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Photon Number Coherence in Quantum Dot-Cavity Systems
can be Enhanced by Phonons

Paul C. A. Hagen,* Mathieu Bozzio, Moritz Cygorek, Doris E. Reiter, and Vollrath M. Axt

Semiconductor quantum dots are a versatile source of single photons with
tunable properties to be used in quantum-cryptographic applications. A
crucial figure of merit of the emitted photons is photon number coherence
(PNC), which impacts the security of many quantum communication
protocols. In the process of single-photon generation, the quantum dot as a
solid-state object is subject to an interaction with phonons, which can
therefore indirectly affect the PNC. In this study, the origin of PNC in optically
excited quantum dots and its interaction with phonons are elaborated upon.
In contrast to the expectation that phonons always deteriorate coherence,
PNC can be increased in a quantum dot-cavity system due to the
electron–phonon interaction.

1. Introduction

Quantum dots (QDs) have been shown to be excellent single-
photon sources for many applications and have steadily been
improved regarding certain figures of merit, such as purity,[1–6]

indistinguishability[6–8] and brightness.[2–4,6] Another interesting
characteristic of the emitted photons is the coherence between
different photon-number states, known as photon number co-
herence (PNC). So far, PNC has not been much discussed in
the quantum-dot community until it was discovered that PNC
is of utmost importance for the performance of many quantum-
cryptographic protocols.[9–11] Some protocols, such as the famous
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BB84 key distribution protocol,[12] achieve
the highest security when PNC is as low
as possible,[13,14] while other protocols re-
quire the presence of finite PNC,[3,9] such
as twin-field quantum key distribution with
single photons.[15] Thus, the optimal value
of PNC depends on the specific crypto-
graphic protocol[3] and howmuch deviation
the protocol can tolerate.[9–11] PNC has so
far mostly been investigated using Poisson
sources.[13,14] In most cases, achieving low
PNC is the target. Thus, for Poisson sources
usually a separate phase-scrambling step
is performed,[16,17] which additionally de-
creases the secure key rate and can enable
unambiguous state discrimination attacks,

if it is performed imperfectly.[14,18] Additionally, Poisson sources
must be used at very low brightness to work in the few-photon
regime,[19] while QDs provide photons on-demand[20] promising
a significantly higher communication rate.[21]

A drawback of QDs as photon emitters is often their in-
teraction with the solid-state environment, in particular with
phonons. Phonons are known to induce dephasing in QDs, i.e,
they typically destroy coherence,[22–28] lead to reduced excited
state preparation[29,30] and deteriorate photonic properties.[31] For
PNC, the influence of phonons is less obvious, as phonons do not
act on the photons directly, but only affect the QD coherence.
In this paper, we study the influence of phonons on the PNC in

a laser driven QD-cavity system. After establishing the electronic
coherence as the origin of PNC, we discuss losses and quantify
the phonon influence up to temperatures of ∼ 100 K. The typi-
cal expectation is that phonons will destroy coherence, as known
from the electronic coherence. In contrast to this expectation, we
find that for certain parameters, phonons can drastically change
the expected behavior of PNC and even increase it compared to
the phonon-free case.

2. The QD-Cavity System

We consider an InGaAs/GaAs QD which we treat as a two-level
system and is embedded in a mircocavity and is optically driven
by a laser pulse. The uncoupled energies of the QD and the cavity
are given by

ĤQD+cav = ℏΔ𝜔XL|X⟩⟨X| + ℏΔ𝜔CLâ
†â (1)

in the rotating frame of the laser. The state |X⟩ describes the exci-
ton and has the energy 𝜔X . |G⟩ denotes the QD ground state, the
energy of which is set to zero, and the energy Δ𝜔XL = 𝜔X − 𝜔L is
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the energy difference between the exciton and the laser. Similarly,
Δ𝜔CL = 𝜔C − 𝜔L describes the difference between cavity mode
and laser energy. â (â†) is the photonic annihilation (creation) op-
erator of the cavity, which is coupled to the QD with the coupling
strength ℏg = 0.05 meV,[32–34] by[35]

Ĥint = ℏg
(
â†|G⟩⟨X| + â|X⟩⟨G|) (2)

We label the QD-cavity states |S n⟩, where n ∈ ℕ0 refers to a
photonic state with n photons and S ∈ {G,X} signifies the QD
state. The cavity-exciton detuning isΔ𝜔CX = 𝜔C − 𝜔X . A classical
laser pulse is used to excite the QD. It is described by the time-
dependent pulse-envelope function f (t) and adds the term[35]

Ĥlaser = −ℏ
f (t)
2
(|G⟩⟨X| + |X⟩⟨G|) (3)

to the Hamiltonian. Gaussian pulses of the form

f (t) = Θ√
2𝜋 𝜎

e−
t2

2𝜎2 (4)

with a full width at half maximum FWHM = 2
√
2ln 2 𝜎 = 3 ps

of the laser amplitude, and a pulse area Θ, are used. Since it
is embedded into the solid state environment, the quantum dot
interacts with phonons, which provide an important dephasing
mechanism. This coupling can generally occur due to different
coupling mechanisms, in particular Fröhlich coupling to lon-
gitudinal optical phonons, piezoelectric coupling to all acoustic
phonons as well as the deformation potential coupling to longi-
tudinal acoustic (LA) phonons.[30] Because the electron and hole
distributions in neutral QDs are usually similar, the piezo-electric
and Fröhlich couplings are very small and do not produce signif-
icant dephasing in GaAs QDs.[26,27] For these reasons, and since
LO phonons are assumed to be off-resonant to the transitions to
higher electronic QD states, which would otherwise form a po-
laron in the QD,[36] we consider only the deformation potential
coupling to LA phonons. The LA phononic environment, where
b̂j (b̂

†
j ) annihilates (creates) a phonon of mode j with energy 𝜔j, is

described by the Hamiltonian[37,38]

Ĥphon = ℏ
∑
j

𝜔j b̂
†
j b̂j + ℏ

∑
j

(
𝛾Xj b̂

†
j + 𝛾X

∗

j b̂j
)|X⟩⟨X| (5)

coupling each mode to the exciton with the coupling constant
𝛾Xj .

[26,27] It should be noted that Equation (5) is the standard mi-
croscopic basis to model phonon-induced processes in QDs, in
particular pure dephasing.[26] To calculate the coupling constants,
we use a simple model in which it is assumed that the electron
and the hole are exposed to a harmonic potential. Then, the car-
rier wavefunctions are given by Gaussians, which have a charac-
teristic width of ae∕h for electron and hole, respectively. The re-
sulting QD-phonon coupling constants are given by[26,30]

𝛾Xj =
|qj|√
2ℏ𝜌𝜔j

(
De e

−q2
j
a2e ∕4 − Dh e

−q2
j
a2
h
∕4
)

(6)

whereDe∕h are the deformation coupling constants, 𝜌 is the mass
density of the material and qj is the wave-vector of the jth phonon
mode, which has a frequency of 𝜔j. This model has given ex-
cellent agreement with previous experiments with high sensitiv-
ity to the QD-phonon coupling.[39] We chose ae = 3 nm, which
corresponds to a FWHM of the electron density of 7 nm. Here,
we assume the same harmonic potential for holes, resulting in
ah =

mh

me
ae ≈ 1.15 ae. It has been found that it is also possible to

describe non-spherical QDs using this formula when ae∕h are ap-
propriately chosen.[40] All other phonon parameters of the In-
GaAs/GaAs QDwere chosen as in ref. [41]. Thus the total Hamil-
tonian is given by

Ĥ = ĤQD+cav + Ĥint + Ĥlaser + Ĥphon (7)

Radiative losses of the QD and cavity losses are described by
Lindblad-superoperators[42,43] affecting the density operator 𝜌̂

