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Quantum technologies that rely on photonic qubits require a precise controllability of their properties. For this
purpose hybrid approaches are particularly attractive because they offer a large flexibility to address different
aspects of the photonic degrees of freedom. When combining photonics with other quantum platforms like
phonons, quantum transducers have to be realized that convert between the mechanical and optical domain. Here,
we realize this interface between phonons in the form of surface acoustic waves (SAWs) and single photons,
mediated by a single semiconductor quantum dot exciton. In this combined theoretical and experimental study,
we show that the different sidebands exhibit characteristic blinking dynamics that can be controlled by detuning
the laser from the exciton transition. By developing analytical approximations we gain a better understanding
of the involved internal dynamics. Our specific SAW approach allows us to reach the ideal frequency range of
around 1 GHz that enables simultaneous temporal and spectral phonon sideband resolution close to the combined

fundamental time-bandwidth limit.

DOI: 10.1103/PhysRevResearch.3.033197

I. INTRODUCTION

Quantum emitters are arguably one of the most important
elements in photonic quantum technologies [1,2]. A promis-
ing approach in quantum applications is based on time-bin
encoding [3,4], which requires a precise control over the
spectral and temporal degrees of freedom of single photons.
Naturally, such reconfiguration of quantum emitters is de-
manding because it requires a high level of control of their
spectral properties [5,6] and advanced experimental tech-
niques. Moreover, because time and frequency are inversely
connected by the Fourier transform the time-bandwidth limit
is a strict constraint for the accessible spectral and temporal
resolutions: dw x 8t > 1/2 [7,8]. Consequently, studies are
either performed in the frequency domain (5w — 0) or in the
time domain (6t — 0) using for instance resonance fluores-
cence [9,10] and ultrafast four-wave-mixing techniques [11],
respectively. The intermediate regime with resolutions satis-
fying Sw x 8¢t =~ 1/2 is of particular interest, because here
the time evolution of individual spectral components can be
studied with the highest accuracy allowed by the fundamen-
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tal laws of physics. This promises deeper understanding of
switching dynamics with a combined access to both, spectral
and temporal properties. Only by reaching this ideal con-
trol on the single photon level will allow to operate single
solid state qubits as fully-fledged optomechanical quantum
transducers.

Here, we report on a combined theoretical and experimen-
tal study on the real-time spectral dynamics of a dynamically
modulated quantum emitter near the time-bandwidth limit.
We develop a theory of coherent light scattering from a
quantum emitter whose transition energy experiences an ar-
bitrary temporal modulation in the limit of weak optical
excitation. Our general theoretical predictions are compared
to an experiment in which we induce dynamics of spectral
components by interfacing the excitonic two-level system
of a single semiconductor quantum dot (QD) as a model
quantum emitter simultaneously with the coherent phonon
field of a surface acoustic wave (SAW) and a coherent laser
beam. The SAW induces a periodic modulation of the nar-
row excitonic transition, which, in the frequency domain,
leads to the generation of phononic sidebands (PSBs) in
the scattered photon spectrum [12—-15], showing antibunched
character of the scattered light [14,15]. By advancing our
resolved PSB spectroscopy on single SAW-modulated QDs to
a fully-fledged time-domain detection scheme and introducing
parametric detuned optical excitation we are able to demon-
strate controlled photon scattering with time and frequency
resolution very close to the fundamental time-bandwidth
limit.

Published by the American Physical Society
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FIG. 1. (a) Schematic of the used sample. It includes a layer of self-assembled QDs embedded in a Bragg-type semiconductor microcavity.
The QD exciton transition is driven by a resonant laser, which is tuned in resonance with its exciton transition energy Ex. Simultaneously,
SAWs are generated by an IDT on the surface of the sample to dynamically strain the single QD. (b) Experimental setup to measure the
formation of PSBs in the time domain. The transmission energy of the etalon is changed in discrete steps and for each step a time-transient is

recorded using TCSPC.

