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Phonon-assisted population inversion of a single quantum dot
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We demonstrate an approach to realize the population inversion of a single InGaAs/GaAs quan-
tum dot, which is driven by a laser pulse tuned within the neutral exciton phonon sideband. The
inversion is achieved by rapid thermalization of the optically dressed states via phonon-assisted re-
laxation. A maximum exciton population of 0.67 £ 0.06 is measured for a laser tuned 0.83 meV to
higher energy and the phonon sideband is mapped using a two-color pump-probe technique. Our ex-
periments reveal that, in accordance with theory, the phonon-bath provides additional functionality

for an optically driven quantum dot qubit.

It is a basic tenet of laser physics that a population in-
version cannot be achieved through incoherent excitation
of a two-level atom. At best, a laser pulse with duration
longer than the coherence time T can only drive the sys-
tem to the transparency point where the populations of
the upper and lower levels are equal@]. However, if the
two-level atom is coupled to a vibrational continuum, it
has been predicted that inversion can be possible even
in the incoherent regime through the interaction of the
dressed states with the Boson bathﬂa]. Excitons in semi-
conductor quantum dots (QDs) form a near ideal system
for investigating these effects, since their behavior ap-
proximates well to that of a two-level atom B], while their
coupling to the acoustic phonons in the crystal provides
a mechanism to thermalize the dressed states.

The possibility of creating population inversion in
QDs through phonon coupling was first investigated for
microwave-driven electrostatic quantum dotsM]. Re-
cently, it has been demonstrated that the conditions for
population inversion can be met via a microwave Raman
effect[d, [6]. Theoretical work has indicated that simi-
lar effects should be possible for optically-driven exci-
tons M] The underlying mechanism is the coupling
of the excitons to longitudinal acoustic (LA) phonons
through the deformation potential , which generates
sidebands in the excitonic spectra Nﬁ] that can also be
observed in four-wave mixingﬂﬂ] and resonance fluores-
cence experimentsﬂﬂ], as well as through off-resonant
coupling of excitons to nano-cavities ﬂﬁ, @] In a strong
driving field regime evidence for phonon induced relax-
ation between optically dressed states is observed in the
intensity damping of Rabi rotations ﬂﬂ@], and more
recently in adiabatic rapid passage experiments m, |Zl|]

In this letter we report a population inversion of the
excitonic two-level system of a single InGaAs/GaAs QD
under strong laser pumping at positive detuning with the
driving laser to higher energy than the QD zero phonon
transition. We compare the results to the theoretical pre-
dictions of Ref. MQ] The population inversion is achieved
in an incoherent regime where the dephasing time is

shorter than the laser pulse duration. Pump-probe mea-
surements are presented, where the phonon-assisted pop-
ulation inversion is observed clearly as a gain-like dip in
the photocurrent absorption spectrum. Furthermore, the
dependence of the exciton population on the pump de-
tuning is measured. The experiments are supplemented
by simulations based on the path-integral approach de-
scribed in Ref. HE] and good agreement is obtained with
the theory. This work proves experimentally that the
phonon-bath can provide additional functionality for an
optically driven QD qubit, rather than simply acting as
a source of decoherence.

The physical mechanism for generating the population
inversion can be understood as follows. A circularly-
polarized laser pulse with a large pulse area excites the
neutral exciton transition of an InGaAs/GaAs quantum
dot at a positive detuning within the phonon-sideband,
which typically peaks around 1 meV above the exci-
ton (see Fig. Hl(a) insert). Since the laser bandwidth of
0.2 meV is large compared with the fine-structure split-
ting of 13 peV, the dynamics of the exciton spin can
be neglected]. Also, since the laser is far detuned
from the two-photon biexciton transition, the QD can
be treated as a two-level system composed of two bare
states: a crystal ground-state |0), and neutral exciton
|X) (see Fig. M(a)(i)), with respective populations: Cjy
and C'x. With the presence of a laser pulse, the two bare
states are optically dressed (see Fig. Ii(a)(ii), (iii)). The
Hamiltonian in a rotating frame reads:

EOQ(t)

