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Resonant scattering of weak coherent laser pulses on a single two-level system realized in a
semiconductor quantum dot is investigated with respect to a time delay between incoming and scattered
light. This type of time delay was predicted by Wigner in 1955 for purely coherent scattering and was
confirmed for an atomic system in 2013 [R. Bourgain et al., Opt. Lett. 38, 1963 (2013)]. In the presence of
electron-phonon interaction, we observe deviations from Wigner’s theory related to incoherent and strongly
non-Markovian scattering processes which are hard to quantify via a detuning-independent pure dephasing
time. We observe detuning-dependent Wigner delays of up to 530 ps in our experiments which are
supported quantitatively by microscopic theory allowing for pure dephasing times of up to 950 ps.

DOI: 10.1103/PhysRevLett.122.107401

Scattering of light on the level of single photons and
single emitters is heavily investigated to shed light on the
underlying principles governing light-matter interaction on
a microscopic and fundamental level. Of particular rel-
evance are studies on resonantly driven two-level systems
(TLSs), which allow one to explore predicted quantum
optics effects in experiment and to refine their theoretical
description. In this context it is very interesting to consider
not only “clean” atomic systems but to study also solid-
state two-level emitters in the presence of decoherence.
Here questions arise to which extend quantum optical
effects can also be observed for TLSs interacting with
the host matrix and how the coupling via phonons
influences the underlying physics as well as the atomlike
character of the corresponding solid-state qubit.

First experiments on resonantly excited solid-state TLSs
were performed in the limit of very low Rabi frequencies,
also called the Heitler regime [1], where light scattering by
an ideal TLS is dominated by elastically scattered photons,
the resonant Rayleigh scattering. It has been shown that the
radiation emitted by a semiconductor quantum dot (QD) in
this regime shows distinct sub-Poissonian statistics [2,3],
while inheriting the first order coherence properties from
the excitation source providing unparalleled QD coherence
times [4]. These exceptional properties have motivated
further research on the coherent light scattering from QDs,
which includes the filtering of single photons from a
coherent laser beam [5,6], a nanophotonic optical isolator
[7], and the generation of transform limited [8] and phase
locked quantum light [9]. Moreover, coherent light scatter-
ing from solid-state TLSs is relevant for applications in
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photonic quantum technologies [10,11] and for interfacing
hybrid quantum systems [12-14]. Experiments in the
Heitler regime were complemented by studies on the
Hong-Ou-Mandel effect at higher excitation strength to
prove the efficient generation of single photons with a high
degree of single-photon indistinguishability [15-18].

Interestingly, in the Heitler regime, one can also observe
a temporal delay between the exciting and the scattered
pulse. Caused by the phase lag induced by the TLS, a
coherently scattered pulse is, in the absence of pure
dephasing processes, maximally delayed by twice the
radiative lifetime 7';. This effect is called the Wigner time
delay and was first derived by Wigner in 1955 for scattering
processes occurring in high energy physics [19]. In the
optical domain, this effect has been studied so far only for
single atoms confined in a trap [20]. In that case, a time
delay up to 42 ns was reported, which is fairly close to the
theoretical limit of 2 times the spontaneous emission
lifetime (26 ns) of the 8’Rb atom’s studied transition.

In this Letter, we report on the scattering of weak
coherent laser pulses on a single semiconductor QD.
Interestingly, and in contrast to atomic systems, QDs are
subjected to pure dephasing effects which lead to a
significant contribution of incoherently scattered photons
and, as a consequence, to clear deviations from the
expected behavior for an ideal two-level emitter which
are not explainable by simple Markovian decoherence
theory. We observe detuning-dependent delays of up to
530 ps where the detuning dependence of the Wigner time
delay is explained by considering non-Markovian electron-
phonon effects within a microscopic theory. Therefore, the
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deviations from the ideal case, i.e., a Wigner limit of 27,
are a very good measure to quantify and compactify the
coherence properties of the QD without relying on a
phenomenologically derived pure dephasing time 77.

The solid-state two-level system studied in this work is
formed by a self-assembled InGaAs QD. An ensemble of
such QDs with a density of about 10° cm~2 is embedded
into an epitaxially grown GaAs heterostructure consisting
of a lower distributed Bragg reflector with 24 1/4-thick
AlAs/GaAs mirror pairs, a central 1-1-thick GaAs cavity,
and an upper AlAs/GaAs distributed Bragg reflector with
5 mirror pairs. Target QDs are self-aligned to photonic
defects within the microcavity sample, which enhances
their photon extraction efficiency up to 42% [21] and
thereby facilitates a comprehensive study of the Wigner
time delay also at small excitation powers and large spectral
detunings. For more details on the sample technology, see
the Supplemental Material (SM) [22].