II. EXPERIMENT
A. Sample design and experimental setup

The investigated sample was grown by molecular beam
epitaxy and consists of a GaAs/AlAs Bragg-type microcavity
with a layer of self-assembled In(Ga)As QDs in between as
schematically depicted in Fig. 1(a). Altogether, the Bragg
reflectors contain 8 (or 10) and 15 alternating layers of GaAs
and AlAs above and below the single QD-layer, respectively.
The cavity quality factor of Q ~ 150 is sufficiently high to
increase the light matter interaction but still exclude any time-
modulation of the Purcell-effect [16]. The resonance of the
cavity was designed to match the emission band of the QDs
and their density is low enough such that a single QD can
be addressed optically. Additionally, the cavity linewidth of
Af > 2.2 THz is sufficiently large to avoid dynamic modula-
tion of the cavity resonance for amplitudes larger than A f.

Interdigital transducers (IDTs) with a Split-5-2 configura-
tion were fabricated on the sample surface with electron beam
lithography in a lift-off process to enable frequency-tunable
excitation of SAWs that are interfaced with the QDs [17,18].
Taking advantage of the wide tunability achievable with our
chirped and nonchirped transducer setups [15,18] we choose
to use SAWs in the frequency band around wsaw/2m =
700 MHz. This is achieved by applying a radio frequency (rf)
voltage with a power P;s and frequency w,f, which is mapped
onto the frequency wsaw of the resulting SAW.

All our experiments were performed at 7 = 5 K employing
SAWs with fsaw = 677.5 MHz and P,y = —5 dBm [Fig. 3(a),
nonchirped transducer] or fsaw = 750 MHz and P = 2 dBm
[Figs. 5(a) and 9(a), chirped transducer], respectively. The
values for Py were chosen to achieve comparable relative

SAW amplitudes. Therefore, one has to compensate for both
the different IDT efficiencies at different designs and frequen-
cies, and the differing strength of acousto-optical coupling at
different frequencies by the choice of Py.

The acoustic field generated by the IDTs propagates
along the surface over a distance of approximately 1.5—
2.0 mm to the investigated QD, which is dynamically
strained. The oscillating deformation potential induces an
wsaw-periodic spectral modulation of the optical transi-
tion of the amplitude %A, which is given by Ex + hA -
cos(wsawt? ). In our experiment any additional modulation by
the SAW due to a piezoelectrically induced Stark-shift can be
excluded [19].

The QD exciton transition is excited by a narrow band
continuous wave laser (Wiaser/27T X Wexciton/27 ~ 330 THz,
linewidth dwiyser/27 < 100 kHz) driven in the limit of low
Rabi frequencies reaching the regime of single photon op-
eration. Furthermore, we are able to add an optical detuning
Agpt = Olaser — Wexciton bEtWeen the QD transition wexciton and
the laser wi,ger, Which will be used as an external tuning
parameter for the PSBs’ spectral dynamics. The tuning of
the laser frequency is experimentally implemented by piezo
tuning the length of the laser cavity.

The laser photons scattered from the QD are col-
lected by the same objective and spectrally filtered by
a piezo-tunable Fabry Perot etalon (free spectral range
dvpsr = 60 GHz, finesse F = 263, spectral resolution §v =
Svpsg/F =227 MHz) as shown in Fig. 1(b). The res-
onance fluorescence signal is then detected by a single
photon avalanche photodetector (SPAD). Excitation and de-
tection are cross-polarized in order to suppress reflected laser
light.
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B. Time domain spectroscopy

In this paper we investigate the evolution of PSBs in the
time domain, which is experimentally realized as depicted in
Fig. 1(b). Here, the etalon is scanned in discrete energy steps
and time transients are recorded for every step using time-
correlated single photon counting (TCSPC). The reference
signal is provided by a clock generator. It is set to an integer
fraction of the SAW frequency fsaw/n, which enables that
any periodic process in the time domain, whose periodicity
is coupled to the SAW period Tsaw, can be resolved. It is
important to note that the time resolution At of the experiment
is restricted by the time-bandwidth limit. Therefore, the max-
imum time resolution is determined by the spectral resolution
of the etalon §v = 227 MHz with At > (4m8v)~! = 350 ps.
In order to best resolve the SAW induced dynamics, the SAW
frequency generated by the IDT was chosen sufficiently low
to still resolve sideband splitting. This increases Tsaw and
ensures a high time resolution of the temporal dynamics. This
trade-off is considered in more detail in Appendix B1.

