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When an electron-hole pair is optically excited in a
semiconductor quantum dot the host crystal lattice
needs to adapt to the presence of the generated charge
distribution. Therefore the coupled exciton-phonon
system has to establish a new equilibrium, which is
reached in the form of a quasiparticle called polaron.
Especially, when the exciton is abruptly generated on
a timescale faster than the typical lattice dynamics, the
lattice displacement cannot follow adiabatically. Con-
sequently, a rich dynamics on the picosecond timescale
of the coupled system is expected. In this study we
combine simulations and measurements of the ultra-
fast, coherent, nonlinear optical response, obtained by
four-wave mixing spectroscopy, to resolve the forma-
tion of this polaron. By detecting and investigating
the phonon sidebands in the four-wave mixing spectra
for varying pulse delays and different temperatures we
have access to the influence of phonon emission and ab-
sorption processes which finally result in the emission
of an acoustic wave packet out from the quantum dot.
© 2020 Optical Society of America
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The coupling between quantum dot (QD) excitons and acoustic
phonons is unavoidable in self-assembled systems. On the one
hand the dephasing effect of the lattice vibrations is in general
seen as detrimental. On the other hand many new approaches
focus on the active use of phonons in nanophotonics. Phonon
assisted transitions can be used for deterministic state prepara-
tion [1] and even information transfer [2, 3]. Exciton-phonon
coupling can also serve as an interface to induce and optically
control the quantum state of localized phonon modes [4] or even
the macroscopic motion of mechanical oscillators [5-7].

One important effect associated with this fundamental interac-
tion is that by the generation of an exciton the combined charge-
phonon system is brought out of equilibrium. By the generation
of a localized lattice distortion it reaches a new state of rest. This

new eigenstate of the entire system is called a polaron. Due to its
fundamental character its investigation has a long history [8, 9].
When the exciton creation happens significantly faster than the
polaron formation the process is accompanied by the emission
of a phonon wave packet [10]. Spectrally this phonon assisted
type of event appears as characteristic sidebands also in photolu-
minescence [11-13] and absorption [14] signals in QDs and other
single photon emitters [15, 16]. However, the dynamics of this
transition into a new equilibrium has only rarely been studied
on single QDs [17, 18]. Previously, the exciton dephasing on a
picosecond time scale due to acoustic phonons was shown on
ensembles of QDs [19, 20] which, due to the inhomogeneous
broadening, does not allow for a spectrally resolved analysis.
We here focus on the back-action of the polaron formation onto
the excitons’ coherent spectra, which are provided by four-wave
mixing (FWM) spectroscopy realized with heterodyne spectral
interferometry [21]. Applying a two pulse excitation with a
variable delay Ty, within the pair of pulses, directly measures
the evolution of the microscopic exciton polarization, i.e., its
coherence. By this approach we have access to the spectral and
time domain at the same time.

A schematic picture of our study is shown in Figs. 1(a)-(d). The
investigated system is a single self-assembled (In)GaAs semi-
conductor QD embedded in a planar semiconductor microcav-
ity [22, 23]. Its low quality factor of around 160 allows for a
spectral matching with 150 fs chirp-corrected laser pulses. Si-
multaneously, owing to the enhancement of the intra-cavity field,
the external resonant excitation can be decreased significantly,
resulting in record signal-to-noise ratios for single QD FWM
signals. Such an efficient FWM retrieval was a key aspect in
current experiments. It enabled detection of phonon sidebands,
with field amplitudes more than an order of magnitude below
that of the zero phonon line transition.

Prior to optical excitation the QD is in its ground state. The QD
is embedded into the host crystal and is distinguished from it by
a slightly different lattice constant. However, these details of the
atomic structure are not important for this study, therefore we
simply mark a part of the schematic crystal lattice in Fig. 1(a) as
region of the QD by the green dashed circle.
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Fig. 1. Schematic picture of the polaron generation and its
measurement. (a) Empty QD system in equilibrium. (b) The
laser pulse creates an exciton in the QD. The charge distribu-
tions attracts the surrounding lattice atoms. (c) The fast con-
traction of the lattice leads to the emission of a phonon wave
packet. The second laser pulse is used to probe the exciton
dynamics. (d) New equilibrium state in the presence of an ex-
citon is called polaron. (e) Phonon background spectrum of
the FWM signal. The delay increases from top to bottom. The
dashed lines loosely correspond to the schematics in (b), (c),
and(d). The orange arrows follow the intensity distribution of
the two sidebands.