We resonantly excite our sample which is mounted
inside a helium flow cryostat at 5 K using a tunable cw
diode laser. In addition, the sample is illuminated through
the same beam path by a low intensity (<100 pW)
nonresonant diode laser (4 =785 nm) to fill adjacent
charge traps, thus narrowing the QD emission linewidth
and stabilizing the fluorescence signal [32,33]. Using a
microscope objective (NA = 0.65) the collimated, linearly
polarized laser beam is focused onto the sample to a
diffraction limited spot size of approximately 1 um. A
combination of a 1/4 plate, polarizing beam splitters, and
spatial filtering by coupling into a single mode fiber [34]
suppresses the collection of reflected laser light by the
same objective. Typical light densities applied in this work
are 1-10 Wem™2 (10 mW cm™2) of resonant (nonresonant)
excitation. In order to observe the Wigner time delay, the
cw laser is amplitude modulated at a pulse repetition rate of
50 MHz using a fiber-based electro-optic modulator. Here,
the exciting pulse is detected as time reference by tuning
the laser off resonance and rotating the 1/4 plate by 0.1 deg
with respect to the dark field configuration. Since the
(nonmodulated) nonresonant laser is 2-3 orders weaker
than the resonant laser and operates in cw excitation, we
do not expect any influence of the nonresonant laser on
the Wigner dynamics presented in this work. The lumi-
nescence is detected with an overall timing resolution of
Atpwpm = 390 ps. More information about the experi-
mental setup including a sketch is provided in the SM [22].

Figure 1 shows results of the optical precharacterization
of the QD under study. The data were obtained for a
charged exciton emitting at a wavelength of 924.9 nm (see
SM for a microphotoluminescence spectrum [22]) from
which we extract the parameters for simulating the Wigner
time-delay experiment presented below. A laser scan across
the exciton transition at an excitation power of 80 nW is
shown in Fig. 1(a). The maximum intensity on resonance as
a function of excitation power is plotted in the upper panel
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FIG. 1. Optical characterization of a single InGaAs QD under
strict resonant excitation. (a) Fluorescence signal as a function of
laser frequency at an excitation power of 80 nW. The exper-
imental data are well described by a Lorentzian line shape with a
width 6.6 ueV (FWHM) (red trace). (b) Upper (lower) panel:
Power-dependent measurements of fluorescence intensity (line-
width). The minimum observed linewidth is (2.96 £ 0.11) peV.
(c) Intensity autocorrelation measurement at 0.07 Pg,.

of Fig. 1(b). Above saturation, we detect a maximum of
1.3 x 10° photons/s on our single-photon counting module
on resonance. At an excitation power of 1 uW this
corresponds to a fraction of extracted photons to incoming
photons of 3 x 107, The saturation behavior of a TLS on
resonance is given by I « p;; = 1/25/(1 +S). Here, S
denotes the saturation parameter defined on resonance as
S = Q>T T, = P/Pg,, where P is the excitation power
and P, is the saturation power. From these measurements
we also determine the dependence of the linewidth
(FWHM) on the excitation power which is displayed in
the lower panel of Fig. 1(b). By fitting the expected
behavior of a TLS given by Aw = 2/T,(1 + S)/? to the
data, we extract a T, time of (445 £ 16) ps. The radiative
lifetime 7'; of the exciton is obtained from the resonant time
resolved intensity autocorrelation measurement displayed
in Fig. 1(c).The extracted T, time is (750 + 150) ps,
which corresponds to a natural linewidth of approximately
0.84 ueV. We note that, in addition to the expected
antibunching on timescales shorter than the lifetime of
the emitter, we observe a bunching on longer timescales,
which is most likely caused by blinking of the QD [35].
See the SM for resonance fluorescence spectra of the
resonantly driven QD [22].

After having obtained a good understanding of its
emission properties, we now turn to the study of the
Wigner time delay in our solid-state TLS. In the limit of
low Rabi frequencies and long pulses (Atpwyym > T and
P <« Pg,), the phase lag between scattered and exciting
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radiation leads to a time delay between the exciting and
scattered pulse. This can also be understood as each Fourier
component of the pulse is multiplied by a phase in the
frequency domain which leads to a shift in the temporal
domain. Since the phase lag is frequency dependent, a
frequency mismatch is effectively turned into a temporal
delay. To study the corresponding Wigner time delay, we
set the excitation power to a value of P ~ 0.02P, under
pulsed excitation (pulse repetition rate 50 MHz, pulse
width 1.05 ns).