III. THEORY

In our model we consider the QD exciton as a two-level
system with the ground state |0) and the single exciton state
[1). The corresponding Hamiltonian in the frame rotating with
the laser frequency is

Hs = RA@N)X1| + 37Q(0y +0-), ey

where the detuning between exciton transition and laser ZA ()
is in general time dependent. In the following we will assume
a SAW that modulates the transition energy of the QD exci-
ton via the deformation potential coupling as schematically
shown in Fig. 2 [20]. The Rabi frequency 2 describes the
classical optical driving expressed in terms of the raising and
lowering operators oy = |1)0] and o_ = |0)(1], respectively.
The spontaneous decay of the exciton with the rate y is
included by the Lindblad dissipator L(ps) = y(0_psos —
%{cnra,, ps}) and the system’s evolution is given by the
Master equation in Lindblad form

. .
s = —%[Hs, ps]+ L(ps). ®)

To retrieve the measured resonance fluorescence signal we
calculate the two-time correlation function

GV, t +1)=(0,.(t)o_(t + 1)). 3)
SAW A(t)
SN\
Q scattered

single

laser photons

photons

10)

FIG. 2. Schematic picture of the considered system. The incom-
ing photons are scattered by the QD exciton while the transition
energy is modulated by the SAW. The scattered single photons can
gain energy from or loose energy to the SAW field. This results in
characteristic phonon sidebands.

To account for the resonance fluorescence in the weak excita-
tion limit this function needs to be evaluated in the leading
order in the laser field. Assuming ¢ large enough for the
system to be in a steady state, the Markovian dynamics can be
calculated using the Lax regression theorem [21] as recently
used in Ref. [15]. There, it was shown that the correlation
function for an arbitrary energy modulation #A(t), in our case
induced by a SAW field, and for # >> 1/y (steady state), reads
to the leading order in 2

QZ t
GV, t+1)= - /

—0Q

ds e—(y/2)(l—s)+id>(s,z)

1+t
—(y/2 —5')—id(s
x / ds/e (y/2)(t+7—5)—iP(s ,t+r)’ (4)

—00

with the time dependent phase function ®(fy, 1) = ft(t) A(s)ds.

The action of the spectral filter (Fabry-Perot etalon) can be
included leading to the scattered and filtered intensity dynam-
ics depending on the frequency shift of the filter w; [15],

o0 o0
Ir(t, wy) = Re/ dr/ ds
—00 0

x F*(t — T)F(t — 1 — )GV (t, T + 5)e™*,
®

where F () is the Fourier transform of the spectral filter F(w)
and is assumed as an exponential decay with rate 1/8w, in
agreement with the Lorentzian frequency distribution of the
etalon used in the experiment. In our numerical simulations
that are directly compared to the experiment we simply imple-
ment Eqs. (4) and (5) with a given energy modulation ZA(¢)
entering in ®(7y, t). Here we consider a single harmonic SAW
modulation of the transition energy in the form

A(t) = Agcos(wsawt), (63.)

hence

D (19, 1) = D[sin(wsaw?) — sin(wsawto)], (6b)

where D = Ag/wsaw 1s the maximal strain-induced energy
shift Ag relative to the SAW frequency wsaw. As shown in
Appendix Al, Eq. (5) can be further evaluated leading to

2

11 & : N
Ie(t, ) = 5| — n;m bue™ "N F (nwsaw — )| (Ta)
with
o0
by = Qm(—i)" / du e/

0
. (1 il

x J,| 2D sin S @sawi e s (7b)

where J, is the nth Bessel function of 1st kind. The spectral
dynamics are periodic in time and we can directly give the
time-integrated scattering spectrum

_ R -
@)= 3 |bF(ossy — o)l )

n=—0oo

which describes a series of peaks equally spaced by wsaw and
weighted by b, depending on the relative SAW amplitude D
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and the exciton decay rate y as discussed later. The contribu-
tion with n = 0 is the zero phonon line (ZPL) while all other
terms are phonon sidebands (PSBs) labeled by the number n.

As explained in detail in Appendix A 3 the peak amplitudes
can be further approximated under the assumption that y <
wsaw (which is not strictly fulfilled here as discussed in more
detail in the the Appendix) and the intensity reads

_ = | 8 :
o)~ )y ‘310<D>Jn(D>F(anAw—wx) O

This surprisingly handy expression is tested in Appendix A3,
demonstrating a reasonable agreement with the full numeri-
cally evaluated spectrum. Our analytical expressions slightly
deviate from the ones given in Ref. [12] where the authors
performed a Fourier transform of the microscopic polarization
of the QD exciton and not of the two-time correlation function
in Eq. (3).