Ô,𝛿 [𝜌̂] = 𝛿
(
Ô𝜌̂ Ô† − 1

2

[
𝜌̂, Ô†Ô

]
+

)
(8)

where Ô is an operator, 𝛿 is the decay rate and [ ⋅ , ⋅ ]+ the anti-
commutator. The rates used for the radiative and cavity losses are
𝛾 = 0.001 ps−1 and 𝜅 = 0.577 ps−1, respectively. The dynamics are
given by the Liouville-von Neumann equation

d
dt
𝜌̂ = − i

ℏ

[
Ĥ, 𝜌̂

]
+ |G⟩⟨X|,𝛾 [𝜌̂] + â,𝜅 [𝜌̂] (9)

where [ ⋅ , ⋅ ] denotes the commutator. Solving the phonon system
and its influence on the photon properties requires state-of-the-
art methods, as otherwise qualitative and quantitative errors can
occur.[31]

In order to obtain specific predictions starting with a Hamil-
tonian of the type Equation (7) numerous methods are in use,
like, e.g., non-equilibrium Green’s function,[44] the correlation
expansion of density matrices,[45–48] time-convolutionless projec-
tion operators[49] or the polaron master equation[35,50] to name
but a few.Most of thesemethods introduce approximations to the
model to make the numerics feasible. For example, the correla-
tion expansion accounts only incompletely formulti-phonon pro-
cesses which leads, e.g., to missing structures in corresponding
spectra.[26] The correlation expansion also has limits when strong
phonon coupling or long simulation times are considered.[51] The
polaron master equation involves a Markov approximation in the
polaron transformed frame which makes this approach unreli-
able at strong time-dependent driving. As a result, the standard
polaronmaster equation does not correctly capture, e.g., the reap-
pearance of Rabi rotations[35] as predicted in ref. [52] that has re-
cently been measured.[53]

Indeed, it is challenging to account for the wealth of phe-
nomena induced by the QD-phonon coupling that go far beyond
simple pure-dephasing obtained by weak-coupling master equa-
tions. This includes phonon-assisted transitions and thermaliza-
tion, polaron formation, which dresses and renormalizes driving
and coupling terms in the QD Hamiltonian, and non-Markovian
quantum dynamics. Moreover, also the effective dephasing rate
strongly depends on details of the driving, which is particularly
challenging to work with in the case of pulsed driving.
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Figure 1. Energy diagram of the most relevant states of the QD-cavity sys-
tem |G0⟩, |G1⟩ and |X0⟩. The latter two states are coupled via the cavity
coupling g, while |G0⟩, |X0⟩ are coupled via the laser. Loss channels are
indicated by blue arrows.

For simple systems, such as a two-level system coupled to an
oscillator bath, the pioneering work of Makri and Makarov[54,55]

has shown that a numerical treatment without approximation
to the model is possible by representing the time-evolution op-
erator of the system formally exact as a path integral and per-
forming the necessary sum over the paths using an iterative
scheme. For the model considered in the present paper, how-
ever, the original algorithm would require the iteration of esti-
mated ∼ 1011 complex valued numbers. Thus, we use for our
numerics a modified algorithm[56] that reduces in our case the
number of elements that need to be iterated by about 5 orders
of magnitude. Our modified path-integral approach can be for-
mulated in Liouville-space,[41] as needed when Markovian rates
e.g. for cavity losses and radiative decay should be accounted for,
as we do in Equation (9). It is also suitable for calculating multi-
time correlation functions,[57] which is necessary for the calcula-
tion of the purity and indistinguishability. Our implementation of
path-integrals for the simulation of multi-time functions avoids
the use of the quantum regression theorem (QRT). The QRT in-
volves a Markov approximation even when the memory for the
single time propagations is fully accounted for, which can intro-
duce sizable errors.[31,58] We are able to obtain converged results
that invoke no approximation to the model such that only well
controlled discretization errors occur.
The QD density matrix is calculated by tracing out the cavity’s

and phononic degrees of freedom

𝜌𝜇𝜈 := ⟨𝜇|Trcav Trphon(𝜌̂)|𝜈⟩ 𝜇, 𝜈 ∈ {G,X} (10)

and similarly, the reduced photonic density matrix is obtained by

𝜌ij := ⟨i|TrQD Trphon(𝜌̂)|j⟩ i, j ∈ ℕ0 (11)

where |j⟩ denotes a state with j photons in the cavity.
We focus on the experimentally relevant regime for single-

photon emission, where the total excitation number is limited.
The most relevant states are the energetically lowest three lev-
els |G0⟩, |G1⟩ and |X0⟩ which are displayed in Figure 1. In our
numerical simulations, states with up to n = 2 photons are ac-
counted for. Because under our excitation conditions, occupa-
tions of cavity photon states with more than one photon are
orders of magnitude smaller than the single-photon state, we

henceforth focus our discussion on the photon number coher-
ence between the vacuum and single-photon states 𝜌01.

3. The Origin of Photonic Coherence

The laser excitation leads to coherence between the ground state
and the excited state, which we will refer to as 𝜌GX . Using the
Heisenberg equation of motion of the photonic coherence 𝜌01,
one finds

d
dt
𝜌01(t) =

(
−iΔ𝜔CL −

𝜅

2

)
𝜌01(t) − ig𝜌GX (t) (12)

The equation demonstrates that 𝜌01 represents a driven oscillator
with a free oscillation frequency Δ𝜔CL, that is damped via the
rate 𝜅∕2. Most importantly, the coherence is driven by the QD
coherence 𝜌GX , hence the electronic coherence 𝜌GX is the source
of photonic coherence 𝜌01.
The solution of Equation (12) is formally given by

𝜌01(t) = −ig ∫
t

−∞
𝜌GX (t

′) e(−iΔ𝜔CL−
𝜅

2 )(t−t′)dt′ (13)

linking the photon coherence to all past QD coherences by a
memory function that constitutes a Lorentzian filter with a peak
transmission at ℏΔ𝜔CL ≈ 0meV and a band width determined by
𝜅∕2. Note that Equation (13) remains exact when phonons couple
to the QD because the QD-phonon interaction commutes with all
cavity operators. Yet, phonons can still affect the PNC via the QD
coherences 𝜌GX .
The time dependence of the absolute values of the coherences|𝜌01| and |𝜌GX | alongside the populations 𝜌11 and 𝜌XX are shown

in Figure 2 for an excitation with a 𝜋-pulse and a QD-cavity de-
tuning of 1 meV. The pulse f (t) is included for reference. The
calculations were done without phonons. When a finite tempera-
ture and phonons are included, the qualitative behavior does not
change. Three different dynamical regimes can be identified in
the time evolution: The dynamics during the pulse, the short-
time dynamics after the pulse and the long-time decay.
During the pulse, the system inverts, i.e., the population 𝜌XX

goes to ∼ 1, while the electronic coherence |𝜌GX | reaches its max-
imum and then decreases again. During this maximum of the
QD coherence, according to Equation (12) its emission into the
cavity is large, such that 𝜌01 increases quickly as well, producing
the largest photonic coherence while the pulse is still active.
Just after the pulse, the photonic coherence drops off while

displaying oscillations. These oscillations occur due to the detun-
ing between QD and cavity, which is identical to Δ𝜔CL in Equa-
tion (12), because resonant pulses are used for the excitation. Be-
cause the stated g and 𝜅 values determine the system to be in the
weak-coupling regime, these oscillations are only observed when
adding a finite QD-cavity detuning ℏΔ𝜔CX . Additionally, a drop-
off occurs on top of the oscillation.
After roughly 30 ps, the system reaches its long-time regime,

where the decay becomes monoexponential with a single decay
rate 𝜆+.
The dynamics of the QD and photonic coherences after the

pulse can be described by a simplified approximatemodel, which
is presented in Appendix A. From this model we extract the
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Figure 2. a) Short-time and b) long-time dynamics of the system excited by a 𝜋-pulse. Displayed is the QD population 𝜌XX and electronic coherence|𝜌GX |, single-photon state population 𝜌11 and the photonic coherence |𝜌01| for a QD-cavity detuning of ℏΔ𝜔CX = 1 meV. These calculations were done
without phonons, but the coherence behavior does not change qualitatively when phonons are included.

short-time and long-time decay by a linear combination of two
exponential functions

𝜌01(t) = A+ e
𝜆+t + A− e

𝜆−t (14)

with 𝜆− standing for the initial faster decay and 𝜆+ for the long-
time slower decay. In the phonon-free model, simple analytical
expressions can be found for both decay rates and the amplitudes
A±. When phonons are included, Equation (14) still holds up to
∼ 70 K, but A± and 𝜆± must be determined numerically. The de-
pendence of the decay rates 𝜆± on the QD-cavity detuning and on
temperature is discussed in Appendix B.