Under these excitation conditions the generated pulses
allow us to measure a significant Wigner delay as presented
in Fig. 2(a). Here, the exciting and scattered pulses are
displayed for a small detuning of A = 0.5 ueV. The
center of the scattered pulse is shifted in time by a delay
of 530 ps——corresponding to the Wigner time delay of our
solid-state  TLS—with respect to the exciting pulse.
Importantly, the delay does increase if the intensity is
lowered, which indicates that we operate in the Heitler
regime. This aspect, namely the excitation power depend-
ence of the Wigner time delay, is studied in more detail on
resonance in Fig. 2(b). Here, the measured delay is plotted
for an excitation power in the range of 74 nW to 2.0 uW.
Clearly, we observe a delay of about 500 ps at low
excitation powers. More importantly, however, the
Wigner delay saturates for low excitation power, which
means the Heitler regime is indeed reached. With increas-
ing excitation power, the Wigner time delay stays at a
plateau of approximately 500 ps up to about 600 nW, above
which it decreases significantly to a value of 250 ps at a
power of 2.0 yW. The experimental result is confirmed and
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FIG. 2. (a) Red: Laser pulse used for exciting the QD. Black:

Pulse scattered by QD for a laser detuning of A = 0.5 peV. The
observed delay between the pulses is 530 ps. (b) Time delay as a
function of excitation power for zero detuning between the laser
and the TLS. The experimental data (black bullets) show a
pronounced decrease of the time delay for excitation powers
exceeding 600 nW, which is well described by our microscopic
theory (black line) taking non-Markovian dynamics into account.

in very good quantitative agreement with our theory, which
considers non-Markovian processes and is introduced in
the following.

Our theory is based on the semiconductor Bloch equa-
tion [36-38]. The population dynamics of the conduction
band is derived in a density matrix approach (ala,) =
Tr[pala,], where p is the density matrix. The dynamics of
the density matrix is based on the Liouville-von Neumann
equation, d,p = —i[H/#, p] + T'Daja.]p, with the system
Hamiltonian H and the Lindblad superoperator D[J]p =
2JpJT —{J'J,p} for the radiative decay, annihilating a
conduction band and creating a valence band electron: a,a;,
[36]. The system Hamiltonian includes the electron-phonon
interaction and reads as

H/h = Adala. +Q(t)(a}a. + ala,)

+ Zw b bq + Z Gicbg + gieb

for a rotating frame in the laser frequency and detuning A
between laser and band gap transition frequency. The

coupling to acoustic phonons with annihilation (creation)

operator b((:) and wave number q is incorporated via the

coupling element gg., and the linear dispersion reads as
w, = c,|q|. The electron-phonon interaction allows us to
include nonequilibrium scattering contribution but also leads
to a hierarchy problem which is solved via the cluster-
expansion approach [38—40] (see the SM for the full set of
equations of motion and material parameters [22]).

The decrease of the Wigner delay time with increasing
excitation in Fig. 2(b) results from the fact that for larger
excitation powers Rabi oscillations start to emerge. The
stronger the TLS is driven, the earlier in time the maximum
of the occupation density is reached, possibly even before
the pulse maximum is reached. Therefore, the Wigner delay
is only a good figure of merit for weak excitation, when the
excitation power, or the pulse area, does not determine the
time lag and depends only on the effective 77 time and
occurring incoherent processes alone (up to 600 nW).

Staying deep in the Heitler regime, we now focus on
details of the time response of the pulse driven QD TLS.
Figure 3(a) shows the scattered pulses for three different
detunings. The pulse maxima are determined by fitting
Gaussian pulses to the central area of the experimental data.
Evidently, the emitted pulses exhibit a deviation from the
Gaussian shape on the tail for ¢ > 0.

Fitting the emitted pulse shapes in Fig. 3(a) via our
model considering the microscopic electron-phonon inter-
action allows us to extract an effective pure dephasing time
and gives insight into the semiconductor environment. In
Fig. 3(b), we compare the measured signal for a detuning of
A = 0.5 ueV (black dots) with the non-Markovian simu-
lation of the population dynamics <ac ) (black line). The
best agreement between experiment and theory is obtained

wata, (1)
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FIG. 3. (a) Scattered pulses for three different laser detunings
(black, 0.5 peV;red, 2.6 ueV; green, 4.7 ueV). (b) Simulation of
the pulse detuned by 0.5 pueV. The non-Markovian simulation
(black line) allows one to identify coherent (gray line) and
incoherent contributions (orange line).

using 77 = 600 ps and standard GaAs phonon parameters
(given in the SM [22]). As expected, the coherent fraction
|(a}a,)|?* (gray line) is the dominant source of the signal
initially, but for longer times the incoherent fraction
(ata.) — |(a}a,.)* (orange line) takes over due to pho-
non-assisted fluorescence: (aja,) — (aja.by) = (ala.by).
Interestingly, this indicates that the semiconductor envi-
ronment introduces coherent as well as incoherent dynam-
ics into the systems since they open additional excitation
and relaxation channels between the coherence and the
excited density [41,42] (see the set of equation of motion in
SM [22]). The Wigner delay measurement reveals directly
this interesting and important phonon-induced aspect,
where the observed non-Gaussian shape in Fig. 3 is a
direct consequence of the electron-phonon interaction in a
sense that phonons scatter between the dressed states of the
emitter and elongate the emission processes by the sup-
pression of laser-induced coherence.