IV. RESULTS AND DISCUSSION

A. Resonant excitation

The spectral dynamics of the scattered photons as a func-
tion of the frequency passing the etalon wy is depicted in
Fig. 3(a) (additional measurements with different SAW fre-
quencies are shown in Appendix B1). The corresponding
numerical simulation based on Eq. (5) is shown in Fig. 3(b)
and it immediately renders a great similarity with the exper-
iment. The feature at w; = 0 shows the resonantly scattered
light defining the ZPL and the neighboring ones the respec-
tive PSBs. We find that the PSBs strongly oscillate in time
and exhibit a perfect anti-phased behavior when comparing
PSBs with opposite sign. This phase shift can also be seen
in the analytical equation as shown in Appendix A2. This
shows that the probability of single photon emission in the
sidebands is strongly localized in time and its periodicity can
easily be tuned over a wide frequency range by the applied
SAW frequency. The fact that the PSBs’ dynamics can be
nicely resolved and that the PSBs are at the same time well
separated in energy crucially depends on the ratio between
the SAW frequency and the filter width, which is here chosen
to dw = 0.325 wsaw in the simulation. On the one hand a
broader filter would increase the temporal resolution but the
PSBs would start to overlap. On the other hand a sharper filter

—_

© Normal. intens.

'Experiment™
T

0 1 2
Time t (TSAW)

Frequ. shift ws (wsaw)

Time t (TSAW)

FIG. 3. Dynamics of the photon scattering spectrum. (a) Ex-
periment and (b) simulation. The experimental parameters are
wsaw /2w = 677.5 MHz and Py = —5 dBm and for the simulation
weuse D = 2.7,y = 1.5 wsaw, and dw = 0.325 wsaw .
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FIG. 4. (a) 2D photon scattering spectrum, experiment on the left
and simulation on the right hand side. (b) Time-integrated scattering
spectra. Model parameters as in Fig. 3. A Gaussian filter was used to
reach a slight broadening in the o, direction.

would make the lines sharper in energy but the oscillations in
time would get smeared out making them harder to resolve.
This reflects the trade-off between the time and frequency
resolution and shows that we are close to the fundamental
time-bandwidth limit.

Having a closer look at the dynamical behavior in Fig. 3,
we realize two things: (i) that also the ZPL is affected by a
slight modulation including the full and half the SAW period
and (ii) that the PSBs’ oscillations are not purely harmonic. To
investigate these findings in more detail we Fourier transform
the time dependent scattering spectrum with respect to the real
time ¢. The corresponding two-dimensional (2D) spectra are
plotted in Fig. 4(a), where a small artificial broadening in w,
direction was applied. The vertical axis of the 2D spectrum
in Fig. 4(a) remains the energy shift of the scattered light w;.
The horizontal axis represents the modulation frequency w;,
of the spectral lines. Therefore, it indicates which frequencies
contribute to the intensity evolution of a given spectral line.
Note that the spectra as a function of w, are symmetric with
respect to w; = 0. Therefore we plot the measured spectra
on the left hand side and the calculated ones on the right
hand side of w, = 0. For completeness in Fig. 4(b) we show
the measured and calculated time-integrated emission spectra.
For the 2D spectra and the time-integrated one experiment
and theory agree very well and the well separated PSBs are
symmetric with respect to w; = 0.

Focusing for example on the contributions to the ZPL in
Fig. 4(a), i.e., a horizontal cut at a frequency shift of w; = 0,
we find strong components at @, = 0 and @, = 2wsaw but
a vanishing amplitude at w; = wsaw. This means that pro-
cesses including a single phonon cannot contribute to photon
emission into the ZPL. The w, = 2wsaw component is in
turn increased because processes that generate and reabsorb
a phonon, i.e., forming a loop, result in photon emission into
the ZPL [15].
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FIG. 5. Dynamics of the photon scattering spectrum for a laser
detuning of Ay, = wsaw. (a) Experiment and (b) simulation. The
experimental parameters are wsaw /27 = 750 MHz and Py = 2 dBm
and for the simulation we use D = 1.9, y = wsaw, and dw =
0.3 WSAW -