4. Time-Integrated PNC

In most quantum-cryptographic studies, the details of the dy-
namics are not of interest.[3,9,13] Instead, a single figure of merit
is desirable. A well defined quantity is the time integral over the
absolute value of the reduced photonic density matrix

𝜌̃ij := ∫
∞

−∞
|𝜌ij| dt (15)

with i, j denoting the photon state. For i ≠ j, this quantity is pro-
portional to the PNC of the outside mode resonant with the QD-
cavity system, once the photon has been fully emitted. Note that
due to the integration, this measure of PNC does not distinguish
between the two limiting cases, where the coherence is low at any
given time, or is initially large and then decreases quickly.
We can use the fact that the integral in the calculation of the

PNC from Equation (15) can be broken up into two components
over the intervals (−∞, t0) and (t0,∞), where t0 denotes the end
of the laser pulse. The integral over the latter can then approxi-
mately be calculated by

𝜌̃
(t0 ,∞)
01 ≈ F(Δ𝜔CX , g) |𝜌GX (t0)| (16)

where F is some filter function derived out of the filtering in
Equation (13) in combination with Equation (14). The derivation
of this formula and an explicit analytical expression for F can be

found in Appendix A. Importantly, the filter function F can not
depend on any properties of the pulse. Instead, any dependence
on, for example the pulse area, lies exclusively in the initial elec-
tronic coherence |𝜌GX (t0)|. To understand the behavior of 𝜌̃01, for
which the integration in Equation (15) takes place over all times,
it can be useful to consider only 𝜌̃(t0 ,∞)

01 , which containes the inte-
gration over most relevant times. Now, we are able to investigate
the influence that changes in parameters, like the QD-cavity cou-
pling or the pulse area, have by determining their influence on
the filter function F or the |𝜌GX (t0)|. This simplifies the analy-
sis greatly.

4.1. Rabi Rotations

Figure 3 shows the integrated one-photon population 𝜌̃11 along
side the PNC 𝜌̃01 as a function of pulse area Θ for different tem-
peratures starting from 4.2 K and then increasing from 10 K
in steps of 20 K to 110 K. For temperatures above 80 K, optical
phonons are expected to play a prominent role,[59] restricting the
validity of our model to temperatures T ≲ 100 K. The phonon-
free case is displayed in green for reference.
In the two-level system, without a cavity or any rate decay, vary-

ing Θ produces Rabi rotations in the QD population, meaning
the QD is fully excited (relaxed) when Θ is an odd (even) multi-
ple of 𝜋. In turn, the coherence 𝜌GX is, with an absolute value of

0.5, at its largest forΘ =
(
n + 1

2

)
𝜋, n ∈ ℕ0, where the QD is half

excited, and zero, whenever the QD is fully excited or fully re-
laxed. Considering this behavior of the electronic coherence and
the proportionality between the electronic coherence and PNC
from Equation (16), this makes Θ a very effective tuning knob
for PNC. Some deviations exist, in large parts due to the influ-
ence of the cavity, but the phonon-free case and the low tempera-
ture cases in Figure 3 show the expected behavior. The deviations
caused by the cavity are described in a model in Appendix C and
produce for example the alternating height of the PNC maxima.
Phonons have several effects on the photon number and the

PNC: A major effect is that the interaction with phonons leads
to renormalization of the pulse area, shifting the laser inten-
sity at which the QD is maximally excited toward larger values.
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Figure 3. Time-integrated absolute values of a) the one photon population
and b) the coherence between 0 and 1 photons, displayed in dependence
on the laser pulse area Θ for different temperatures T. The chosen tem-
peratures are 4.2 K as well as 10–110 K in 20 K steps from blue to red. The
phonon-free case is displayed in green. All calculations were done with
QD-cavity detuning ℏΔ𝜔CX = 0 meV.

Equally important is the effect that phonons dampen the Rabi
rotations,[22,29,60,61] resulting in a lower amplitude of the oscilla-
tions.
These effects can be observed in Figure 3. Focusing on the

integrated occupation of the single photon state 𝜌̃11 we can see
both effects of renormalization and damping: The extrema shift
toward higher pulse areas and the amplitude is decreased. For
increasing temperature, the effective electron-phonon coupling
becomes stronger and, correspondingly, the renormalization and
damping becomes stronger.
These mechanisms similarly affect the electronic coherence

and because of its close link to the photonic coherence, they also
affect the PNC, which is shown in Figure 3b.
First, we consider 𝜋-pulses, where the PNC reaches almost

zero in the phonon-free case. We find that the PNC remains
much larger when phonons are accounted for. This effect is due
to the damping of the Rabi rotations. Since a full inversion is not
reached, the electronic coherence can still have significant values.
And because the electronic coherence is the source of the PNC,
the latter also increases.
When we instead consider 𝜋∕2-pulses, where without

phonons PNC is maximal, we observe that even here an increase
of PNC is possible. This surprising effect can be traced back to
the renormalized coupling strengths,[28,33,62,63] that influence this
integrated quantity. The reason for this is that F in Equation (16)
increases for decreasing coupling and the coupling decreases

Figure 4. PNC for the pulse areas at which the QD occupation is maxi-
mized (red) and the PNC is maximized (orange) or minimized (blue), dis-
played for different temperatures. The respective phonon-free cases are
displayed by the dashed lines. The calculations were done with ℏΔ𝜔CX =
0 meV. The orange and blue lines are the maximal and minimal values
from Figure 3b. The unit of the PNC is ps, because it is the integrated
value.

due to the renormalization effect of phonons. Physically this is
due to the slow-down in the emission of the coherence out of the
QD-cavity system. Note that this effect of course plays a role for
all pulse-areas, since F does not depend on the initial excitation.
This effect therefore also influences the increased value of PNC
for 𝜋-pulses.
At higher pulse areas, the PNC is then strongly damped and

no more oscillations are visible, if the temperature is sufficiently
large. Thus, depending on the pulse area, phonons can have co-
herence boosting or damping effects.
The impact of phonons on the first PNC extrema as a function

a of temperature is summarized in Figure 4, where the maximal
and minimal values of PNC are displayed in orange and blue,
respectively. At low temperatures, both increase when phonons
are included. As the temperature increases, the phonon-induced
pure dephasing takes over and decreases PNC below the phonon-
free value.
The most interesting curve is the red one, which is for the

renormalized 𝜋-pulse, i.e., when the QD excitation is maximized
just after the pulse. Interestingly, while the occupation has its
maximum, the PNC is not at its minimum. Again, this is an ef-
fect of the cavity, which is explained by the model in Appendix C.
When we therefore consider the PNC at the renormalized 𝜋-
pulse, we first find an increase of the PNC up to about 60 K, and
then the PNC decreases.

4.2. QD-Cavity Detuning

Another important tuning parameter for the PNC is the QD-
cavity detuning. Figure 5a displays the resulting time-integrated
one-photon population 𝜌̃11 and the 01-coherence 𝜌̃01 for different
QD-cavity detunings. 𝜌̃01 increases by roughly one order of mag-
nitude, when adding phonons and changes its shape. Whereas
without phonons it has an almost imperceptible local minimum

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (5 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. a) Time-integrated single-photon population 𝜌̃11 and coherence 𝜌̃01 as a function of the QD-cavity detuning ℏΔ𝜔CX at 4.2 K (solid) and without
phonons (dashed). Renormalized 𝜋-pulses were used for the calculation. b) Filter function (orange) as calculated in Appendix A, and the electronic
coherences at a time t0, just after the pulse has ended (green). The solid (dashed) line denotes the case with (without) phonons.

at ℏΔ𝜔CX = 0meV and twomaxima close to either side. Themin-
imum is much more pronounced, when phonons are included.
To explain this phenomenon, we can again use the approxi-

mate model from Equation (16) and investigate the behavior of
the filter function F and the electronic coherence just after the
pulse |𝜌GX (t0)|, separately. Figure 5b displays the filter function
(orange), which possesses a central minimum for the QD-cavity
coupling displayed. In the case without phonons, the electronic
coherence just after the pulse (dashed green), has a central peak
which is narrow compared to the minimum of F. As a result, the
product of the two, which approximates the PNC over the course
of the emission, only has a very slight minimum in the middle,
producing the phonon-free 𝜌̃01 in subfigure a). The QD coher-
ence at time t0 is generally much larger than in the phonon-free
case,[29,45,46,60,61] which is again due to the damping described in
Section 4.1. As a consequence, the product of it and F, still pos-
sesses the pronounced central minimum.

