environment with rather low
permittivity.'* Several key issues were identified, including
slight amount of plasmonic time delay and enhancement of
Rabi flopping. PMR, however, did not happen in such a sys-
tem, since its formation required unrealistic proximity be-
tween the QD and MNP. Additionally, because of the low
permittivity of the environment, plasmonic effects in this
system did not generate Rabi oscillation, rather only en-
hanced it.

Our prime interest in this Brief Report is to study dynamic
response of a QD when it is interacting with a time-
dependent optical field (Eapp(t):%Egpp(t)e‘i“”). For this we
consider the QD is conjugated with an Au MNP with radius
a=7 nm, forming a hybrid system. The matrix holding this
system is considered to have dielectric constant g&,. The
center-to-center distance between the nanoparticles is de-
noted as R. The interaction between the QD and the MNP is
characterized by the large electric-dipole moments of the QD
and plasmon resonance of the MNP. We consider the electric
field is polarized along the z direction joining the two par-
ticles. The MNP has nanoscale dimension and, therefore, its
interaction with the laser field is treated within quasistatic
approximation. We describe the MNP with the local dynamic
dielectric function €,,. The applied optical field (E,y,) is con-
sidered to have a steplike rise time with final intensity /. The
frequency of this laser (w) is considered to be the same as
that of the transition between the ground and the first exciton
state of the QD (the 1-2 transition) when its coupling to the
MNP is insignificant (large R). We also consider the fre-
quency of the MNP plasmon resonance is the same as that of
the 1-2 transition.
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Under these conditions we obtained equation of motion
for the density matrix of the QD coupled to the MNP as

follows: !4
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the 1-2 transition. Q},=Q%T~7p,, is the normalized Rabi
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I';; and v;; introduced above refer to energy and polarization
relaxation rates of the isolated QD, respectively. We consider
I,,=1/0.8 ns™' and p;,=0.65¢Xnm.” The dephasing
broadening of the single QD is considered 2.7 ns™'.”# Note
that Egs. (1)—(3) represent optical Bloch equations wherein
the plasmonic and optical effects are all embedded into the
normalized Rabi frequency. Optical Bloch equations have
also been used to study molecular excitation near a MNP
chain,® or study radiative and nonradiative decay channels
experienced by a single molecule confined in an adjustable
dielectric-metal nanogap.'> Enhancement of emission of
QDs or molecules has also been studied using rate
equations.'>!3

We consider g,=1.8, corresponding to host materials such
as water. For such a matrix the plasmon peak occurs at about
2.37 eV. To study the impact of the plasmonic effects on the
interaction of the QD with the optical field, first it is con-
structive to consider how )}, is changing with R and time.
This quantity shows how such interaction is normalized by
the NMP. As shown in Fig. 1(a), for R=100 nm (line 1) the
real part of ()], in fact represents variation in the applied
optical field with time. This is because of the fact that under
this condition the plasmonic effects are insignificant and
Q},=0Y. For smaller R’s, however, variation of )}, with
time varies dramatically from that of R=100 nm (lines 2 and
3). Two significant effects here include time delay (7,) in the
rise of Re[Q)],] compare to that of the optical field (line 1)
and generation of some oscillatory features. The latter is be-
cause of the fact that, as seen above, through plasmonic ef-
fects normalized Rabi depends on the off-diagonal elements
of the density matrix.

As the QD gets closer to the MNP the amount of the time
delay increases super linearly. As shown in Fig. 1(b), sensi-
tivity of 7, to R can be so significant that for just 0.01 nm
change in R, i.e., from 15.48 (line 5) to 15.47 nm (line 6), 7,
can be increased by about 40 ns. Another significant feature
is that for any value of R within 7, the magnitude of real part
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FIG. 1. (Color online) Variation in real [(a) and (b)] and imagi-
nary [(c) and (d)] parts of normalized Rabi frequency with time for
=128 W/cm? and different R’s. Lines 1, 2, 3, 4, 5, and 6 refer,
respectively, to R=100, 20, 17, 16, 15.48, and 15.47 nm.