B. Detuned excitation

The integrated emission spectrum shown above is sym-
metric with respect to the ZPL. This symmetry is broken by
introducing a detuning between the laser and the exciton tran-
sition Agpt = Wiaser — Wexciton- With this, the phase function
reads

®(t, t) = D[sin(wsaw?) — sin(wsawo)] + Aopi(t — 1o).
(10)

For Fig. 5 we exemplarily consider a detuning of Agpy =
wsaw and plot the measured time-resolved spectrum in
Fig. 5(a) and the simulated one in Fig. 5(b). The frequency
of the laser agrees with the most intense spectral line at
wy = wsaw, Which indicates that still the resonantly scattered
light has the strongest contribution in the spectrum. However,
the integrated intensity distribution among the PSBs is not
symmetric with respect to the laser or the exciton transition
(wsy = 0) anymore. While the emission at w; = 0 is rather
week, the PSB at w; = —wsaw is slightly stronger, although
a two-phonon process is required to reach this energy. Ob-
viously, also the beating of the different spectral lines is not
anti-phased anymore. Having a close look at the oscillations
in Fig. 5 we rather find that a given line reaches a maximum
slightly after its neighbor at larger energies and slightly before
its neighbor at smaller energies as marked by the parallelo-
grams framing the maxima. This shows that not only the peak
intensities but also the relative timing of the oscillations can
be controlled by applying a laser detuning with respect to the
exciton transition energy.

To get an overview of this complex interplay between
phonon assisted processes and detuning and to explore the
full tuning potential of the spectral distribution, we continu-
ously scan the laser detuning Ay and record time-integrated
emission spectra. We plot the result in Fig. 6, where the
measurement is shown in (a) and the simulation in (b). Note
that the spectra in Fig. 6 have been obtained for different
parameters compared to Fig. 5, in particular a higher SAW
frequency, which leads to more pronounced structures in the
spectra. The corresponding spectra for the parameters of Fig. 5
can be found in Appendix B 2. Again, an excellent agreement
of the entire involved pattern is found. The diagonal lines
represent the ZPL and the PSBs as indicated by the labels.
The overall strongest signal is found when the laser scatters
resonantly from the first PSB at (ws, Agp) = (1, £1). Other

4 1
~ 3 L ¥
2 3
5 2 Ll E
g £
21 o B
X 11
g1 1
5 =
i | : ;
o -— N Y ' =
_a o ! Experiment Q'Q * ! Simulation OZ
T T T T T T T T T T T
—4-3-2-10 1 2 3 —4-3-2-10 1 2 3 4

Frequency shift ws (wsaw) Frequency shift ws (wsaw)

FIG. 6. Detuning scan of the time-integrated scattering spectrum.
(a) Experiment and (b) simulation. The experimental parameters are
wsaw /2w = 1.3 GHz and Py = 17 dBm and for the simulation we
use D =2, y = 0.9 wsaw, and dw = 0.175 wsaw. The red crosses
mark maxima at detunings of half SAW frequencies.

local maxima appear at different distinct positions of the plots,
mainly when the laser is in resonance with other PSBs, e.g.,
at (s, Agpr) = (1, F1), (£2, £2), (£1, £2), or (£2, £1).
All these features are almost exactly the same in experiment
and theory. It is also interesting to note that even detunings
larger than the maximally reached energy shift, i.e., Agpy >
D wsaw = 2 wsaw, lead to the generation of PSBs. Although
of course, the most pronounced peaks are restricted to the
range |Agp| < 2.

Having another look at the peak amplitudes of the scat-
tering spectrum (derived in the same way as for the resonant
case):

(o]
b;del.) — Qﬂ(—l)n/(; du e_(V/Z)u

: 1 i(n L wsaw —Aop )1t
x J,| 2D sin F@sawu ) €2 sawTRe M (11)

we find a peculiar situation for detunings Aqy = %(2m +
1) wsaw, which are not in resonance with PSBs. Not only
for PSB-resonant detunings but also for those placed exactly
half way between neighboring PSBs, the complex exponential
function in the integrand in Eq. (11) becomes unity for the
sideband n = 2m + 1. Because this situation leads to spectral
maxima for PSB-resonant excitations this should also hold for
half-PSB detunings. This is exactly what we find in Fig. 6(b)
at the positions (ws, Agp) = %(Zn + 1)(£1, 1) indicating
local maxima (examples are marked by red crosses).