As can be seen in Figure 5a, in the case with phonons, 𝜌̃01 is
generally smaller for negative QD-cavity detunings, compared to
positive ones, which is explained by phonon-induced transitions
between QD and cavity. For negative detunings, phonons provide
an incoherent and fast relaxation mechanism from the exciton to
the cavity, which decreases the QD population and the coherence
quicker. But while this leads to an increase of 𝜌̃11, 𝜌̃01 decreases
due to the incoherent nature of the phonon-induced transition.
The temperature-dependence of the PNC can also be investi-

gated using the filter function F. To do this, we need to first in-
vestigate the QD-cavity coupling dependence of F, which is dis-
played in Figure 6a. In the limit ℏg → 0 meV, the filter func-
tion converges toward zero, since the cavity is hardly ever ex-
citedwhen such low coupling is present. For small finite coupling
strengths, only a single central maximum of F(Δ𝜔CX ) exists. It
turns into a central minimum, flanked by two maxima, if the
coupling strength is increased above a certain threshold. It is well

Figure 6. a) Dependence of the filter function F of the detuning Δ𝜔CX and the QD-cavity coupling g b)/c) Temporal integration of the photonic 01-
number coherence, 𝜌̃01, displayed for different temperatures T and QD-cavity detunings ℏΔ𝜔CX . The chosen temperatures are 4.2 K as well as 10 K to
110 K in 20 K steps. The phonon-free case is displayed in green. The pulse area is chosen to b) maximize the QD population and to c) minimize the QD
polarization after the pulse.

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (6 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400455 by U

niversitätsbibliothek B
ayreuth, W

iley O
nline L

ibrary on [03/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

known that phononic effects of increasing temperatures decrease
theQD-cavity coupling strength.[28,33,62,63] The effect of this can be
seen in Figure 6b,c, which display the PNC for different temper-
atures and QD-cavity detunings for a) pulse areas that maximize
QD occupation just after the pulse ended and b) pulse areas that
minimize electronic coherence just after the pulse ended.
These two plots show that the PNC for different temperatures

is governed by the two effects already mentioned: The general
behavior follows the one observed in Figure 4. For example, the
𝜋-pulse produces an increase for small increasing temperatures,
but then drops after roughly 55 K, whereas the pulse minimiz-
ing electronic coherence decreases the PNC monotonically for
increasing temperatures, but also experiences phonon-induced
damping as discussed in Section 4.1. The other effect that tem-
perature introduces is the aforementioned renormalizaton of the
QD-cavity coupling, adding the central minimum for small tem-
peratures, which disappeared independently from the pulse area,
at roughly 55 K.
These results are encouraging despite the phonon-induced in-

crease in PNC at low temperatures, when keeping other figures of
merit of single-photon sources, such as purity, indistinguisha-
bility and brightness, in mind. In most cases, one is interested
in having low PNC. While the minimally achievable PNC de-
creases for larger temperatures, the effect is not very pronounced
in Figure 4 and one can reasonably use low temperatures without
too large a penalty to PNC. In this case, very good values for pu-
rity, indistinguishability and brightness are possible[31,64] because
the 𝜋-pulse area is approximately equal to the pulse area mini-
mizing PNC for low temperatures. When instead, PNC should
be maximized, one needs to use a pulse area similar to 𝜋∕2. In
this case, purity and indistinguishability still have high values,
but the brightness suffers a significant penalty of about 1∕2.[64]
This reduction, however, must be accepted when electronic co-
herences are required e.g. for coherent control.
In order to quantify how important figures of merit perform

for the parameters optimized for low or high PNC values, we have
calculated purity and indistinguishability for the same parame-
ters as in Figure 4 for T = 4.2 K. Details how these quantities are
calculated are given in ref. [31]. As seen in Figure 7, the purity is
not significantly affected by changes in the QD-cavity detuning
and stays near unity regardless whether PNC is optimized for
high or low values. Its values are about 98%, which is typical for
similar systems.[31,65] In particular, the results for 𝜋-pulses are al-
most the same as in the caseminimizing PNC,which is likely due
to the very similar pulse area needed for these cases. The pulse
area maximizing PNC, which is roughly similar to the 𝜋∕2 case,
has higher purity because for lower driving strengths, the reex-
citation probability is reduced. The indistinguishability reaches
its highest values for QD-cavity detuning ℏΔ𝜔CX = 0 meV and
falls off for larger detunings in all considered cases. The indis-
tinguishability values in Figure 7 are in reasonable agreement
with other results reported for similar systems.[31,65,66] For cavity-
based systems it has been reported in ref. [65] that almost per-
fect indistinguishabilities and purities can be achieved by using
the Swing-UP of quantum EmitteR (SUPER)[67] scheme for the
preparation instead of Gaussian pulses.
These results demonstrate that for the parameters where the

lowest PNC is reached, it is usually possible to simultaneously
obtain high values for purity, indistinguishability and brightness.

Figure 7. Purity (dashed) and indistinguishability (solid) for three differ-
ent pulse areas, which correspond to Figure 4 for 4.2 K. The pulse area
that minimized PNC for Δ𝜔CX = 0 meV is displayed in blue, the one cor-
responding to a 𝜋-pulse is shown in red, and the pulse area maximizing
PNC is yellow. Blue crosses are added to make the data of the indistin-
guishability for minimal PNC discernible behind the red curve.

Also, when high PNC is the target, the achievable purity is gen-
erally rather high for low temperatures, while the indistinguisha-
bility has reasonable values that still depend on parameters like
the QD-cavity detuning and details of the excitation. And natu-
rally, for pulse areas near 𝜋∕2 the brightness is significantly lower
than for 𝜋-pulses.

5. Conclusion

We have discussed the influence of phonons on the PNC of a sin-
gle photon emitted from aQD.We started by establishing that the
QD coherence is the source of PNC for a single photon source.
Thus, all influences affecting electronic coherence, like losses or
phonons, impact the PNC.
We have analyzed the PNC as function of pulse area, which

for the QD occupation leads to the well-established Rabi rota-
tions. In the phonon-free case, the control of the electronic sys-
tem is passed on to the PNC. This changes significantly in the
case with phonons. Dispite the well-known pure dephasing ef-
fects, phonons were found to sometimes increase PNC. For 𝜋-
pulses the reason is the damping of Rabi rotations and for 𝜋∕2-
pulses it is mostly due to the renormalization of QD-cavity cou-
pling, which slows the emission of the coherence.
Because of the renormalization of the QD-cavity coupling, dif-

ferent temperatures produce qualitatively different behavior of
PNC for different QD-cavity detunings. Crucially, for low tem-
peratures, the PNC increases for all pulse areas.
Our study shows that the influence of phonons on the PNC

is highly non-trivial, as the simple assumption that the PNC ex-
clusively decreases with phonons due to decoherence, does not
hold true and other phononic effects must be taken into account.
As PNC is crucial for many quantum-cryptography applications,
it is essential to always consider the influence of the solid-state-
environment, which might be detrimental, but also could turn
out as helpful.[3]

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (7 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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This implies that the strength of phonon coupling in appli-
cations benefiting from low PNC, such as standard/decoy BB84
QKD, unforgeable quantum tokens, quantum coin flipping and
quantum bit commitment, should be carefully monitored to en-
sure practical security. On the other hand, phonons could provide
better PNC in applications which require a phase reference such
as twin-field quantum key distribution.[15]

Appendix A: Simple Model of the Relaxation

It is helpful to develop an understanding of the phonon-free case to de-
termine the impact of phonons on the resulting coherences. Because we
find the most important photonic coherence to be the 01-coherence and
because the coherence between |G0⟩ and |X0⟩ is much larger than the
one between |G1⟩ and |X1⟩, we can simplify the massive Hilbert space by
looking only at the photonic coherence and the QD coherence, which are
then mostly given by

