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Abstract: We study ultrafast excitonic population inversion resulting
from the interaction of a semiconductor quantum dot (SQD) with localized
surface plasmons. The plasmonic enhanced fields are generated when a
metallic nanoparticle (MNP) is subject to a nonlinear chirped few-cycle
pulse train. By numerically solving the time-dependent Bloch equations
beyond the rotating-wave approximation, we show that the complete
population inversion can be achieved for small interparticle distance and
the dynamic in population inversion exhibits a steplike transition between
absorption and amplifying. This phenomenon can be exploited as an
all-optical ultrafast switching device. Moreover, the final state of population
inversion is shown to be modified significantly with the interparticle
distances, which is not only robust against the variation of probe pulse
parameters but also suggests a straightforward method for measuring the
interparticle distances via probing the final populations.
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There have been significant research activities on the hybrid systems consisting of one semi-
conductor quantum dot (SQD) and one metallic nanoparticle (MNP) for many potential appli-
cations [1-27]. When the exciton energy of a SQD is on resonance with the plasmon peak of
the MNP, strong exciton-plasmon coupling can be observed on the power absorptionin a SQD-
MNP hybrid system [1, 11]. Coherent dynamics in excitons and optical properties of the hy-
brid complexes can be modified significantly by the strong coherent interaction [1-27]. Severa
fascinating effects induced through exciton-plasmon coherent couplings have been discovered
when lasers are applied to these hybrid systems, such as controllable Rabi oscillations [2, 6],
plasmonic metal-resonances [6], tunable ultrafast nanoswitches [8], modified resonance flu-
orescence and photon statistics [9, 10], creation of plasmonically induced transparency [22],
controlling speed of light [7], and intrinsic bistability and hysteresis [4, 15, 20] in these hybrid
complexes.

Controlled dynamics of exciton population inversion between the ground and single-exciton
states has been analyzed in the SQD-MNP hybrid system [2,5, 8, 21, 24], which showed that
the population and Rabi oscillations in the SQD is significantly altered due to the presence
of MNP. Specifically, the final population inversion induced by a widely used = pulse can be
destroyed for small interparticle distances due to the interaction between excitons and surface
plasmon [24]. One area of ongoing interest is the ultrafast optical switching mechanism for the
exciton population inversion. Motivated by this, we study the optical switching in the popula-
tion inversion between the ground and single-exciton states in a coupled system composed of
a SQD and a MNP. We give an emphasis to the case of interaction of this hybrid system with
electromagnetic pulses of few cyclesin duration. We numerically solve the effective nonlinear
Bloch equations for a hybrid complex consisting of asmall SQD and a spherical MNP, by tak-
ing into account the ultrashort nature of the applied field. A complete population inversion is
shown to be possible and the related popul ation inversion dynamic exhibits a steplike transition
between absorption and amplifying even for small interparticle distances. In addition, the final
population inversion can be modified significantly by the interparticle distances, which might
suggest astraightforward method for measuring the interparticle distances from thefina state of
the inversion. More importantly, the present results are reasonably robust with respect to pulse
shape, electric field amplitude, and chirped parameter. Our study not only provides an efficient
tool to manipulate the ultrafast dynamics of SQD system with wide adjustable parameters but
also represents an achievement in this direction. Our results may also have potential applica
tions in the development of ultrafast all-optical switching and solid-state quantum information
science.

The hybrid system under consideration isillustrated in Fig. 1. The device is composed of a
spherical MNP of radius a and a spherical SQD of radius b in the environment with dielectric
constant &e. The center-to-center distance between the two particlesis denoted as R. The param-
etersof the system, i.e., the size of the SQD and MNP, the center-to-center distance between two
particles, are chosen such that the SQD has small dimensions b <« a and the size of the MNP
isconstraint asa < R. Here the SQD is characterized by atwo-level system, with |0) being the
ground state and |1) being the single-exciton state[3,12,28]. We will study the dynamics of this
hybrid system driven by a linear polarization few-cycle chirped pulse train. The total electric
field for the train of pulse can be written as E(t — nto) = YN"3 2Eo f (t) cos{w(t) + ¢ (t)]. Here 2
is the polarization unit vector (along the z direction), Eo is the electric field amplitude, f(t) is
the dimensionless pulse envelope, w isthe angular frequency, tg isthe pul se repetition time, and
¢(t) is the time-dependent phase of the applied field. The electric field excites both the inter-
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Fig. 1. Schematic diagram of our hybrid system composed of a semiconductor quantum dot
(SQD) and a metallic nanoparticle (MNP). The centers of the two particles are separated
by a distance represented by R.