of Qf, is relatively quite small. It is, however, increasing
monotonously at low rate. Additionally, the small rise of
Re[Q},], which happens at the same time as the full rise of
the applied optical field (line 1), does not cause any signifi-
cant oscillation. The second rise, however, that occurs after
7, comes with significant overshoots and oscillations. These
results show that the field experienced by the QD in the
presence of the MNP can be significantly different from that
of the applied field. Even after 7, and reaching steady state
the values of Re[()],] for small R are more than QY,, sug-
gesting enhancement of optical excitation, as will be dis-
cussed in the following. Additionally, Fig. 1 suggests that
normalized Rabi frequency is a complex quantity. Figures
1(c) and 1(d) show the corresponding variations of Im[{}},]
with R and time.

Under the same conditions as those of Fig. 1 the corre-
sponding evolutions of exciton population with respect to
time are shown in Figs. 2(a) and 2(b). These results are con-
sistent with the results obtained for normalized Rabi fre-
quency in Fig. 1. For R=100 nm Fig. 2(a) shows a standard
Rabi flopping (line 1).'® For smaller R the amplitudes of the
overshoots are decreased as p,, reaches its final value with
some time delay. Figure 2(b) shows that for R around 15 nm
(lines 4 and 5), we see significant amount of delay in the
population excitation and formation of saturation. Note that,
similar to €)},, py, initially increases from zero without any
overshoot. Then it increases monotonously at a low rate and
finally ramps up sharply, causing some Rabi flopping.

The prime effects seen above included formation of 7,
and its super linear increase with the decrease of R. This
process has a limit beyond which 7, becomes infinite, i.e.,
PMR occurs. Figure 3 illustrates formation of PMR for two
different I’s. When =32 W/cm?, R, is about 18.01 nm
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FIG. 2. (Color online) Variation of p,, with time for various
values of R when /=128 W/cm?. Lines 1, 2, 3, 4, and 5, refer,
respectively, to R=100, 18, 16, 15.5, and 15.47 nm.

(dashed line), while for /=128 W/cm? R, is reduced to
15.46 nm (solid line). For I’s smaller than 32 W/cm? for-
mation of PMR is smeared out. In fact for / around
5 W/cm? this effect does not happen. Note that for any
value of R smaller than R, 7, remains always infinite.

The PMRs seen in Fig. 3 temporally separate two differ-
ent types of mechanisms that govern dynamics of excitons in
a QD when it is in the vicinity of a MNP. The results suggest
that after the plasmonic time delay, the system behaves
somehow similar to an isolated QD. Here, however, the im-
pacts of plasmons are translated into normalized Rabi fre-
quency obtained under steady state. Figure 1 shows that
Q,>0Y,, suggesting that in a QD-MNP hybrid system plas-
monic effects can enhance exciton excitation rate in the QD.
Such a process was not observable in Figs. 2(a) and 2(b),
since we considered the optical-field resonant with the 1-2
transition of the QD and, therefore, saturation prevents this
effect to show up. If one considers an off-resonance case,
wherein saturation does not happen, such an enhancement
process can become quite visible.

To study the physics behind plasmonic time delay and
PMR, let’s reconsider Eq. (3) and rewrite it in a more explicit
form

Ipay

o [i(IT}5 — @) + Ay lpay — iQ55(py1 — p2). (5)

In this equation I1;,=w,; — 7,(p;;—p2y) is the normalized en-
ergy of the exciton transition and A, =y, + 7im(p11 = p22) 18
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FIG. 3. (Color online) Variation of the 7, with R for /=128
(solid line) and 32 (dashed line) W/cm?.
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FIG. 4. (Color online) Imaginary part of p,, for R=100 (solid
line) and 16 (dashed line) nm. The intensity of the probe field is
assumed to be 0.3 W/cm?.