The first exciting laser pulse resonantly creates an excitonic po-
larization in the QD as depicted in Fig. 1(b). This excitation
creates a charge distribution which is felt by the surrounding
atoms making them move towards the QD center. When the
exciton generation happens on a timescale faster than the typical
timescale of the phonons, i.e. approximately below 1 picosecond,
it is accompanied by the emission of a phonon wave packet as
sketched in Fig. 1(c) [10]. In the final eigenstate, the coupled
exciton-phonon system forms a polaron consisting of the exciton
in the QD and a distorted lattice in the region of the dot. This is
illustrated in Fig. 1(d). To probe the back-action of the polaron
formation onto the exciton, after a delay time 79, the system is
excited by a second laser pulse. The arrival time of this second
pulse is varied to measure the exciton coherence dynamics. As
depicted in (c), the second pulse creates the FWM signal carrying
information on the microscopic polarization of the exciton.

Assuming a pure-dephasing type coupling to acoustic phonons,
the FWM signal can be obtained analytically in the limit of ul-
trafast laser pulses treated as delta functions. For this purpose,
the optical excitation with two pulses carrying phases ¢; and
@y of the excitonic two level system is calculated. As shown
in Ref. [24], the microscopic polarization of the exciton filtered

with respect to the FWM phase ppwnv = 2¢2 — ¢ reads

q

2
prwMm (t, T12) ~ exp { ) g—q’ {2 cos(wyt) — 3 [6))

Wq
eiw,,fu (2 _ eiwqt) _ 1)2:| } ,

with t, 75 > 0. Here, a frame that rotates with the exciton’s
transition energy was chosen. The exciton-phonon coupling
matrix element for the usual deformation potential coupling
reads

+eiwq’l’12 (2 _ eiw,,t) _ ”q

_ q —qPa/4 _ 7q2aﬁ/4]
2q \/m [Dee Dye , 2)
where the mass density p and the deformation potentials for
electrons and holes D, and Dy, respectively, are material param-
eters. It has been found that such a spherical parametrization
with the localization lengths a. and ay, taken as suitable fit pa-
rameters also well reproduces the phonon coupling of QDs with
an anisotropic shape [25].

Converting the summation over the phonon wave vectors q into
a spectral integration by the definition of the phonon spectral
density J(wpn) = [ |gq |225(wph — wy)d3q and taking the temper-
ature T = 0, which leads to a vanishing initial Bose distribution
of the phonons n; = 0 the FWM polarization becomes

](wph)z
2

[eiwpht + e—iwpht _ 3 (3)
w

prwM(t, Ti2) ~ exp { /

ph
elemiz (2 — gt ) | dwph} :

The Fourier transform of this polarization with respect to the
real time after the second pulse ¢ gives the phonon sidebands of
the FWM spectrum for a given delay T7,. For the special case of
712 = 0 the dynamics of the FWM polarization reads

](wph)z it
t,0) ~ —— (e —1)d , 4
pFWM( ) exp |: / w}%h (E 3 ) CUph @)