band transition in the SQD and the surface plasmon in a MNP. Such surface plasmon influence
the exciton and induce electromagnetic interactions between exciton and plasmon [1-3]. This
interaction is responsible for the coupling between the two particles and leads to Forster energy
transfer [29]. Under the dipol e approximation, the Hamiltonian of the system can be written as,

H =R |1) (1] — uEsop (10) (1 + 1) (), @

where pu represents the dipole moment of the semiconductor quantum dot corresponding to
the single-exciton transition, and Esgp denote the total electric field inside the semiconductor
quantum dot. To properly calculate Esop, we separate out the positive and negative frequency
contributions as they exhibit different time responses. Thus Esgp can be expressed as

Esop(t) = E ng(t) +GP10(t)) + (Q*z(t) +G*P01(t)>} ) (2

where pjj(t) is the density matrix elements. In Eq. (2), we defined the time-dependent Rabi
frequency

N-1 )
Q) = (Q+Q) Y f(t)e @t 3
n=0

with Q = Sag%ag Qo= sagf ﬁ‘ge'szs. The Rabi frequency Q(t) in Eq. (3) includes two parts, one
isthe electric field induced by the direct coupling between the SQD and the applied field (i.e.,
Qp), and the other is the electric field from MNP that is induced by the external applied field
(i.e, Q) [3,12,24]. The parameter G arises when the applied field polarizes the SQD, which in
turn polarizes the MNP and then produces afield to interact with the SQD. G isresponsible for

the interaction between a MNP and SQD, and can be defined as [ 3]

S VR o

G= (4)

where gef s = zgg—jegs isthe effective dielectric constant of SQD with &5 the background dielec-

tric constant of the semiconductor. y; = % (j =1,2,3..), and sy = 2 when the
applied field is parallel to the major axis (2) of the system. In addition, the items with different
| arerelated to different order multipole polarizationin MNP, In the following analysis, we will

takel = 10 in our calculations, as we find that thisis enough to obtain converging results[3].
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The dynamics of theinteraction system can be described by the following effective nonlinear
Bloch equations beyond the rotating-wave approximation (RWA):

Si(t) = —0S (1) - &Tiit)’ (5
$ (1) = 01081 (1) — 2[Q (1) + GrS: (1) + G/ S (1)] Ss (1) - Sz?f) ®)
S (1) = 2(Qr (1) + GrS1 (1) + GBS ()] S (1) — %jl @

where S;(t) = po1 + p10 and S(t) = i(p1o — po1) are, respectively, the mean real and imagi-
nary parts of polarization, and S3(t) = poo — p11 is the mean population inversion with pj; the
occupation probability. In the Egs. (5)-(7), Qr(t) is the rea part of the Rabi frequency Q(t),
G and Gg are theimaginary and real parts of the parameter G, respectively. Finaly, the terms
containing the population decay time T; and the dephasing time T, describe relaxation pro-
cesses in the SQD and have been added phenomenologically in Egs. (5)-(7). The relaxation
times T1 and T, are influenced by the presence of the MNP [30]. However, for the parameters
that we use here the values of T; and T, do not change much in the frequency region of interest,
and therefore will be considered constant. According to the previous papers concerning similar
systems [2,5, 8, 21, 24], the influence of the relaxation time (T; ~ 0.8 ns, T, ~ 0.3 ns) can be
neglected owing to the extremely short pulse width of the few-cycle laser field in the present
study.