HQD = —hA|X><X| + T|O><X| + H.C., (1)

where the detuning A = w;, — wx , and Q(t) is the
Rabi frequency, which varies in time following the en-
velope of the laser pulse. The energy eigenstates of
Hqp, |@),|8) are described by an admixing angle 260(t) =
atan(Q(t)/A), and are split by the effective Rabi energy
BA(t) = hn/A2 +Q(t)2. We define the bare pulse area
0= ["2a@)adt.
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FIG. 1. Color online. (a) Bare QD states viewed in the (i)
lab frame and (ii) rotating frame. |0) and |X) denote the
crystal ground-state and exciton state. hwx is the transition
energy. wi, is the angular frequency of the laser. hA is the
detuning from the exciton transition. (iii) Optically dressed
states |a) and |B). (b) Evolution of the dressed QD energy
levels with time during the absorption of an 8.57 pulse with
hA = +1 meV. The greyscale of the curves corresponds to
the instantaneous population of each state.

The QD resides in a crystal lattice, and the exci-
ton interacts with the LA phonons due to the defor-
mation potential ﬂﬂ] In the absence of a laser-field,
the exciton-phonon interaction leads to non-exponential
pure-dephasing of the excitonic dipole, as observed in
time-resolved four-wave mixing experiments ] In the
presence of a strong laser, due to the coupling between
the excitonic component of the optically dressed states,
there is relaxation between them, accompanied by the
emission/absorption of a phonon with energy equal to the
effective Rabi-splitting. This process gives rise to inten-
sity damping of Rabi rotations when resonantly pumping
ﬁ: ], and also explains the difference in the popula-
tion inversions created by adiabatic rapid passage when
using laser pulses of positive and negative chirp m7 |2_1|]

Figure [Mlb) depicts the dynamics of the phonon-
assisted population inversion of the quantum dot ex-
citon. Initially for positive detuning (A > 0), the
crystal ground-state is the higher-energy dressed state.
When the laser is applied, the excitonic component of
the higher-energy state |a) increases, activating phonon-
relaxation to the lower energy-level |3). The greyscale in-
dicates the time-dependent populations of each dressed
state, as calculated by our path-integral method, and

shows the continuous transfer of population from |a)
to |B). As the laser intensity drops off at the end of
the pulse, the admixing of the dressed states is reduced
and the phonon relaxation is deactivated. If the time-
integrated phonon-relaxation is strong, the final occupa-
tion of the lower-energy, exciton-like, dressed state can
dominate and a population inversion in the excitonic ba-
sis occurs. According to our theoretical model, near-
unity exciton population that is robust against variations
in both the pulse-area and the detuning can be achieved
at high pulse-areas E] The amount of inversion is ul-
timately limited by the thermal occupation of the two
states to C'x — Cy = tanh(hA/2kpT) E] In our experi-
ments with AA = 0.83 meV and 7' = 4.2 K, this implies
a maximum exciton population of 0.91.

The experiments were performed on a device consist-
ing of a layer of InGaAs/GaAs quantum dots embedded
in the intrinsic region of an n-i-Schottky diode structure.
The sample is held at 4.2 K in a helium bath cryostat and
is excited at normal incidence with circularly polarized
Gaussian pulses, derived by pulse-shaping of the output
from a 100 fs Ti:sapphire laser with repetition rate of
76.2 MHz. The FWHM of the electric field amplitude
is 16.8 ps. Single QD peaks are observed in our sam-
ple at energies close to 1.3 eV. Photocurrent detection
is used, where photo-generated electron-hole pairs tun-
nel from the quantum dot under an applied electric-field,
leading to a change in photocurrent proportional to the
final occupation of the exciton or biexciton states. Full
details of the wafer structure can be found in Ref. [24.

To demonstrate the phonon-assisted population inver-
sion, a two-pulse inversion recovery experiment ﬂﬂ, ]
was performed. First, the zero-phonon neutral exciton
transition was found by measuring the absorption spec-
trum of a single m-pulse (blue line in Fig.2]). Then a two-
pulse experiment was performed with the pump pulse
detuned by +0.83 meV, where the exciton population is
predicted to be most efficiently created (see blue line in
Fig. El(a)), and the probe energy is scanned through the
transition. The pump-pulse area is set to 8.467, the max-
imum available in our setup. The delay time between the
pump and probe pulses Tqelay is 10 to 33.6 ps.