𝜌01 = 𝜌G0G1 + 𝜌X0X1 (A1)

𝜌GX ≈ 𝜌G0X0 (A2)

where the short notation

𝜌
S1n1
S2n2

= ⟨S1n1|Trphon(𝜌̂)|S2n2⟩ (A3)

was used. Through the Liouville-von-Neumann equation Equation (9)
these two coherences are coupled to each other. For timeswhen the laser is
not active and if the phonon-free case is considered, these equations read

d
dt

[
𝜌GX

𝜌01

]
=

[
−iΔ𝜔XL −

𝛾

2
−ig

−ig −iΔ𝜔CL −
𝜅

2

][
𝜌GX

𝜌01

]
(A4)

The behavior of the system can then be predicted by solving this ordinary
differential equation (ODE) and depends on only two initial values.
Let t0 > 0 be the time at which the laser intensity after the maximum
is sufficiently small to provide these initial values 𝜌01(t0) and 𝜌GX (t0),
then the solution of Equation (A4) can be written in the form given in
Equation (14) in the main text. From the solution of this ODE, we obtain
the squared absolute photonic coherence

|𝜌01(t)|2 = 1|det T|2 (
A(Δ𝜔CX ) e

2Re𝜆+(t−t0)

+ 2 Re
[
B(Δ𝜔CX ) e

(𝜆++𝜆∗−)(t−t0)
]
+ C(Δ𝜔CX ) e

2Re𝜆−(t−t0)
)
(A5)

with

A(Δ𝜔CX ) = |𝜌01(t0) − 𝜌GX (t0)T+|2|T−|2 (A6)

B(Δ𝜔CX ) =
(
−|𝜌GX (t0)|2T∗

−T+ − |𝜌01(t0)|2 + 𝜌GX(t0)𝜌
∗
01(t0)T+

+ 𝜌∗GX (t0)𝜌01(t0)T
∗
−
)
T−T

∗
+ (A7)

C(Δ𝜔CX ) = |𝜌01(t0) − 𝜌GX (t0)T−|2|T+|2 (A8)

and

Q =
√(

iΔ𝜔CX + 𝜅 − 𝛾

2

)2
− 4g2 (A9)

Figure A1. Comparison between full simulation and best fit of linear com-
bination of two exponential functions, as in Equation (14) in the main text,
for different temperatures. These calculations were done using an initial
value problem with a fully excited QD.

det T = T+ − T− = − i
g
Q (A10)

𝜆± =
−i(Δ𝜔XL + Δ𝜔CL) −

𝜅+𝛾
2

±Q

2
(A11)

T± =
Δ𝜔CX

2g
− i
2g

(𝜅 − 𝛾

2
±Q

)
(A12)

Figure A1 shows that such a model is applicable even when phonons are
active up to about 70 K. In that case, the decay rates must be fitted as they
are affected by, e.g., phonon renormalizations of the QD-cavity coupling,
a polaron shift and a pure dephasing rate.

In case accurate values for 𝜌̃01 are required,
√|𝜌01(t)|2 can be inte-

grated numerically. However, since the integral is dominated by the slow
exponential decay after the oscillations have ceased, we can approximate

|𝜌01(t)|2 t−t0>>2∕𝜅≈
A(Δ𝜔CX ) e

2Re𝜆+(t−t0)|det T|2 (A13)

Eventually, integration with Equation (A6) and using |𝜌01(t0) −
𝜌GX (t0)T+| ≈ |𝜌GX (t0)T+|, which applies because |T+| ∼ 10 and be-
cause the initial electronic coherence is larger than the photonic one,
results in an approximate formula for the integrated coherence after the
excitation. To shorten notation, we introduce

𝜌̃01 := ∫ |𝜌01(t)| dt (A14)

for arbitrary integration intervals . Because of Equation (15) 𝜌̃01(t0) =
𝜌̃
(−∞,∞)
01 applies. The stated approximations result in

𝜌̃
(t0 ,∞)
01 ≈ −

1
Re 𝜆+|||| 1

T−
− 1

T+

||||
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

=:F

|𝜌GX (t0)| (A15)

for the integral over the relaxation period. In the main text, Equation (A15)
was reproduced and discussed as Equation (16). The full integral is thus

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (8 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure A2. The resulting integrated PNCs according to Equation (A15,
A16) for three different intervals : during the pulse  = (−∞, t0), after
the pulse  = (t0,∞) and over the entire duration  = (−∞,∞). Addition-
ally, the simulation results for 𝜌̃(−∞,∞)

01 are displayed for 4.2 K (square) and
without phonons (triangle).

approximated by

𝜌̃01 ≈ F|𝜌GX (t0)| + 𝜌̃
(−∞,t0)
01 (A16)

This result can now be analyzed by investigating the three components F,|𝜌GX (t0)| and 𝜌̃(−∞,t0)
01 . The latter two are obtained from the full simulation

because they are relatively complicated to calculate since they depend on
the laser envelope f . The factor F, however, describes the impact of the
relaxation after the excitation and is therefore independent of the details
of the pulse and expressed by the simple analytical formulas given above.
It is displayed in Figures 5b and 6a.

The other components are displayed as a function ofΔ𝜔CX in FigureA2.
Now the existence of the central minimum, when phonons are active, and
the lack of one without phonons (red dashed line), can be explained. The
factor F has a minimum at ℏΔ𝜔CX = 0 meV and two maxima on either
side. Because of Equation (A15) this minimum is inherited by 𝜌̃(t0 ,∞)

01 , with
and without phonons, as can be seen in Figure A2b. However, because
the initial value |𝜌GX (t0)| has a higher peak around ℏΔ𝜔CX = 0 meV and
is overall smaller for the case without phonons, in that case, the minimum
is less pronounced.

Interestingly, the integrated coherence during the pulse 𝜌̃
(−∞,t0)
01 ap-

pears to largely be independent of the presence of phonons. Due to the
large initial coherence |𝜌GX (t0)|, the integrated coherence during the relax-
ation is about one order of magnitude larger when phonons are involved,
than 𝜌̃

(−∞,t0)
01 . Because of this, the minimum can also be found in 𝜌̃01.

When phonons are not active, the already small minimum of 𝜌̃(t0 ,∞)
01 essen-

tially disappears when adding 𝜌̃(−∞,t0)
01 to it, such that the central minimum

of 𝜌̃01 is almost imperceptible when phonons are not present.
The full simulation results are also displayed in Figure A2. Without

phonons the simple analyticalmodel describes 𝜌̃01 very well, however, with
phonons, it applies to a good extend only to positive detunings. For neg-
ative Δ𝜔CX a large discrepancy is found that can be explained by phonon-
induced decoherence. Also, the maxima appear closer to ℏΔ𝜔CX = 0 meV
and the minimum is higher for the full simulation. This is likely an effect of
the renormalized QD-cavity coupling g, because F displays exactly these
traits for smaller g.

How the factor F behaves for decreasing QD-cavity coupling is dis-
played in Figure 6a. For ℏg ≈ 0.01 meV the two maxima at either side
of the minimum at ℏΔ𝜔CX = 0 meV merge into a single maximum. As
a result, the disappearing central minimum for increasing temperatures
in Figure 6b,c from Section 4.2 can be explained by the effective decrease
in QD-cavity coupling.

Figure B1. Absolute values of the real components of the exponential de-
cay rates 𝜆± of the photonic coherence 𝜌01 as a function of QD-cavity de-
tuning ℏΔ𝜔CX for temperatures 4.2 K and 10–70 K in 20 K steps displayed
in colors of the blue-red spectrum obtained by fitting Equation (14) to the
numerical results of the real time behavior. The case without phonons is
displayed in green. a) Displays the long-time decay rate and b) shows the
short-term decay rate that governs the initial drop-off.

Appendix B: PNC Long-Time Decay Rates

The absolute values of the real parts of the decay rates from Equa-
tion (14) 𝜆± are displayed in their dependence of the QD-cavity detuning
in Figure B1. Both are generally negative and therefore decay the photonic
coherence. These values were obtained by fitting the model developed in
Appendix A to the simulated data, as it was also done in Figure A1.

