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The effect of acoustic phonons on different light-induced excitations of a semiconductor quantum dot is
investigated. Resonant excitation of the quantum dot leads to the Rabi oscillations, which are damped due to
the phonon interaction. When the excitation frequency is detuned, an occupation can only occur due to phonon

absorption or emission processes.

For frequency-swept excitations a population inversion is achieved through

adiabatic rapid passage, but the inversion is also damped by phonons. For all three scenarios the influence of the

phonons depends non-monotonically on the pulse area.

PACS: 78.67.Hc, 78.47.D—, 42.50.Md

1. Introduction

Phonons play an important role in the control of the
quantum state of a semiconductor quantum dot (QD).
When the QD is excited by a laser pulse, the system dy-
namics is affected by the electron—phonon interaction. In
the most common case of an excitation resonant on the
QD transition, the occupation of the QD exciton oscil-
lates as a function of the pulse area. This Rabi oscillation
is damped by the interaction of the exciton system with
phonons, which has been analyzed theoretically [1-7] and
experimentally observed [8-10]. A particularly remark-
able feature is that the damping is non-monotonic, for
sufficiently large pulse areas a reappearance of the Rabi
oscillations has been predicted [5]. The achieved popula-
tion inversion by resonant optical excitation is sensitive
to the pulse area. For small deviations from the reso-
nance condition slightly modified oscillations appear [11].
For large detunings no population inversion takes place
without phonons. In this case only through emission
or absorption of phonons an occupation becomes pos-
sible. To achieve a population inversion which is stable
against small variations of the excitation conditions also
the adiabatic rapid passage (ARP) can be used, which
has recently been demonstrated experimentally [12, 13].
When excited by a chirped laser pulse, the system fol-
lows the eigenstates of the coupled system-light Hamil-
tonian, i.e., the dressed states, adiabatically. Due to the
chirp the dressed states change their character during
the pulse, which results in a population inversion. Be-

cause phonons can induce transitions between the dressed
states, a damping of the ARP effect is seen [14].

In this paper, we study theoretically the phonon effects
of an optically excited QD and compare the three excita-
tion scenarios mentioned above. We analyze the phonon
influence as a function of the pulse area and study the
occupation at high pulse areas, where a reappearance is
expected. Furthermore we show that for low tempera-
tures phonon emission and absorption processes are not
balanced and asymmetries with respect to either the de-
tuning or the chirp appear. For high temperatures the
behavior becomes symmetric.

2. Theory

For the calculations, we model the QD as a two-level
system, which consists of the ground state |0) and the
exciton state |X) split by the transition energy hflx.
The excitation of the QD is modeled by a circularly
polarized light field coupled in the usual rotating wave
and dipole approximations with instantaneous Rabi fre-
quency 2 (t) = 2ME®) (t)/h, ) = QH)* with
the dipole matrix element M and the positive (negative)
frequency component of the light field E(*) (E()). The
phonon coupling is diagonal in the carrier states with the
creation and annihilation operators bfl and bg. Because
the coupling to longitudinal acoustic (LA) phonons has
been shown to be most important for dephasing in typi-
cal InGaAs QD structures [15, 16], we restrict ourselves

(1065)



1066

to LA phonon with the dispersion relation wq = cq, ¢
being the sound velocity. The phonons couple to the QD
exciton via the coupling matrix element g,. We assume
the QD to be spherical with a size of 4 nm and take
GaAs material parameters [17, 18]. The Hamiltonian of
the system is

=) (+)
11 = oo x) (1 - P10y 0
+ 0> weblbg + 1> (9gbg + g3bh) I X)X (1)

Initially the system is in the ground state |0) and the
phonons are in a thermal state with temperature T'. The
equations of motion are set up by the Heisenberg equa-
tion, which leads to the well known infinite hierarchy of
equations due to the many-body interaction. This hier-
archy is truncated by a correlation expansion in fourth
order, which has been shown to perfectly agree with a
numerically exact path integral method in a wide range
of parameters [1].

In this paper we will consider different light excita-
tion scenarios. On the one hand, we look at excita-
tion with a laser pulse with a constant frequency wr,.
With a Gaussian envelope of the duration 7 and an am-

2
plitude Eo the pulse reads E(H)(t) = Ege 3-7 e~ iwLt,
The laser pulse frequency wry, is either set resonant to the
polaron shifted transition energy or it is detuned by a
given frequency shift A/A. On the other hand, we con-
sider an excitation with a frequency swept laser pulse

+2 .
EM(t) = Ege 32 (9e+390)! where the frequency
changes linearly with time by the chirp a. The laser
pulse duration is kept fixed to 7 = 4 ps for all pulses.