which directly shows that only spectral features at positive en-
ergies are expected when the two laser pulses hit the QD at the
same time. From Eq. (3) the phonon contribution is isolated
by subtracting the constant long time value ppwm (f — 0, T12).
An exemplary delay resolved simulation of this background is
shown in Fig. 1(e), where the delay increases from 7y, = 0 at the
top to the bottom. We find that the spectrum for most 77, con-
sists of two maxima located energetically below and above the
zero phonon line (ZPL), i.e., the exciton transition. Because for
positive delays the FWM signal is a measure for the coherence in
the system the phonon sidebands can be seen as phonon assisted
coherences of the system. We focus first on the vanishing de-
lay case and clearly see that the phonon sideband only appears
on the high energy side of the ZPL, as already predicted from
Eq. (4). Because we consider a vanishing temperature initially
no phonons are present (1, = 0) that could be absorbed. There-
fore we know that this sideband stems from phonon emission
processes. Because the FWM experiment for a vanishing delay
is a photon absorption process this phonon sideband appears at
the high energy side of the ZPL. It is known that this phonon
emission leads to the generation of a wave packet leaving the
QD at the speed of sound [26]. Once this acoustic pulse has
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left the region of the QD its phonons cannot be absorbed dur- (a) 001 0.1 1
ing optical excitations of the exciton, meaning that they cannot 1 aRIET T= ‘5 K
give rise to sidebands in the FWM spectrum. Therefore only the ] - -
generated polaron leads to the remaining sidebands for large B P

T1p, at the bottom of Fig. 1(e). We find that these sidebands
now appear symmetrically on both sides of the ZPL and are
much less pronounced than the sidebands at short delays. This
can be interpreted as remaining phonon assisted coherence in
the polaron state. Following the phonon absorption sideband,
energetically below the exciton, back towards short delays we
see that also this process becomes more pronounced before it
vanishes at 7 = 0. From the general dynamical behavior of the
phonon sidebands we can conclude that significant variations
appear during the polaron generation, i.e., during the phonon
wave packet emission. Consequently, while the traveling acous-
tic pulse is still overlapping with the QD the entire phonon
background is increased promoting not only reabsorption pro-
cesses, but also stimulated phonon emission.

In Refs. [24, 27] the aforesaid behavior of the phonon sidebands
was already calculated and additional calculations for increased
temperatures predicted a symmetrization of the sidebands with
respect to the phonon emission and absorption side of the ZPL.
To confirm this prediction we perform the first measurement of
the phonon sideband dynamics during the polaron formation
process resolved by FWM spectroscopy. Figure 2 shows the mea-
sured FWM spectra dynamics in the left column for the temper-
atures 5 K, 20 K, and 30 K, in (a), (b), and (c), respectively. Note
that the experiment at 30 K was performed on a different dot in
the same sample, which might lead to some variations of the ge-
ometry of the QDs, although, these are estimated to be weak [28],
especially due to the sample annealing, which is known to de-
crease the fluctuations of size and Indium distribution within
the ensemble of InGaAs QDs [29]. The strongest signal in these
QD systems naturally defines the ZPL and therefore appears at
the exciton transition with E — Ezpy, = 0. The detected phonon
sidebands spread over a few meV and disappear within around
2 ps. The laser pulses used for the excitation of the system have
a duration of approximately 150 fs. In the detected spectral
dynamics we directly see that the polaron formation dynamics
happens mainly within approximately 1 picosecond. In this
context simulations in the limit of delta-pulses would not be
justified because the laser pulses are not sufficiently more rapid
with respect to the phonon dynamics. Therefore, to account for
finite pulse durations we simulate the optically driven coupled
exciton-phonon dynamics in a density matrix approach and use
a correlation expansion approach to determine the FWM signal.
This approach has been successfully applied before to model the
phonon influence on FWM signals [30, 31].

The results of the simulations with a pulse duration of 150 fs are
plotted in the middle column of Fig. 2 showing a good agreement
with the measured data for the three respective temperatures.
Both the timescale of the polaron formation, identified by the
disappearance of the dominant part of the phonon sidebands
(yellow areas), and the energetic spread of the sidebands agree
very well. This agreement has been achieved with the local-
ization lengths ge = 4 nm and a, = 0.874. = 3.5 nm and the
deformation potentials De = 10.5 eV and Dy}, = 5.25 eV. Note
that because of the rather similar values of 2. and a;, the phonon
coupling is also well reproduced by a standard phonon spectral
density with coupling strength A = 0.081 ps? and a cut-off fre-
quency we = 1.8 ps~! [1]. We want to remark the values of a1,
in general do not reflect the real dimensions of the QD but act as
a spherical representation leading to the same phonon coupling.