The long-time decay rate 𝜆+ in subfigure a) shows a central maximum
for all temperatures (blue-red spectrum) and without phonons (green).
Naturally this is due to the more efficient coupling between QD and cav-
ity at these small detunings. What may be surprising, however, is that
the height of this maximum decreases with increasing temperature. We
accredit this to the phonon-induced renormalization of the QD-cavity
coupling,[28,33,62,63] which was also considered in Section 4.2. In fact, sim-
ilar results to the high temperature decay rates can be obtained, when
plugging a smaller QD-cavity coupling g into Equation A11 (not shown).
An unintuitive result of this is the fact, that the long-time decay rate of the
coherence decreases despite the increased effects of phonons. The gen-
eral shape of a single maximum near zero-detuning is kept at all tempera-
tures, regardless of the presence of phonons, but when phonons are active
at low temperatures the curve becomes asymmetric due to phonon emis-
sion processes assisting the creation of a cavity photon in case of negative
Δ𝜔CX . For higher temperatures, the opposite process, where a phonon is
absorbed, can take place as well,[68] such that the curve becomes more
symmetric with rising temperatures.

Figure B1b shows the short-time decay rates 𝜆−. In the phonon-free
case, which is again displayed in green, only a small dip at zero detuning
can be seen. Apart from this, the rate is independent from the detuning.
The addition of phonons produces not just the asymmetry also observed
in subfigure a), but interestingly also changes the general shape. For the
highest displayed temperature of 70 K this is particularly obvious. The cen-
tral minimum instead turns into a very pronounced maximum, which de-
creases to zero for large detunings. This change in shape does not change
the earlier observation that Λ+ is the more important rate when calculat-

ing 𝜌̃(t0 ,∞)
GX , since even at 70 K and even at a QD-cavity detuning of 1.5 meV,

there is still about one order of magnitude difference between the two
rates. Thus, the short-time decay is not significant in our simple model
of the integration when calculating 𝜌̃(t0 ,∞)

GX .

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (9 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure C1. Energy diagram of the simplest model reproducing the 𝜋∕2-
alternations in the Rabi rotations of PNC.

Appendix C: PNC Rabi Rotations

When calculating Rabi rotations, a puzzling detail was found in Sec. 4.1,
where we observed that every other peak of PNC in its pulse-area depen-
dence is slightly higher than the next peak. This Appendix takes a look
at a simple model, which reproduces this finding. Because the effect oc-
curs in the phonon-free case as well, phonons can be excluded from this
model. Additionally, all Lindblad-rates are discarded, because their effects
are not needed to understand the observed behavior. As a result, the QD-
cavity system can be described by a pure state. Under the assumption that
the pulse is short enough to obtain a negligible two-photon component,
all states higher than an occupation of n = 1 may be discarded as well.
To simplify the calculation, ℏΔ𝜔CX = ℏΔ𝜔LX = 0 meV are used. The re-
sulting stripped down model is schematically displayed in Figure C1. For
simplicity, the laser is described as a rectangular pulse starting at t = 0 ps
and ending at some t0. Thus, the coupling between the QD’s ground and
excited states is given by

f = Θ
t0

(C1)

Let the state be given by

|Ψ(t)⟩ = c0(t)|G0⟩ + c1(t)|X0⟩ + c2(t)|G1⟩ + c3(t)|X1⟩ (C2)

then the Schrödinger equation for the coordinates ci, results in

d
dt

⎛⎜⎜⎜⎜⎝
c0
c1
c2
c3

⎞⎟⎟⎟⎟⎠
= −i

⎛⎜⎜⎜⎜⎜⎝

0 − f
2

0 0

− f
2

0 g 0

0 g 0 − f
2

0 0 − f
2

0

⎞⎟⎟⎟⎟⎟⎠
⋅

⎛⎜⎜⎜⎜⎝
c0
c1
c2
c3

⎞⎟⎟⎟⎟⎠
(C3)

Since it will be useful for later Taylor expansions, the Hamiltonian matrix

is expanded with 2f
2f
, which results in

d
dt

⎛⎜⎜⎜⎜⎝
c0
c1
c2
c3

⎞⎟⎟⎟⎟⎠
= i

f
2

⎛⎜⎜⎜⎜⎝
0 1 0 0

1 0 −2r 0

0 −2r 0 1

0 0 1 0

⎞⎟⎟⎟⎟⎠
⋅

⎛⎜⎜⎜⎜⎝
c0
c1
c2
c3

⎞⎟⎟⎟⎟⎠
(C4)

where r := g∕f has been newly defined. Since the laser f is much larger
than the QD-cavity coupling g, this represents a system of two Rabi-
oscillators, which are weakly coupled. If one solves it and varies the time
t0, a beating effect would be observed. But here, we want to investigate
the pulse-area dependence. This problem can be solved analytically, which
gives the diagonal matrix of eigenvalues S and the transformation matrix
into the eigenbasis U to be

S = −i
f
2
diag(d0, d1, d2, d3) (C5)

U =

⎛⎜⎜⎜⎜⎝
A∕d0 B∕d1 −C∕d2 −D∕d3
A B −C −D
A B C D

A(2r + d0) B(2r + d1) C(2r + d2) D(2r + d3)

⎞⎟⎟⎟⎟⎠
(C6)

d0 := −r +
√
r2 + 1 d1 := −r −

√
r2 + 1 (C7)

d2 := r +
√
r2 + 1 d3 := r −

√
r2 + 1 (C8)

whereA,B,C andD are normalizing constants of the eigenvectors. SinceU
is real and its column-vectors are normalized, its adjunct matrix is given by
its transpose matrix, U† = UT . The integration of the ordinary differential
equation should take place for the duration of the pulse t0, such that the
resulting state after the excitation is given by

c = U eS t0U†c(0) (C9)

where the initial state is the ground state |Ψ(0)⟩ = |G0⟩, such that c(0) =
(1, 0, 0, 0)T . Since d0 = −d3 and d1 = −d2, as well as A2 = D2 and B2 = C2

apply, some of the exponential functions in Equation (C9)merge into sines
and cosines. In the arguments of those, Θ = ft0 is used, resulting in the
exact solution

c(Θ) = 2A2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
d20
cos

(
d0
2
Θ
)

i
d0
sin

(
d0
2
Θ
)

1
d0
cos

(
d0
2
Θ
)

i
(
2r
d0

+ 1
)
sin

(
d0
2
Θ
)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
+ 2B2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
d21
cos

(
d1
2
Θ
)

i
d1
sin

(
d1
2
Θ
)

1
d1
cos

(
d1
2
Θ
)

i
(
2r
d1

+ 1
)
sin

(
d1
2
Θ
)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
(C10)

Clearly, it is not very intuitive to read anything out of Equation (C10).
Instead, the fact that r ≪ 1 can be used for some approximations

2A
2

d20
≈ 2B

2

d21
≈ 1

2
(C11)

2A
2

d0
≈ 1

2
(1 − r) (C12)

2B
2

d1
≈ − 1

2
(1 + r) (C13)

2A2
(
2r
d0

+ 1
)

≈ 1
2
(2r + 1) (C14)

2B2
(
2r
d1

+ 1
)

≈ 1
2
(−2r + 1) (C15)

Similarly, the exponents can be expanded to give

d0
2
Θ ≈

Θ − gt0
2

d1
2
Θ ≈ −

Θ + gt0
2

(C16)

When these approximations are plugged into Equation (C10), one obtains

c(Θ) = 1
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

cos
(
Θ−gt0
2

)
+ cos

(
Θ+gt0
2

)
i
[
sin

(
Θ−gt0
2

)
+ sin

(
Θ+gt0
2

)]
cos

(
Θ−gt0
2

)
− cos

(
Θ+gt0
2

)
i
[
sin

(
Θ−gt0
2

)
− sin

(
Θ+gt0
2

)]

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ r

⎛⎜⎜⎜⎜⎜⎜⎜⎝

0

i
[
−sin

(
Θ−gt0
2

)
+ sin

(
Θ+gt0
2

)]
−cos

(
Θ−gt0
2

)
− cos

(
Θ+gt0
2

)
2i
[
sin

(
Θ−gt0
2

)
+ sin

(
Θ+gt0
2

)]