The origin of the different efficient or inefficient scattering
channels is that the exciton’s coherence dynamics induced by
the SAW, leading to the sidebands, is increased or decreased
by the detuning, which itself leads to an additional frequency
component of the exciton coherence [22]. This shows that
the interplay between the dynamics of the phonon-assisted
processes and the additional harmonic component from the
laser detuning has a nontrivial impact on the photon scattering
spectrum. It can be used to access photon channels with half
SAW frequency steps opening additional opportunities for
frequency and dynamical tuning of single photon emission.
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C. Summary and Conclusion

In summary, our theoretical analysis and experimental
demonstration consistently show that the SAW-induced en-
ergy modulations of a single QD exciton can not only be
utilized to imprint well defined-phonon sidebands on the scat-
tering spectrum of single photons, but also to induce temporal
dynamics of the individual spectral channels of photon scat-
tering. In particular, the evolution of spectral lines can be
controlled by laser detuning from resonance and resolved
simultaneously in the time and frequency domains down to the
fundamental time-bandwidth limit. All experimental data are
consistent with predictions following from our model. This
proves that our model, which only relies on a time-modulated
optically active two-level system, contains all key features and
thus can be applied to other types of quantum emitters and/or
fast tuning mechanisms.

Our findings demonstrate that the application of well-
tailored SAW fields and optical excitations of a single QD
exciton can be utilized for a precise temporal and spectral
control of single photon emission. Our approach is an impor-
tant step in the development of a fully-fledged acousto-optical
quantum transducer that allows access to the spectral and
temporal domain. This opens possibilities in the perspective
of hybrid quantum technologies [23,24], which combine com-
plementary strengths of dissimilar single systems, while at
the same time avoiding their individual shortcomings. On
the one hand semiconductor quantum optics utilizing single
semiconductor QDs has developed a solid understanding and
has become a powerful technological platform [25,26]. On
the other hand phononics, in particular acoustics, has been
used in a number of proof-of-principle studies to manipulate
the optical properties of nanosystems [27-31]. Thus, com-

J

QZ t t+t
G(l)(t t+1)= _/ ds e—(V/2)(l—S)+i‘1>(x,l)/ ds’ e—(V/Z)(l+r—s’)—i<1>(-f’.,t+f)

4 J

e ¢} [e%e)
Ir(t, w) = Re|:/ dt/ dsF*(t — T)F(t — 7 — 5)GV(1, T + S)eiwxi|’
—00 0

®(¢',t) = D[sin(wpt) — sin(wpt’)]

As considered here and in Ref. [15] GV(¢, t 4 7) is periodic
in ¢t and T with the frequency wy (in our case wsaw) and can
therefore be written as

[}
§ Cmne—llla)o(f+5)elma)of , (A4a)

m,n=—00

(1) —
G(t,t+s)= )

where

27wy 27 [ ‘
Cmn = w(z)/ dt/ dt’ G(l)(f, T+ 'L',)el(nfm)wof
0 0

o,
nwoyt
x "t

(Adb)

bining semiconductor quantum optics and phononics, like it
is achieved in the present work, brings a unique hybrid op-
tomechanic quantum chip technology within reach [32-36].
A potential next step to further improve the controlled timing
and energetic channeling of the single photons would be to
use pulsed optical excitations that could be synchronized with
the sideband modulation [16].
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APPENDIX A: THEORETICAL DETAILS

1. Derivation of the time resolved spectrum
We start from Eqgs. (4), (5), and (6a):

(AD)

(A2)

(A3)

(

Inserting G and introducing the shifted times u =t — s
andu' =t + 1 — 5 we get

27r/a)0 27‘[/6()0 . . ,
Com = (1)(2]/ d'(/ d‘[, el(nfm)woremwgt
0 0

QZ 00
X_

du ef(y/Z)uvLiCD(r —u,T)
4 Jo

x /OO du' ef(y/2)u’fi<b(f+r’7u’,r+r’)_ (AS)
0
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Using the periodicity of & we can shift the arguments via

v/ — v/ 4+ 1, which leads to
21 /wo 00
Com = Q;()O dr efimwgr\/ du e*(y/Z)qui(D(rfu,r)
0

0

=by,

QwO 27 /wo
X —

00
d'L'/ "ot / du/ e—(y/Z)u —id(r'—u',1")
2 J 0

=b,

o x *
_Cnm_bnbm

We now write Eq. (5)/(A2) in the form

(A6)