As far as we know, no closed-form solution of the nonlinear differential Egs. (5)-(7) exists
for fields of arbitrary temporal profile in the present complex system. In order to investigate the
dynamic response of the excitonic population inversion in this system, we employ the fourth-
order Runge-Kutta algorithm approach for solving Egs. (5)-(7) for a specific parameters T; =
0.8 ns, T, =0.3ns, e =€, a=7.5nm, u = 0.65e nm, hawp = 2.5 eV, and &5 = 6¢p, with
& the dielectric constant of the vacuum. These parameter values correspond to the typically
CdSe-based quantum dots and have been used in various studies [1, 3,6, 12, 15, 24, 29, 31]. For
em() we use the experimental values for gold nanoparticle [32].

Our calculations can be performed for a wide range of pulse shapes and related parame-
ters. In the following, we will show the representative results for Gaussian pulse train (f(t) =
exp(—(t —nto)?/72)) and hyperbolic secant pulse train (sech((t — nto)/7)), respectively. Be-
sides, the time-dependent phase of the pulse train is chosen as ¢ (t) = atanh|(t — ntp) /7] with
o the chirp rate. The chirp form is controlled by adjusting the parameters o.. Due to the recent
advancement of comb laser technology, it is highly likely that such a time-varying CEP can
be achieved in the near future [33]. First of al, we present the effects of MNP on the inci-
dent few-cycle pulse train. Figures 2(a) and 2(b) show the plasmonic fields of different shape
few-cycle pulse trains. The corresponding plasmonic field enhancement spectrum of the MNP
for different interparticle distances, R = 15 nm, R = 30 nm, and R = 80 nm are shown as red
solid, blue dashed and black dotted curves, respectively. These figures show that modifying
the incident pulse train by the MNP has a direct consegquence of enhancing the field for small
interparticle distance. The maximum field enhancement exceeds 1.5 for the small interparticle
distance R = 15 nm. Second, we plot the time evolution of the population inversion Ss(t) in-
duced by the corresponding plasmonic fields for different interparticle distances, as shown in
Fig. 2(c) and 2(d). One can find that complete population inversion does not occur for the large
interparticle distances, i.e., R= 30 nm and R= 80 nm. However, complete excitonic popul ation
inversion occurs for asmall interparticle distance R = 15 nm. The distance-sensitive population
inversion in Fig. 2(c) and 2(d) can readily be understood by perturbation theory [34]. The large
enhancement of plasmonic field for small R induce more population transitions between the
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Fig. 2. The upper plots are the plasmonic fields inside the SQD for different interparti-
cle distances, i.e., R= 15 nm (red solid curve), R = 30 nm (blue dashed curve), and
R = 80 nm (black dotted curve), with (&) the incident Gaussian pulse train (f(t) =
exp (—(t — ntg)?/72)) and (b) theincident hyperbolic secant pulse train (sech((t —ntg) /7)).
Thelower plots are the the corresponding excitonic population inversion Ss(t) from the nu-
merical solution of Egs. (5)-(7) for R= 15 nm (red solid curve), R = 30 nm (blue dashed
curve), and R= 80 nm (black dotted curve), with (c) incident Gaussian pulse train and (d)
incident hyperbolic secant pulse train. Other parameters of the pulse train are chosen as
N =6, |Qo| =12meV, 7 =25fs, tg =200fs, and oz = 5.

ground and single-exciton state. Thus, one can easily conclude the enhancement of plasmonic
field in vicinity of MNP plays an important role in controlling the excitonic population inver-
sion dynamics. It can be also seen from Fig. 2(c) and 2(d) that the population are transferred
to the single-exciton state during the interaction with the initial pulse (n = 1) in the pulse train
for R = 15 nm. Subsequently, the population are transferred to the ground state after passing
the second pulse (n = 2) in the pulse train. The holding time of population in the single-exciton
state is nearly equal to the pulse repetition time tg = 200 fs. Remarkably, there is a steplike
transition between the ground state and single-exciton state, from absorbing (S < 0) to ampli-
fying (S3 > 0) as a function of the number of the pulsesin the pulse train. For an odd number
of the pulses, the complete inversion occurs. For an even number of the pulses, the population
are transferred to the ground state. Direct comparison in Fig. 2(c) and 2(d) implies that popula-
tion inversion is robust against the variation of pulse shape. Therefore, the excitonic population
inversion of the SQD can be switched on and off by tuned the number of the pulsesin the pulse
train. And this optical switching provides an ultrafast and convenient way to achieve complete
inversion.