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(C17)
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It is easy to see that this object is identical to the typical Rabi rotations of a
two level system for g = 0, where only the top two elements would oscillate
– one with a cosine and one with sine – and the two states corresponding
to the excited cavity would stay empty. In the following, this expression is
simplified, but no further approximations are made. Using the identity

a sin(x + 𝛼) + b sin(x + 𝛽) =
√

a2 + b2 + 2ab cos(𝛼 − 𝛽) sin(x + 𝛿)

(C18)

with

𝛿 = atan2(a sin 𝛼 + b sin 𝛽, a cos 𝛼 + b cos 𝛽) (C19)

and using

Ã :=
|||||cos

(
gt0
2

)||||| =
√
2 + 2 cos(gt0)

2
(C20)

B̃ :=
|||||sin

(
gt0
2

)||||| =
√
2 − 2 cos(gt0)

2
(C21)

the linear combinations in Equation (C17) can be rewritten as

c(Θ) = 1
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Ã cos
(
Θ
2

)
iÃ sin

(
Θ
2

)
B̃ sin

(
Θ
2

)
−iB̃ cos

(
Θ
2

)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
+ r

⎛⎜⎜⎜⎜⎜⎜⎜⎝

0

iB̃ cos
(
Θ
2

)
−Ã cos

(
Θ
2

)
2iÃ sin

(
Θ
2

)

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(C22)

Similar to this step, another identity

a cos 𝛼 + b sin 𝛼 = sgn(a)
√
a2 + b2 cos

(
𝛼 + atan

(
− b
a

))
(C23)

can be used to combine these sines and cosines further and avoid writing
the cj as linear combinations. The resulting amplitudes X, Y, Z and phase
angles 𝛿1, 𝛿2 and 𝛿3 are only weakly dependent on changes in Θ within
any [n𝜋, (n + 2)𝜋] interval and may thus, for the purposes of this investi-
gations be considered constant, since the main point of this Appendix is
to investigate the PNC’s behavior within such an interval. The result is

c(Θ) = 1
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Ã cos
(
Θ
2

)
iX(Θ) sin

(
Θ
2
+ 𝛿1(Θ)

)
−Y(Θ) sin

(
Θ
2
+ 𝛿2(Θ)

)
−iZ(Θ) cos

(
Θ
2
+ 𝛿3(Θ)

)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(C24)

Now the PNC just after the pulse can be written as

𝜌01(Θ) = c∗0c2 + c∗1c3

= −ÃY cos
(Θ
2

)
sin

(Θ
2
+ 𝛿2

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
=[sin(𝛿2)+ sin(Θ+𝛿2)]∕2

−XZ cos
(Θ
2
+ 𝛿3

)
sin

(Θ
2
+ 𝛿1

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
=[sin(𝛿1−𝛿3)+ sin(Θ+𝛿1+𝛿3)]∕2

Figure C2. Results of Appendix C’s calculations. The QD-cavity coupling
was chosen as g = 0.05 meV and the pulse-length is t0 = 10 ps.

= − ÃY
2

sin(Θ + 𝛿2) −
XZ
2

sin(Θ + 𝛿1 + 𝛿3)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
(C18)
=: W sin(Θ+𝜎)

− ÃY
2

sin(𝛿2) −
XZ
2

sin(𝛿1 − 𝛿3)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
=:O

(C25)

where 𝜎 and

W := 1
2

√
Ã2Y2 + X2Z2 + 2ÃXYZ cos(𝛿1 − 𝛿2 + 𝛿3) (C26)

result out of Equation (C18) again. Thus, the coherence can be written as a
sine, which has a small phase angle and an offset. As one would expect, the
frequency with which the coherence oscillates is double that of the popu-
lation. When taking the absolute value, the offset produces the difference
between every other PNC peak. These results are plotted in Figure C2,
which displays the coordinates ci, the absolute QD coherence, which was
calculated calculated via |𝜌GX | = |c∗0c1 + c∗2c3|, the parameters W, 𝜎 and
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O from Equation (C25) and PNC, which was calculated using the absolute
value of

𝜌01 = W sin(Θ + 𝜎) +O (C27)

The coordinates c0 and c1 behave very similarly to the usual driven two-
level model. The states with an excited cavity are – with the chosen pa-
rameters gt0 = 0.7596 – much less occupied. They oscillate with the same
frequency, but they posses shifted phases. These phases converge 𝛿2 → 𝜋

and 𝛿3 → −𝜋∕2 for large Θ. The last phase very quickly converges against
𝛿1 → 0. These phase differences, especially 𝛿3, which converges the slow-
est, create the offset O in Equation (C25) and thus result in the observed
phenomenon. Figure C2c may suggest that the offset decreases, out of
which one might conclude that the effect decreases. It does not, since the
amplitudeW decreases roughly as quickly. This can be seen in the fact that
Figure C2b,d display the coherences for Θ ∈ [50𝜋, 55𝜋], where O and W
have largely converged.
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[8] D. Vajner, P. Holewa, E. Zięba-Ostój, M. Wasiluk, M. Helversen, A.
Sakanas, A. Huck, K. Yvind, N. Gregersen, A. Musial, M. Syperek, E.
Semenova, T. Heindel, ACE Photonics 2024, 11, 339.

[9] Y. Karli, D. A. Vajner, F. Kappe, P. C. A. Hagen, L. M. Hansen, R.
Schwarz, T. K. Bracht, C. Schimpf, S. F. Covre da Silva, P. Walther,
A. Rastelli, V. M. Axt, J. C. Loredo, V. Remesh, T. Heindel, D. E. Reiter,
G. Weihs, npj Quantum Inf. 2024, 10, 17.

[10] F. Basset, M. Valeri, E. Roccia, V. Muredda, D. Poderini, J. Neuwirth,
N. Spagnolo, M. Rota, G. Carvacho, F. Sciarrino, R. Trotta, Sci. Adv.
2021, 7, eabe6379.

[11] D. A. Vajner, L. Rickert, T. Gao, K. Kaymazlar, T. Heindel, Adv. Quan-
tum Technol. 2022, 5, 2100116.

[12] C. H. Bennett, G. Brassard, Theor. Comput. Sci. 2014, 560, 7.
[13] H. Lo, J. Preskill, Quantum Inf. Comput. 2007, 7, 431.
[14] M. Dušek, M. Jahma, N. Lütkenhaus, Phys. Rev. A 2000, 62, 022306.
[15] M. Lucamarini, Z. L. Yuan, J. F. Dynes, A. J. Shields,Nature 2018, 557,

400.
[16] Z. Cao, Z. Zhang, H.-K. Lo, X. Ma, New J. Phys. 2015, 17, 053014.
[17] X. Zhang, Y. Wang, M. Jiang, Y. Lu, H. Li, C. Zhou, W. Bao, Entropy

2021, 23.
[18] T. Kobayashi, A. Tomita, A. Okamoto, Phys. Rev. A 2014, 90, 032320.
[19] G. Brassard, N. Lütkenhaus, T. Mor, B. C. Sanders, Phys. Rev. Lett.

2000, 85, 1330.
[20] L. Schweickert, K. D. Jöns, K. D. Zeuner, S. F. Covre da Silva, H.

Huang, T. Lettner, M. Reindl, J. Zichi, R. Trotta, A. Rastelli, et al., Appl.
Phys. Lett. 2018, 112, 9.

[21] Y. Zhang, X. Ding, Y. Li, L. Zhang, Y.-P. Guo, G.-Q. Wang, Z. Ning,
M.-C. Xu, R.-Z. Liu, J.-Y. Zhao, G.-Y. Zou, H. Wang, Y. Cao, Y.-M.
He, C.-Z. Peng, Y.-H. Huo, S.-K. Liao, C.-Y. Lu, F. Xu, J.-W. Pan 2024,
arXiv:2406.02045.

[22] D. E. Reiter, T. Kuhn, M. Glässl, V. M. Axt, J. Condens. Matter Phys.
2014, 26, 423203.