\
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Fig. 2. Measured and simulated FWM spectra for varying
pulse delay Ty, left and center, respectively. The corresponding
spectrally integrated and normalized FWM amplitudes are
shown on the right, experiment in orange and theory in blue.
The temperaturesare T = 5Kin(a), T = 20K in (b), and

T =30Kin (c).

As a consequence, also D. and Dy, deviate from the typically
used ones by a factor of 1.5 [32]. Nevertheless similar to the
discussion in Ref. [17] other choices would not give reasonable
agreement, both in the spectral and the time domain. Smaller
values for D, could in principle be compensated by smaller
e /n, as these would increase the coupling strength. But in turn
the spectral spread of the phonon sidebands would increase and
the polaron formation time would shorten. Thus the agreement
between simulation and experiment would be less good.
Despite the qualitative agreement, it is not straightforward to
compare false-color plots quantitatively. To retrieve a quantity
that can directly be compared we plot the spectrally integrated
FWM amplitude as a function of the delay in the right column.
While the rise of the signal around 71, = 0 is mainly given by
the laser pulse duration, the following decay directly reflects the
loss of coherence due to the phonon wave packet emission dur-
ing the polaron formation. These dynamics are therefore called
phonon induced dephasing of the exciton. For all considered
temperatures the curves from experiment (orange) and from
theory (blue) agree almost perfectly. Therefore we can conclude
that the geometry of the investigated QDs are almost equal.

As mentioned before, we expect the strongest asymmetry be-
tween the phonon emission and absorption sidebands for small
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Fig. 3. Difference between phonon emission and phonon
absorption side of the FWM spectra for (a) T = 5 Kand (b)

T = 30 K. The difference is calculated by subtracting the FWM
amplitude for E — Ezpp, < 0 from the one at E — Ezpp, > 0.
The experiment is shown on the left and the simulation on
the right, respectively. To isolate the influence of the phonon
sidebands the black line blocks the ZPL influence.

temperatures. For larger temperatures more and more phonon
modes are already occupied before the first laser pulse and
the ratio between absorption ~ n4 and stimulated emission
~ (ng + 1) becomes more balanced. This is what we also find
here. When focusing on the T = 5 K example in Fig. 2(a) we
find a stronger sideband at energies above the ZPL for delays
around 11p = 0.5 ps. This is in agreement with the T = 0 exam-
ple in Fig. 1(e). To confirm this asymmetry in Fig. 3(a) we plot
the difference between the phonon emission and the absorption
side of the FWM spectrum for T = 5 K. The left side of the plot
shows the experiment and the right side the simulation. We
find significant positive values in both cases until T3 = 2 ps
predominantly around 7y, = 0.5 ps. This confirms that the
high energy side of the ZPL has stronger signals then the re-
spective ones below the ZPL. When increasing the temperature
via T = 20 Kin Fig. 2(b) to T = 30 K in (c) the sidebands get
more and more symmetric because the contributions stemming
from occupied phonon modes ~ 1, overweigh the spontaneous
processes ~ 1. To also confirm this symmetrization Fig. 3(b)
shows the difference spectra for T = 30 K. For the entire delay
range the measured signal difference shows equal positive and
negative values, which proves that the phonon emission and
absorption are balanced. This is in good agreement with the
simulated signal difference.

In conclusion, we have provided the first demonstration of the
polaron formation in a single semiconductor QD detected in
FWM spectroscopy. In agreement with simulations this process
takes a few picoseconds and manifests in characteristic dynam-
ics of phonon sidebands. Also the temperature of the system
influences details of the detected sidebands because the occupa-
tion of the contributing phonon modes strongly influences the
strength of phonon absorption and emission probabilities.

Our work shows that experimental and theoretical insight into
coherent dynamics of phonon assisted processes in nanostruc-
tures is now at hand. It paves the way toward understanding
of more involved phononic systems, for example, exhibiting
confined phonon modes [14, 33] or phonon state preparation [6].
Funding. TK, DW & PM acknowledge support form the Polish
National Agency for Academic Exchange under the Interna-
tional Academic Partnerships program, the Wiirzburg group by
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