Ir(t, w) = Re(z) = %(Z-ﬁ-z*)
1 1 o *
szgcm”/_mdrF (t—f)

00
x / dSF([ —r— S)etu)se—ttlwo(r+s)etmwor
0

ey Cour T -7
2(2n)? n,m " o

o0
X / dSF*(I —r— S)e—iwseinwo(r-i—s)e—imwgr,
0
(A7)
which can again be combined to

1 1 o0
k(t,w) = EQT)ZZCM/_ dt F*(t — 1)

n,m e

00

% / dSF([ —r— s)e—i(nu)u—w)(s-&-t)ei(mwo—a))r
—00

2

. (A8)

1 [e ]

7 Z bpe " F (nwy — w)
b

=—00

1

2

This is Eq. (7a).
To calculate the b, for the harmonic energy modulation
from Eq. (6a) in the main text we apply the Jacobi-Anger
expansion
oo
eizsin(O) — Z Jn(z)eine,

n=-—00

(A9)

where J,, is the nth Bessel function of 1st kind. This leads to

o0
b, = Qu(—i)" / du e~ /P
0

1 .
X Jy |:2D sin <§Q)SAWu>j|em;wSAwu

—n

(A10)

2. Derivation of the phonon sideband phase shift

As found in the measurement and the numerical simulation
in Fig. 3 the intensities of the phonon sidebands modulate with
the SAW frequency. When comparing phonon emission with
phonon absorption sidebands we find a phase shift of half a

period. This can directly be shown when considering the time-
resolved spectrum at inverted frequency

2
1] 1
2

o0
Z bue " F (nwo + )

n=—00

IF(tv —(1)) =

1 o ’
E Z (_l)nb;ieinwoti*(nwo _CL))

n=—0o0

N =

2
111 & . .
=55 Z bpe M F (g — w)

n=—0oo

= k(i + To/2, o),

where we have used that F(¢) is real, i.e., F(—w) = F*().
This relation also directly reveals the symmetry of the time-
integrated spectrum with respect to the ZPL.

3. Approximation for resonant excitation

Although we know from our previous studies [15] that
the decay rate is in the same range as the SAW frequency
y ~ wsaw, for the following approximation we ignore the
exponential decay in the integrand in Eq. (A10). This should
still be a good approximation when the oscillation of the
Bessel function and that of the exponential are much faster
than the decay constant y /wsaw. Then we can perform the
integration over one period and use [37]

/ J.[2D sin(x)]e™ dx = mi"Jo(D)J, (D).
0

With this we finally find the approximated intensity of the
spectral line with an energy shift of inwsaw
b, ~ Q*Jy(D)J,(D). (Al1)
This approximation is tested in Fig. 7 where we compare
Eq. (Al1) (solid lines) with numerically calculated spectra
(dashed lines) that also include a spectral filter of Lorentzian
width 0.1wsaw. This filter leads to a broadening and a partial
overlap of the different spectral lines in the numerical eval-
uation. This additionally weakens the strong approximation
performed in Eq. (All). Still the position and the height
of the maxima in the approximation agree surprisingly well
with the numerical calculation. Therefore we can conclude
that the analytic evaluation of the G function in Eq. (A1)
without additional filtering is a reasonable way to evaluate the
SAW-induced spectral dynamics. However, to perform actual
comparisons with the experiments we perform the simulations
numerically. A closer look reveals that the deviations between
the solid lines and the dashed lines of the respective color are
smaller for larger sideband numbers. While the blue curves
(ZPL, n = 0) agree very well for small D, they have a larger
deviation at the second maximum around D = 4. At the same
time the orange curves [PSB (3), n = 3] are almost the same
around D = 4. Overall we find that the approximation works
reasonably well around the main maxima of the curves, while
around small values of the full model larger relative deviations
occur.
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0.04 FIG. 8. [(a), (d), (g)] Time and energy resolved resonance flu-
orescence intensity for a dynamically strained QD. [(b), (e), (h)]
0.02 Time-integrated resonance fluorescence intensity, obtained by in-
tegrating the data shown in [(a), (d), (g)] over time. [(c), (), (1)]
0 Time-dependent intensities for the (1) PSBs. Measurements are

0 1 2 3 4 5
Relative SAW ampl. D = A/wsaw

FIG. 7. Relative peak heights as a function of the relative SAW
amplitude D. The approximation (solid lines) is given by Eq. (A11).
The considered system parameters for the numerical simulation
(dashed lines) are: y = wsaw, dw = 0.1 wsaw.