[23] J. L. Skinner, D. Hsu, J. Phys. Chem. 1986, 90, 4931.
[24] H. Wang, X. Fan, T. Takagahara, J. Cunningham, IEEE 1998, 162.
[25] T. Takagahara, Phys. Rev. B 1999, 60, 2638.
[26] B. Krummheuer, V. M. Axt, T. Kuhn, Phys. Rev. B 2002, 65, 195313.
[27] B. Krummheuer, V. M. Axt, T. Kuhn, I. D’Amico, F. Rossi, Phys. Rev. B

2005, 71, 235329.
[28] P. Kaer, T. R. Nielsen, P. Lodahl, A.-P. Jauho, J. Mørk, Phys. Rev. Lett.

2010, 104, 157401.
[29] A. J. Ramsay, T. M. Godden, S. J. Boyle, E. M. Gauger, A. Nazir, B. W.

Lovett, A. M. Fox, M. S. Skolnick, Phys. Rev. Lett. 2010, 105, 177402.
[30] S. Lüker, D. E. Reiter, Semicond. Sci. Technol. 2019, 34, 063002.
[31] M. Cosacchi, T. Seidelmann, M. Cygorek, A. Vagov, D. E. Reiter, V. M.

Axt, Phys. Rev. Lett. 2021, 127, 100402.
[32] C. Kistner, K. Morgener, S. Reitzenstein, C. Schneider, S. Höfling, L.

Worschech, A. Forchel, P. Yao, S. Hughes, Appl. Phys. Lett. 2010, 96,
221102.

[33] C. Hopfmann, A. Musiał, M. Strauß, A. M. Barth, M. Glässl, A.
Vagov, M. Strauß, C. Schneider, S. Höfling, M. Kamp, V. M. Axt, S.
Reitzenstein, Phys. Rev. B 2015, 92, 245403.

[34] T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. Gibbs, G.
Rupper, C. Ell, O. Shchekin, D. Deppe, Nature 2004, 432, 200.

[35] A. Nazir, D. P. S. McCutcheon, J. Condens. Matter Phys. 2016, 28,
103002.

[36] S. Hameau, Y. Guldner, O. Verzelen, R. Ferreira, G. Bastard, J. Zeman,
A. Lemaître, J. M. Gérard, Phys. Rev. Lett. 1999, 83, 4152.

[37] L. Besombes, K. Kheng, L. Marsal, H. Mariette, Phys. Rev. B 2001, 63,
155307.

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (12 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400455 by U

niversitätsbibliothek B
ayreuth, W

iley O
nline L

ibrary on [03/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

[38] P. Machnikowski, L. Jacak, Phys. Rev. B 2004, 69, 193302.
[39] J. H. Quilter, A. J. Brash, F. Liu, M. Glässl, A. M. Barth, V. M. Axt, A. J.

Ramsay, M. S. Skolnick, A. M. Fox, Phys. Rev. Lett. 2015, 114, 137401.
[40] S. Lüker, T. Kuhn, D. E. Reiter, Phys. Rev. B 2017, 96, 245306.
[41] A. M. Barth, A. Vagov, V. M. Axt, Phys. Rev. B 2016, 94, 125439.
[42] G. Lindblad, Comm. Math. Phys. 1976, 48, 119.
[43] H. Carmichael, Lecture Notes in Physics: An Open Systems Approach to

Quantum Optics, Springer, Heidelberg 1993.
[44] G. Hornecker, A. Auffèves, T. Grange, Phys. Rev. B 2017, 95, 035404.
[45] J. Förstner, C. Weber, J. Danckwerts, A. Knorr, Phys. Rev. Lett. 2003,

91, 127401.
[46] J. Förstner, C. Weber, J. Danckwerts, A. Knorr, phys. status solidi (b)

2003, 238, 419.
[47] A. Krügel, V. M. Axt, T. Kuhn, Phys. Rev. B 2006, 73, 035302.
[48] D. E. Reiter, Phys. Rev. B 2017, 95, 125308.
[49] H. P. Breuer, F. Petruccione, The theory of open quantum systems, vol-

ume 28, Oxford University Press, Oxford 2002.
[50] D. P. S. McCutcheon, A. Nazir, New J. Phys. 2010, 12, 113042.
[51] A. Vagov, M. D. Croitoru, V. M. Axt, P. Machnikowski, T. Kuhn, physica

status solidi (b) 2011, 248, 839.
[52] A. Vagov, M. D. Croitoru, V. M. Axt, T. Kuhn, F. M. Peeters, Phys. Rev.

Lett. 2007, 98, 227403.
[53] L. Hanschke, T. K. Bracht, E. Schöll, D. Bauch, E. Berger, P. Kallert,

M. Peter, A. J. G. Jr., S. F. C. da Silva, S. Manna, A. Rastelli, S.
Schumacher, D. E. Reiter, K. D. Jöns 2024, arXiv:2409.19167.

[54] N. Makri, D. E. Makarov, J. Chem. Phys. 1995, 102, 4600.
[55] N. Makri, D. E. Makarov, J. Chem. Phys. 1995, 102, 4611.

[56] M. Cygorek, A. M. Barth, F. Ungar, A. Vagov, V. M. Axt, Phys. Rev. B
2017, 96, 201201.

[57] M. Cosacchi, M. Cygorek, F. Ungar, A. M. Barth, A. Vagov, V. M. Axt,
Phys. Rev. B 2018, 98, 125302.

[58] M. Cosacchi, T. Seidelmann, M. Cygorek, A. Vagov, D. E. Reiter, V. M.
Axt, Phys. Rev. Lett. 2022, 128, 079901(E).

[59] A. Carmele, F. Milde, M.-R. Dachner, M. B. Harouni, R. Roknizadeh,
M. Richter, A. Knorr, Phys. Rev. B 2010, 81, 195319.

[60] A. Krügel, V. Axt, T. Kuhn, P. Machnikowski, A. Vagov, Applied Physics
B 2005, 81, 897.

[61] A. Vagov, M. D. Croitoru, M. Glässl, V. M. Axt, T. Kuhn, Phys. Rev. B
2011, 83, 094303.

[62] M. Glässl, L. Sörgel, A. Vagov, M. D. Croitoru, T. Kuhn, V. M. Axt, Phys.
Rev. B 2012, 86, 035319.

[63] F. Milde, A. Knorr, S. Hughes, Phys. Rev. B 2008, 78, 035330.
[64] N. Somaschi, V. Giesz, L. De Santis, J. C. Loredo, M. P. Almeida, G.

Hornecker, S. L. Portalupi, T. Grange, C. Antón, J. Demory, C. Gómez,
I. Sagnes, N. D. Lanzillotti-Kimura, A. Lemaítre, A. Auffeves, A. G.
White, L. Lanco, P. Senellart, Nature Photonics 2016, 10, 340.

[65] N. Heinisch, N. Köcher, D. Bauch, S. Schumacher, Phys. Rev. Res.
2024, 6, L012017.

[66] D. Bauch, D. Siebert, K. D. Jöns, J. Förstner, S. Schumacher, Advanced
Quantum Technologies 2024, 7, 2300142.

[67] T. K. Bracht, M. Cosacchi, T. Seidelmann, M. Cygorek, A. Vagov, V. M.
Axt, T. Heindel, D. E. Reiter, PRX Quantum 2021, 2, 040354.

[68] M. Glässl, A. Vagov, S. Lüker, D. E. Reiter, M. D. Croitoru, P.
Machnikowski, V. M. Axt, T. Kuhn, Phys. Rev. B 2011, 84, 195311.

Adv. Quantum Technol. 2025, 8, 2400455 2400455 (13 of 13) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400455 by U

niversitätsbibliothek B
ayreuth, W

iley O
nline L

ibrary on [03/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com

	Photon Number Coherence in Quantum Dot-Cavity Systems can be Enhanced by Phonons
	1. Introduction
	2. The QD-Cavity System
	3. The Origin of Photonic Coherence
	4. Time-Integrated PNC
	4.1. Rabi Rotations
	4.2. QD-Cavity Detuning

	5. Conclusion
	Appendix A: Simple Model of the Relaxation
	Appendix B: PNC Long-Time Decay Rates
	Appendix C: PNC Rabi Rotations
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


		2025-07-10T17:11:43+0530
	Preflight Ticket Signature