As illustrated in the energy-level diagram shown as
the insert to Fig. Bl the photon energy of the probe
pulse and its polarization relative to the pump selects
the transition that is probed. We consider first the case
for a co-polarized probe pulse, where both the pump and
probe pulses have the same o -polarization. In this case,
the pump pulse excites a dephased, mixed state exciton
population. Since the probe has a pulse area of w, it
inverts the z-component of the Bloch-vector when it is
resonant with the neutral exciton transition. The ro-
tation of the state vector changes the exciton popula-
tion, resulting in a change in photocurrent proportional
to the populations after the pump but before the probe:
APCy_x x Cy — Cx. APC is the change in the pho-
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FIG. 2. Color online. Photocurrent signal APC as a func-

tion of the probe detuning. (Blue) A single probe-pulse only
spectrum is presented for reference. Two pulse spectra where
the probe is co- (black) and cross- (red) polarized with the
pump. Pump detuning = +0.83 meV and Tqelay = 10 ps.
The peak at a detuning of -1.96 meV corresponds to the
|X) — |2X) transition. The insert shows the level diagram
for the exciton-biexciton system, with allowed circularly po-
larized transitions.

tocurrent signal resulting from the dot that is induced
by the probe pulse. APC is measured relative to the
photocurrent measured for a detuned probe. A signature
of population inversion is that APCjy_x should be nega-
tive, independent of the photocurrent to exciton popula-
tion calibration. Figure[2shows the experimental results
(black). The dip at zero-detuning clearly demonstrates
that a population inversion has been achieved between
the |0) and | X)-states.

The red line in Fig. 2 shows the results obtained for
cross-polarized excitation (¢ pump, o~ probe). At zero-
detuning, the probe addresses the orthogonally polarized
exciton transition |0) — |X), providing a measure of the
occupation of the crystal ground-state Cy. The ampli-
tude of the peak at zero detuning falls to less than half
the amplitude measured by the single pulse, again con-
firming that a population inversion between |0) and |X)
has been achieved since APCy,_5 o Cyp — Cg. A sec-
ond peak at a detuning of —1.96 meV corresponds to the
|X) — |2X) transition, and provides a third measure of
Cx (see Ref. [24).

Figure [B] plots the occupation of the neutral exciton
versus the area of the pump pulse. The three data points
for each pulse area are obtained from an analysis of the
co and cross-polarized signals at zero detuning, and from
the biexciton peak. The exciton population is deduced by
comparison with the neutral exciton photocurrent peak
for resonant excitation with a single m-pulse (for details,
see [26]). Since the electron can tunnel out from the QD
before the arrival of the probe, which reduces the mea-
sured exciton population created by the pump, a correc-
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FIG. 3. Color online. The exciton population C'x generated
by the pump pulse with A = 0.83 meV, as extracted from
the exciton and biexciton peak in two-pulse spectra versus the
pump pulse area. For a full derivation, see Ref. [2d. (Blue)
Calculated Cx.

tion is made to account for an electron tunneling time of
~50 ps. The three measurements of the exciton popu-
lation are in close agreement, and pass the transparency
point, C'x = 0.5, at a pulse-area of 6.5 — 7. The largest
exciton population observed is 0.67 +0.06, limited by the
power available in our setup. The blue line in Fig.
shows the results of our path-integral simulations which
quantitatively reproduce the experiments.

To investigate the dependence of the phonon-assisted
population inversion on the pump frequency, a series of
two-color photocurrent spectra, similar to Fig. @ were
measured for a cross-polarized 7.247 pump pulse as a
function of pump detuning with a 7 probe. Figure [fa)
presents the exciton population generated by the pump
pulse. The spectrum has three features. At zero-
detuning there is a pulsewidth-limited peak correspond-
ing to the zero-phonon |0) — |X) transition. At positive
detuning there is a broad feature due to phonon emis-
sion. In principle, there can also be a phonon feature at
negative detuning due to phonon absorption. However,
the phonon absorption is negligible at low temperature.
The third feature is a narrow peak at a pump detuning
of —1 meV, corresponding to the two-photon |0) — [2X)
biexciton transitionm]. This indicates that the pump
pulse is slightly elliptically polarized.