APPENDIX B: AUXILIARY EXPERIMENTS

1. Additional time-resolved measurements

Figure 8 shows time and energy resolved RF emission in
(a), (d), and (g), time-integrated RF spectra in (b), (e), and (h),
and time-dependent intensity oscillations for the (£1) side-
bands in (c), (f), and (i) for three different SAW frequencies
Sfsaw = 677.5 MHz [(a),(b),(c),1016.25 MHz [(d),(e),(f)], and
1355 MHz [(g),(h),(i)] with rf amplitudes Py = —10 dBm,
—6 dBm, and —3 dBm, respectively. For the lowest frequency
shown here (a), (c), clear oscillations of the sideband inten-
sities can be observed in time, as already discussed in the
main text. When increasing wsaw to about 1 GHz, intensity
oscillations can barely be resolved in the spectral dynamics
shown in Fig. 8(d). Only a closer examination of the ex-
tracted intensities for the (1) PSBs in (f) reveals a clear,
although much weaker, anti-correlated oscillation in time. In
contrast, for the highest frequency of wsaw /27w = 1.355 GHz
in [(g),(i)], no oscillations in time can be resolved. The fact
that intensity oscillations cannot be resolved at higher fre-
quencies can be attributed to two effects. First, the radiative
decay time of the QD 1/y becomes comparable to the SAW
period Tsaw, thus phonons are both emitted and absorbed
within one photon emission process. This limits the funda-
mental resolution of this measurement technique to the decay
time 1/y of the QD. Second, the absolute temporal resolution

shown for three different SAW frequencies wsaw /2w = 677.5 MHz
[(a), (b), (c)], 1016.25 MHz [(d), (e), ()] and 1355 MHz [(g), (h),
@I

in units of Tsaw of the experimental setup itself decreases with
increasing fsaw due to the time-bandwidth limit. The spectral
resolution in units of fsaw increases with increasing fsaw,
which can clearly be recognized by the time-integrated spectra
presented in Figs. 8(b), 8(e), and 8(h). Here, a clear increase
of the spectral resolution with increasing frequency wsaw
and thus PSB splitting can be observed. While, for the two
higher frequencies, neighboring PSBs are clearly separated,
for the lowest frequency already a clear overlap is recogniz-
able. These measurements illustrate the trade-off that must
be made between spectral and temporal resolution. This is
caused by the high spectral resolution of the etalon that limits
the temporal resolution to about §t = 350 ps. Decreasing the
SAW frequency wsaw makes it possible to increase the rela-
tive temporal resolution 8t / Tsaw, while the sideband splitting,

3 L I I 3 L L I 1
) (@) Experiment ) (b) Simulation %
B . B E
S A SRR o
3 3 5
o 01 re 04 e
=14 SRR L I
© © =
0 2] 102 F L £
-3 T T T T T -3 T T T T T OZ

-3 -2-10 1 2 3
Frequency shift (wsaw)

-3 -2-10 1 2 3
Frequency shift (wsaw)

FIG. 9. Detuning scan of the time-integrated scattering spectrum.
(a) Experiment and (b) simulation. The experimental parameters are
wsaw /2w = 750 MHz and Py = 2 dBm and for the simulation we
use D = 19, Y = Wsaw, and Sw = 0.3 WSAW -
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and thus the relative spectral resolution, is decreased. The
exact opposite applies to an increase of the SAW frequency.
Therefore the SAW frequency can be adjusted to match the
requirements for a specific experiment.

2. Additional detuning scan

In Fig. 9 we show the full detuning scan from the exem-
plary spectral dynamics shown in Fig. 5. The representation

is the same as for Fig. 6. The pattern of spectral maxima
looks slightly different from the one in the main text because
of the different excitation and decay conditions determined
by wsaw, P, and y. However, we still find a good agree-
ment between measurement and simulation confirming the
chosen system parameters. It also demonstrates again how
the spectral properties of the scattered photons can be fine-
tuned by choosing the detuning between laser and QD exciton
transition.
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