We note that the above condition is not the only one that could control population inversion
in the present SQD-MNP hybrid system. Based on the above Egs. (5)-(7), we have calculated
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Fig. 3. Thefina excitonic population inversion S; at t = 6tg obtained from numerical solu-
tion of Egs. (5)-(7) asafunction of (a) input electric field amplitude |Qq| with oc = 5, with
a Gaussian pulse train N = 6, for R= 15 nm (red solid curve), R = 30 nm (blue dashed
curve), and R = 80 nm (black dotted curve), and (b) chirp rate o for the input electric field
amplitude of the pulse train |Qo| = 12 meV. Other parameters of the pulse train are chosen
ast=25fsandtyg = 200 fs.

numerically the final population inversion as a function of the input electric field amplitude of
the pulse train |Qp| and chirp rate o after the passing of the Gaussian pulse train, as shown in
Fig. 3. From Fig. 3(a), we can find that for chirp rate o up to oc = 5, high-efficiency population
transfer from the ground state to the single-exciton state occurs for several values of |Qo|, as
long as R = 15 nm. Also, complete return to the initially occupied ground state can be found
for severa value |Qo| for small interparticle distance R = 15 nm. This figure shows a typical
switching behavior that could be found in the present hybrid system. For the results of Fig.
3(a) the transfer processtakes 1.2 ps. The effects of the interparticle distances on the maximum
inversion are also shown in this figure. We note that for the large interparticle distances (i.e.,
R = 30, 80 nm) complete population transfer to the single-exciton state or compl ete population
return to the ground state is not possible. In order to verify the robustness of the scheme for
excitonic population inversion, we depict the evolution of the final inversion S(t) against the
variation of the chirp rate. The curve shows the population inversion is robust to the variation
of the chirp rate. The complete population inversion can be achieved for 4.8 < || < 5.2. In
other words, the switching behavior shown in Fig. 2 holds up to a wide region of the chirp rate
o. In addition, the plots are symmetric and efficient population inversion can occur for both
negative and positive values of the chirp rate. This behavior changes with the increase of the
interparticle distances. For larger values of the interparticle distances, we find that complete
population inversion does not occur. In this way, we might provide a scheme for obtaining a
rough estimate of the interparticle distances between the MNP and SQD via probing the final
population.

For a better insight into the effects of the input electric field amplitude of the pulse train
and chirp rate on global behavior of the excitonic population inversion, the contour map of the
final population inversion of S3(t) as the function of both [Qo| and « is shown in Fig. 4. It can
be found from Fig. 4(a) there are a wide region of Qg and o in which complete population
inversion can be obtained under the condition R= 15 nm. However, if the interparticle distance
increases, the maximum value of corresponding population transfer obtained will decrease. For
R =80, we plot in Fig. 4(b) the contour map of final population inversion Ss(t) with the same
other parameter settings. Compared with Fig. 4(a), the structure is qualitatively very similar,
but the maximum value of population transfer becomes much smaller. Interesting enough, the
influence of the distances on the excitonic population inversion depends strongly on the pulse
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Fig. 4. Contour map of the final population S3(t) obtained from numerical solution of Egs.
(5)-(7) as a function of the input electric field amplitudes |Qg| and chirp rate o of the
chirped Gaussian few-cycle pulsetrain for different interparticle distance Rwith fixed pulse
duration T = 25 fs: (@) R= 15 nm; (b) R= 80 nm; with fixed pulse duration 7 = 10 fs: (c)
R =15 nm; (d) R = 80 nm. Other parameters are the same as Fig. 3.