Forster-enhanced broadening of this transition. These param-
eters quantitatively describe how the transition energy and
lineshape of the QD are changed as it becomes close to the
MNP. They depend not only on 7, but also on the exciton
population density, optical-field intensity, and time. When
the optical field is weak their impacts can be significant.
Therefore, before the applied optical field arrives or its rise
happens, the QD transition and broadening, depending on the
values of R, can be extensively normalized by plasmonic
effects. This is illustrated in Fig. 4, where we show a steady-
state solution for Im[p,,] considering the intensity of the
probe field (applied optical field) is 0.3 W/cm?.

Figure 5(a) shows dynamic detuning of the optical field
from the normalized interband transition of the QD for dif-
ferent R. As in Figs. 1-3, we consider this field is resonant
with the 1-2 transition when R is very large. The results
show that, when R=100 nm the optical field remains reso-
nant with this transition at all times (solid line). But for
smaller R three main features can be seen: (i) before the
applied optical-field rise the photon energy of this field is
larger than that of the 1-2 transition of the QD, (ii) during 7,
the energy of the QD transition is dynamically increased, (iii
after 7, the optical field becomes resonant with the 1-2 tran-
sition. For R=20 nm (dashed line), however, the amount of
the red shift in this transition is relatively small. Therefore,
the system does not show significant delay and quickly goes
into the state where I1,,=w;, and A ;,="y,,. For smaller R the
initial shift is significant. Therefore, the optical field is at the
beginning quite off-resonant from the normalized QD transi-
tion. Therefore, optical excitation is hindered significantly.
This picture becomes clearer considering how the damping
of the QD transition changes with R and time [Fig. 5(b)]. It is
evident here that as R decreases this transition becomes more
broadened, resisting optical excitation. These effects are in
accordance, in particular, with the results in Fig. 1 wherein
we showed plasmonic screening of the applied optical field.
The plasmonic time delay is formed due to the interplay
between these dynamic effects that hinder full excitation of
the system for a period of time. PMR, on the other hand,
happens when the rate of increase in normalized Rabi fre-
quency during the delay goes to zero, making the time delay
infinite.
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FIG. 5. (Color online) Dynamic variation in the optical field
detuning from the QD transition (a) and broadening of this transi-
tion (b) for different R’s as a function of time. The legends show R’s
in nm.

Note that the effects discussed in this Brief Report remain
significant even when the rise time of optical field is quite
long. Figure 6 shows the case when the rise time happens
over about 50 ns. Several interesting effects are evident here:
(i) although the rise time of the applied optical field is long
(line 1), as shown in (a) and (b), the field experienced by the
QD after 7, can have much shorter rise times, (ii) because of
this while the external optical field is too slow to induce Rabi
flopping, one expects to see Rabi flopping when R is small
[Figs. 5(c) and 5(d)], and (iii) when time rise of the optical
field is long, as seen in (b), the amount of delay can even
reach 0.5 us. Figure 6(d) clearly shows how plasmonic ef-
fect can induce Rabi flopping.

In conclusion, we showed that interaction of a QD with a
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FIG. 6. (Color online) Variation in the normalized Rabi fre-
quency [(a) and (b)] and p,, [(c) and (d)] for an applied optical field
with much longer time rise. Here lines 1, 2, 3, 4, and 5 correspond
to, respectively, R=100, 17, 16, 15.55, and 15.51 nm. Here [
=128 W/cm?.

time-dependent optical field in the presence of a MNP could
lead to a two-stage coupling process. At the first stage the
optical field is screened significantly by plasmonic effects,
suppressing the field experienced by the QD dramatically. At
the second stage the QD is driven by the optical field as if it
is isolated but driven with a Rabi frequency normalized by
the plasmonic effects. We demonstrated that the first stage
corresponds to a plasmonically induced time delay in the
response of the QD when it interacts with a time-dependent
optical field. We also showed that when the distance between
the QD and the MNP reaches a critical value, the delay be-
comes infinite. Under this condition the system always re-
mains at the first stage. This suggests that, in addition to the
primary plasmonic and exciton excitations, hybrids consist-
ing QDs, and MNPs can support a secondary resonance,
called here plasmonic metaresonance, due to the strong cou-
pling between these two excitations.
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