3. Results
3.1. Constant laser frequency

When a QD is excited by a laser pulse, after the pulse
the exciton occupation does not change due to phonon
processes anymore. Thus, a good quantity to look at is
the final occupation after the pulse as function of the
laser pulse area © = 2 [ |ME(t)|dt, which is propor-
tional to the square root of the laser intensity. This is
shown in Fig. 1 for resonant excitation and detuned exci-
tation with A = £0.7 meV. The temperatureis 7' =1 K.
For resonant excitation, A = 0, clearly Rabi oscillations
are seen, which are damped by the electron—phonon in-
teraction. For higher pulse areas the amplitude of the
Rabi oscillations is increased again, which is referred to
as reappearance [5]. This behavior can be understood
qualitatively by comparing the Rabi frequency to the fre-
quency of the phonons. For low pulse areas the laser in-
duced Rabi oscillation is much slower than the phonon
dynamics and the phonons follow adiabatically. For high
pulse areas the Rabi oscillation is much faster than the
phonons, which cannot follow anymore. In between the
optically induced oscillation and the phonon dynamics
are in resonance, which is where the maximal damping
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is found. The details of the reappearance depend on the
pulse shape [19]. For our parameters, the maximal damp-
ing is achieved around © = 97 as can be seen in Fig. 1.
The quantitative value of the maximal damped pulse area
depends on the QD size and the pulse length.
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Fig. 1. Occupation of the exciton state as function

of the pulse area © for resonant excitation A = 0
and detuned excitation A = +0.7 meV at temperature
T=1K.

Figure 1 also shows the occupation for a detuning of
A = £0.7 meV. For a negative detuning A = —0.7 meV
the occupation is zero for all pulse areas. For positive
detuning we see that the occupation rises with increasing
pulse area to a maximum of 0.75 around © = 97 and then
decreases slightly. Here phonons are emitted during the
excitation process, which leads to an occupation of the
exciton state.
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Fig. 2. Contour plot of the final occupation for de-

tuned excitation as function of detuning A and pulse
area O for temperatures (a) T = 1K, (b) T = 20 K,
and (¢) T =77 K.

In Fig. 2 a contour plots of the final occupation as
a function of detuning and pulse area are shown. At
T = 1 K (Fig. 2a) for resonant excitation, i.e. A = 0,
the Rabi oscillations are seen. For small detuning |A| <
0.2 meV off-resonant Rabi oscillations are observed. For
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large detunings the occupation after excitation should be
zero if no phonons are included. Indeed, in Fig. 2a for
negative detuning the occupation is zero. For positive
detuning we find a non-zero occupation up to 0.75 for
detunings up to A = 1.5 meV. As can be seen in Fig. 2a,
the phonon-assisted exciton generation is most effective
around © = 97, mostly independent of the value of the
detuning.

For higher temperatures (Fig. 2b,c) phonon absorption
processes become also effective. As shown in Fig. 2b at
T = 20 K, for negative detunings an occupation of the ex-
citon state can be achieved by absorbing a phonon. The
resonant Rabi oscillations are damped more efficiently as
now more phonons are available for interaction. For pos-
itive detunings, absorption processes also take place and
reduce the occupation as compared to the 1 K temper-
ature case. At a still higher temperature of T' = 77 K,
shown in Fig. 2c, we find that absorption and emission
processes are nearly balanced and an occupation of about
0.5 is reached for resonant excitation and detunings up
to |A| < 2 meV.

3.2. Chirped laser pulse

If a chirped pulse excites the system, the ARP provides
an efficient mechanism for a population inversion. With-
out phonons a population inversion is achieved as soon as
the threshold for the adiabatic regime is reached. When
the system interacts with phonons, a damping of the pop-
ulation inversion is seen [14]. Figure 3 shows a contour
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Fig. 3. Contour plot of the final occupation for chirped

excitation for temperatures (a) T =1K, (b) T'=20 K,
and (¢) T =177 K.

plot of the occupation as function of chirp and pulse area
for three different temperatures 7' = 1, 20, and 77 K.
At low temperatures (' = 1 K in Fig. 3a) only phonon
emission processes can occur. Accordingly, only for neg-
ative chirps a damping of the ARP is seen, while for pos-
itive chirps the occupation reaches one. Also in this case
the phonon coupling depends non-monotonically on the
pulse area. The highest damping is found again around
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O = 97, where the occupation is close to zero for negative
chirps. For high pulse areas the occupation rises again,
in particular for high chirps. Here, the time when the op-
tical driving and the phonon dynamics are in resonance
is even shorter due to the change in frequency.

For higher temperatures phonon absorption becomes
more likely and even balanced with phonon emission as
seen in Fig. 3b and c¢. At T' = 20 K, for positive chirps a
full inversion is not reached anymore. For T = 77 K, the
occupation is about 0.5 for a wide range of pulse areas
and chirps.

4. Conclusions

In summary, we have studied the impact of phonons
on the final occupation of a QD exciton excited by a
resonant, detuned, or chirped laser pulse. For resonant
and chirped excitation, phonons hinder the population
inversion, while for detuned excitation an occupation be-
comes possible by phonon interaction. For all scenarios,
the phonon influence depends non-monotonically on the
pulse area, leading to a maximal phonon effect around
a pulse area of @ = 97. Because phonon absorption is
unlikely at low temperatures, asymmetries with respect
to the detuning and the chirp, respectively, occur, which
diminish at higher temperatures.
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