duration 7. As an example, Figs. 4(c) and 4(d) show the contour map of the final population
inversion of S3(t) asthe function of both |Qg| and « for pulse duration T = 10 fs with different
distancesR= 15 nm and R= 80 nm. It can be found that the final excitonic population inversion
is sensitive to the pulse duration. The effect of the pulse duration on the population inversion
can be explained using the quasi-adiabatic following approximation [35]. Asthe pulse duration
becomes shorter the enhanced effect of the plasmonic inside the SQD becomes|ess pronounced,
which leads to the fact that the complete popul ation inversion does not occur even for the small
interparticle distance. In addition, the chirp rate o« can modify the pulse duration, pulse shape as
well as the pulse amplitude, thus the exciton population inversion depends on the chirp rate o,
asillustrated in Fig. 3(b). This means that the pulse train for every R will not lead to complete
excitonic population inversion for shorter pulse duration (see Figs. 4(c) and 4(d) for T = 10
fs). In other words, as the pulse duration becomes shorter, the influence of the plasmon effect
weakens and smaller final populations are obtained.

An interesting effect is the influence of the input electric field amplitude of pulses on the
final state of population inversion. We find that the dependence of final population inversion on
the input electric field amplitude exhibits a typical switching behavior and this dependence is
strongest for smaller interparticle distances. Moreover, the final population inversion is found
to be sufficiently robust against the variation of the chirp rates. In order for maintaining clarity
in the exposition, the present results were obtained in the context of symmetric pulse shapes.
Actually, one can readily check that our results are robust with respect to the pulse shape.
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Of course, the present study was not exhaustive due to the enormous number of parametersin-
volved. Thetypica example of these results shown in Fig. 4 showsthat the complete population
inversion can not maintain for shorter pulse duration. Finally, we should note that in the results
presented above the pulse areais not a parameter that should get very specific valuesin order to
achieve complete inversion, which is quite different from the Rabi solution of the optical Bloch
equations for an atomic two-level system interacting with pulsed laser fields [36].

It isworth noting that our calculation performed for typical system parameters, i.e., those of
CdSe SQD and Au nanoparticle complexes, demonstrated the ultrafast exciton population dy-
namicsinduced by the few-cycle pulse train. With the development of spectroscopy technology,
the single-particle spectroscopy [37—39] could probably be used to realize these effects experi-
mentally. The interaction between SQD and MNP depends on not only the pulse parameters and
interparticle distance but also the orientation of the dipole moments of the two particles, there-
fore, switching can be achieved not only by the traditional control viatheincident electric field
amplitude and interparticle distance but also the polarization of the incident pulses. We believe
that the modification of the surface plasmon on ultrafast excitonic population dynamicsin our
proposed hybrid system will also manifest itself in other quantum interference phenomena as
well, and hence our study might open up an avenue to explore and utilize the these effects and
could be exploited in real SQD-MNP hybrid as high speed optical modulators and switches.

In conclusion, we have studied the phenomenon of controllable ultrafast excitonic popula-
tion dynamics in the hybrid system comprised of a SQD and a metal nanoparticle by utilizing
the train of chirped few-cycle pulses. We have used the effective nonlinear Bloch equations for
the description of the system dynamics. We present the numerical results for the case that the
system interacts with the pulse train for Gaussian or hyperbolic secant envelope. Our findings
showed that the excitonic population inversion can be modified for small interparticle distances
due to the interaction between exciton and surface plasmon. We also showed that the time
evolution of excitonic population inversion in the SQD exhibits a steplike transition between
absorption and amplifying for small interparticle distance. These results suggest a straightfor-
ward method for measuring the interparticle distancesfrom thefinal state of the inversion occur.
This can berealized by injecting a probe beam in order to determine the state of the SQD. Probe
amplification would indicate that the SQD was l€ft in the single-exciton state, whereas probe
absorption would indicate that the SQD was l€eft in the ground state.
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