Another interesting parameter which influences the
Wigner time delay is the spectral detuning A between
the laser and the TLS. In Fig. 4, we plot the experimental
time delay (black dots) for different detunings of the laser
relative to the exciton transition. The time delay has a
maximum of 530 ps at resonance with direct conversion of
laser coherence to emitter coherence and decreases by
detuning the laser relative to the exciton transition when
indirect conversion occurs. In atomic systems, the Wigner
delay drops to zero for a detuning larger than the radiative
linewidth. A solid-state emitter is, however, exposed to
electron-phonon interaction, which introduces an off-
resonance feeding mechanism via emission and absorption
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FIG. 4. Time delay as a function of spectral detuning between
the laser and the TLS. The experiment (black bullets) is well
described by our model taking non-Markovian dynamics into
account (red line), while simple Markovian dynamics (blue and
green lines) fails to reproduce the experimental data. Inset:
Integrated intensity of the scattered pulses as a function of
detuning together with simulations with the same color code
as in the main part of the figure.

of phonons into the dynamics. Such an emitter exhibits,
therefore, remarkably large Wigner delays even for off-
resonant driving. In fact, the observed detuning dependence
of the Wigner delay gives access to the coherence proper-
ties and allows us to evaluate the impact of incoherent
processes directly. We propose, therefore, to take the
maximum Wigner delay time for a given setup with a
known T'| time as a figure of merit for the effective pure
dephasing present in the nanostructure.

As can be seen in Fig. 4, a global Markovian, i.e.,
frequency-independent, pure dephasing constant [18,43] is
not sufficient to describe the experimental data. In case of a
Markovian process, reservoir time correlations are
neglected and an information backflow from the reservoir
to the system is not considered [44]. To reproduce the
experimental data for small detunings (blue line) a radiative
lifetime of 750 ps and a 775 time of 820 ps needs to be
assumed, whereas for large detunings (green line) a
radiative lifetime of 600 ps and a 77 time of 950 ps is
assumed. To model both limits with the same experimen-
tally consistent radiative lifetime of 600 ps, a non-
Markovian model (red line) must be employed. The
non-Markovian theory interpolates well between both
limits and captures also the slightly larger dephasing for
blue-detuned (A > 0) excitation scenarios. This is due to
the fact that in the low temperature limit phonon emission is
favored over phonon absorption, which renders phonon
emission-assisted coherences <bj1 ala,) stronger and enhan-
ces the dephasing for blue-detuned driving, accordingly.
Interestingly, the integrated intensity as a function of
detuning presented as the inset in Fig. 4 is also best
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described by taking non-Markovian dynamics into account
(red line). The discrepancy between Markovian and non-
Markovian dephasing in Fig. 4 clearly indicates that the
system’s dynamics is influenced by memory effects intro-
duced via a frequency-dependent coupling to the electron-
phonon interaction g3. [45-49].

In conclusion, we have demonstrated for the first time
the Wigner time delay for a solid-state two-level system.
The Wigner time delay is caused by the phase lag induced
by light scattering on a semiconductor QD in a resonance
fluorescence experiment at cryogenic temperature. We
observe detuning-dependent time delays of up to 530 ps
at resonance between the exciting laser and the two-level
system, in good agreement with a theoretical description
based on the optical Bloch equations. Here, the delay effect
is observable despite the inevitable pure dephasing proc-
esses in the solid-state system which limits the coherent
response of the system. Our results show that using high-
quality sample fabrication and advanced spectroscopic
tools, effects so far limited to the realm of atomic quantum
optics can nowadays also be explored using optimized
solid-state systems. It would be interesting to study the
Wigner time delay also in QD-microcavity systems oper-
ating in the regime of cavity quantum electrodynamics.
Experiments in this regime could provide an opportunity to
tailor the spontaneous emission lifetime, and thus the
dynamics of resonant light scattering, via the Purcell effect
[50]. This may allow one to observe larger Wigner time
delays close to a few tens of nanoseconds, as reported for a
single-atom system [20]. The observed Wigner time delay
may be used as a method for temporal fine-tuning in future
photonic quantum technology systems such as quantum
repeater networks which require a very precise spectral
and temporal matching of resonantly excited single-
photon emitters for entanglement distribution via Bell-state
measurements.
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