In the theory, the phonon influence on the dot dynam-
ics is mediated mainly by the phonon spectral density:
Jw) = >4 |Vq|? 0(w — wq), where 74 is the exciton-
phonon coupling. In the absence of detailed information
on the shape of the QD we consider spherically symmet-
ric, parabolic potentials. For bulk LA phonons coupled
via the deformation potential we then obtain@]:

3
T phvy

J(w)

)

(2)
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FIG. 4. Color online. (a) Exciton population created by a 7.247 pump as a function of the pump detuning. Tgelay = 15 ps.
Blue: Calculated C'x. Insert: Theoretical spectral density of the exciton-phonon interaction J(w). (b) Experimentally obtained
Cx vs © and AA with Tgelay = 33.6 ps. (c) Path-integral results for the same pulse area and detuning range as in (b). The
vertical line is where hA = 40.83 meV and horizontal line is for © = 7.247 as shown in figs. [8] and Fig[@{a), respectively.

where p is the mass density, v. the sound velocity and
D,/ denote the deformation potential constants for elec-
trons and holes. These material parameters are taken
from the literature and are given explicitly in the supple-
ment, while the electron and hole confinement lengths
Ge/n are used as fitting parameters. Good agreement
with our experiments is obtained for a, = 4.5 nm and
ap, = 1.8 nm resulting in the spectral density shown
in the insert of Fig. Ml(a). We note that the low fre-
quency asymptote ~ w? is characteristic for bulk acoustic
phonons and occurs independent of the material or the
dot shape. On the other hand, the Gaussians in Eq. (2)
result from the Fourier transforms of the electron and
hole probability densities, reflecting the assumption of
parabolic confinement potentials.

The blue line in Fig. @l(a) shows the theoretical values
of the exciton population generated by the pump pulse,
which excellently replicates the broadband feature ob-
served at positive detuning. The lineshape of this fea-
ture is implicitly determined by J(w), and more detailed
information on J(w) can be obtained than from fitting
the intensity damping of Rabi rotations HE] Eq. @)
shows that high frequency behavior of J(w) follows from
the Fourier transform of the electron and hole probability
densities, and so a lineshape analysis in principle provides
a way to learn something about the spatial distributions
of the electrons and holes. However, accessing this in-
formation would require more detailed studies which are
beyond the scope of the present letter. The asymme-
try of the spectrum with respect to the sign of hA un-
ambiguously proves that the population created by the
off-resonant pump pulse is the result of phonon-assisted
relaxation into the lower energy dressed state@]. We
also note that the measured low-energy phonon sideband
is stronger than expected. This may be due to an ele-
vated temperature of about 6-7 K due to heating of the
sample by the laser.

Figures [l(b) and (c) compare the exciton population
generated by the pump pulse measured as in Fig. [fa)
at different pulse areas with corresponding path-integral
calculations. On-resonance, the zero-phonon line exhibits
intensity-damped Rabi rotations. To positive detuning,
there is the phonon-emission sideband that broadens for
higher pulse areas. The calculations are in good agree-
ment with the experimental data, further confirming the
model. Even the slight shift of the resonant peaks to-
wards higher energies with increasing pulse area is repro-
duced by the theory.

In conclusion, we have experimentally demonstrated
the population inversion of a neutral exciton in a single
quantum dot in a regime where the laser pulse is long
compared to the time for the phonon-induced relaxation
between photon-dressed dot states, following the theoret-
ical proposal of Ref. E] The application of a strong laser
pulse at positive detuning increases the excitonic content
of the higher energy ground-like dressed state, activating
an LA-phonon emission process that causes relaxation to
the lower-energy, exciton-like, dressed state. Here the
phonon-bath provides added functionality to the quan-
tum dot qubit, rather than simply acting as source of de-
coherence. Finally we note that, Madsen et al ﬂﬁ] have
proposed the use of phonon-assisted population inversion
as a robust, non-resonant, deterministic pumping scheme
for polarized single-photon sources.
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SUPPLEMENTARY INFORMATION

Extraction of the exciton population from measured
data

The exciton population created by a pump pulse tuned
into the phonon sideband can be extracted from our
two-pulse spectra (see Fig. 2) in three different ways
by analyzing the peak heights of the three transitions:
|0) — |X), [0) = |X) and |X) — |2X). The relation
between the photocurrent (PC') signal and the exciton
population is as follows. The PC' measured in our ex-
periment is determined by the number of electron-hole
pairs in the sample, including pairs in the quantum dot
(QD) and pairs excited in the surrounding material by
the pump and probe pulses, according to:

PC = a(Cy + Ck) +2BCox + 7N, (3)

where C’;< and C’;—( are the populations of the two exci-
ton states with opposite spins that are created in the QD
after circularly polarized pump and probe pulses, while
C,x is the biexciton population. N, is the number of
electron-hole pairs created in the surrounding material
which scales linearly with the laser intensity. «, § and
~ are the detection efficiencies of our photocurrent mea-
surement for each type of charge complexes. Specifically,
for our pump-probe measurement, PC can be further
subdivided into two parts: a reference level PCr and the
change of the photocurrent signal originating from the
QD induced by the probe pulse APC according to:

PC = PCg + APC, (4a)
PCr = (a(Cx + Cx) + 28Cax )e /Tt 4 YN,

(4b)

APC = a(ACx + ACx) + 2BAC:x, (4c)

where Cx g ox are the exciton and biexciton popu-
lations created immediately after the pump pulse and
ACx x2x is the change of the exciton population in-
duced by the probe pulse in the QD. Since the electron
can tunnel out from the QD, the exciton and biexci-
ton populations decay exponentially with time. Thus,



’

CXj’QXe(_Tdcl‘dy/Tl) = CX,X,2X represent the pump-
created exciton or biexciton populations that have re-
mained in the QD until the arrival of the probe pulse.
Here, Tgelay is the delay time between the pump and
probe pulses and T3 is the electron tunnelling time de-
termined using inversion recovery measurement ﬂﬂ] In
the above discussion, we have neglected the loss of the
exciton population due to the radiative decay, since the
radiative decay time (~ 600 ps) is much longer than
our typical delay times Tgelay (10 - 30ps). PCR is de-
termined by measuring the photocurrent signal from an
off-resonant measurement where the pump pulse is tuned
into the phonon sideband and the probe frequency is far
from any of the resonances of the dot or the surrounding
material such that APC becomes negligible and the pho-
tocurrent signal coincides with PCR in this case. APC
is the differential photocurrent signal that is discussed in
the paper, which is determined from our experiment by
subtracting the PCRr obtained from the off-resonant mea-
surement from the total photocurrent signal PC. The
detection efficiency « can be extracted from the single 7
pulse experiment. Denoting by APC(w) the maximum of
the differential photocurrent signal reached with a single
7 pulse we find:

APC(m) = aCx(7) = a. (5)

Here, we have used that according to our path-integral
simulations, the phonon-induced deviation of Cx ()
from the ideal value of 1 is negligible at low tempera-
tures.

Now let us derive the relation between the differential
PC signal and the exciton population for the case when
pump and probe pulse are co-circularly polarized and the
probe pulse is resonant to the |0) — |X) transition. In
this case, firstly, the ot polarized pump pulse creates
a certain exciton population C'x and consequently the
ground-state occupation after the pump pulse is given
by Cop = 1 — Cx. Then, in the time interval until the
probe pulse arrives, the exciton population is reduced to
Cxe Taay/Tt due to the tunneling. The ground-state
occupation, on the other hand, is not affected by the
tunneling and thus stays at the value of Cy = 1—C'x until
the arrival of the probe. Finally, the 7-pulse o+ polarized
probe exchanges the populations of the states |0) and
| X') resulting in an exciton population after the probe of
Cy = 1— Cx. Therefore, the change of the X-exciton
occupation induced by the probe pulse with the energy of
hwx is ACx = 1— (1 + e Taear/T1) Cy. Using this result
together with the fact, that for co-polarized o™ -pulses
the populations of the X-exciton and the biexciton never
build up, we find from Eq. 2(c):

APCy_x = afl — (1 + e~ Taetav/T1) O] (6)

and thus with the help of Eq. (@) we eventually end up

with:

B 1 APCy_x
Ox = 1 + e~ Taelay/T1 (1 APC(m) > ’ (7)

The situation is different when cross-circularly polar-
ized pulses are used. Let us first discuss the case where
the X polarized probe pulse is resonant to the [0) — | X)
transition. After the action of the circularly o+ polarized
pump pulse, the QD again has a certain probability Cx
to be in the | X) state and the probability to find the dot
in the ground-state is Cy = 1 — Cx. The o~ polarized
probe pulse induces transitions from the ground-state to
the X exciton. Since the probe pulse has a pulse area of
and the occupation of | X) is zero before the arrival of the
probe, the probe pulse fully converts the occupation that
was left in the ground-state after the pump pulse into an
occupation of the X exciton, i.e., C;—( =Cy=1-Cxk.
Again, the ground-state occupation is not affected by the
electron tunnelling and therefore no correction involving
the tunnelling time T should be applied. Since the probe
pulse is off-resonant to the X — 2X transition we can
neglect the probe induced change of the |X) and [2X)
occupations. Recalling that |X) is unoccupied before the
probe, we find for the resulting differential photocurrent
signal APC,,_ ¢ with the probe pulse being in resonance
to the exciton transition:

APCy_x = a1l — Cx), (8)
which yields:
Cx =1—APC,_5/APC(r). 9)

Besides from the data measured at the |0) — |X) and
|0) — |X) transitions, the exciton population created by
the pump can also be extracted from the exciton to biex-
citon transition. An o™ polarized pump pulse tuned into
the high-energy phonon sideband of the neutral exciton
transition again creates a certain exciton population C'x
which evolves into Cxe~elay/Tt yntil the arrival of the
probe. Biexcitons are not created, i.e., we have Cyx = 0.
A cross-polarized m-power probe pulse resonant to the
|X) — |2X) transition converts the | X) population com-
pletely into an [2X) population, which gives ij =0
and C’;X = Cxe Tey/Ti  Since the probe is now off-
resonant to the |0) — |X) transition, the occupation of
the |X) exciton induced by the probe is negligible and
the ground-state occupation is not affected. Thus, the
APC signal resulting from a probe pulse in resonance to
the |X) — |2X) transition is given by:

APCx _ox = 2BACox+aACx = (28—a)Cxe Tatar/T1,

(10)
[ can be determined from a separate experiment in whihc
the pump is a 7 pulse resonant with X and the probe is
a 7 pulse resonant with 2X. According to Egs. (@) and

(@), we have:
B =0.5(e/ TP APCx _ox(m) + APC(7)).  (11)



Inserting Egs. () and () into Eq. (I0) we can extract
the exciton population after the pump from:

APCx_ox
= &7 12
OX APCX_gx(ﬂ') ( )
Model

For our calculations we used the same model for an
optically driven strongly confined quantum dot as in
Ref. [9], which is based on the Hamiltonian

H = Hgp—tight + HQD—phonon, (13)
where
RQ(t)
HQp tight = hw | X) (X| + — 10X+ 1X){0]],
(14)
and

HQD—phonon = Z hwq bqu‘f'Z h(quq"”V;bL) |X> <X|
q q
(15)

The ground-state |0) is chosen as the zero of the energy
and the phonon-free energy of the transition to the single
exciton state | X) is denoted by hiw%. The Rabi frequency
Q(t) is proportional to the electric field envelope of a
circularly polarized Gaussian laser pulse with frequency
wr,, which is detuned from the ground-state to exciton
transition by A = wp — wy, where wy is the frequency
of the single exciton resonance which deviates from w%

by the polaron shift that results from the dot-phonon

coupling in Eq. (I&). The coupling to the laser field is
treated in the common rotating wave and dipole approx-
imations. The operator b}; creates a longitudinal acous-
tic (LA) bulk phonon with wave vector q and energy
hwg. We assume a linear dispersion relation wq = ¢;|q|,
where ¢s denotes the speed of sound. The phonons are
coupled via the deformation potential only to the exci-

ton state. This coupling is expressed by the exciton-

phonon coupling vq = \/%# (De¥¢(q) — Dy¥(q)),
a

where p denotes the mass density of the crystal, V the
mode volume, D,/ the deformation potential constants,
and ¥°/?(q) the formfactors of electron and hole, respec-
tively. As explained in the main article, we calculate
the formfactors from the ground-state wavefunctions of
a spherical symmetric, parabolic confinement potential.
It should be noted that, in the pure dephasing model
for the dot-phonon coupling, no transitions between the
bare electronic states can be induced by the continuum
of LA phonons, which can change the electronic occupa-
tions only in the presence of the laser field. We assume
the system to be initially in a product state of a thermal
phonon-distribution at the temperature of the cryostat
and a pure ground-state of the electronic subsystem. We
use the material parameters given in Ref. ] for GaAs,
which are: p = 5370 kg/m?, ¢s = 5110 m/s, D, = 7.0 eV,
and Dy, = —3.5¢V.

To obtain the time evolution of the electronic density
matrix elements predicted by this model, we make use
of a numerically exact real-time path-integral approach,
described in detail in Ref. @] This gives us the oppor-
tunity to calculate the dynamics of the quantum dot with
a high and controllable numerical precision and without
further approximations to the given Hamiltonian. This
includes taking into account all multi-phonon processes
and non-Markovian effects.



