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ABSTRACT

The cascaded decay in a four-level quantum emitter is a well-established mechanism to generate polarization-entangled photon pairs, the
building blocks of many applications in quantum technologies. The four most prominent maximally entangled photon pair states are the Bell
states. In a typical experiment based on an undriven emitter, only one type of Bell state entanglement can be observed in a given polarization
basis. Other types of Bell state entanglement in the same basis can be created by continuously driving the system by an external laser. In this
work, we propose a protocol for time-dependent entanglement switching in a four-level quantum emitter—cavity system that can be operated
by changing the external driving strength. By selecting different two-photon resonances between the laser-dressed states, we can actively
switch back and forth between the different types of Bell state entanglement in the same basis as well as between entangled and nonentangled
photon pairs. This remarkable feature demonstrates the possibility to achieve a controlled, time-dependent manipulation of the entanglement

type that could be used in many innovative applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045377

Entangled qubits are the building blocks for fascinating applica-
tions in many innovative research fields, like quantum cryptogra-
phy,”” quantum communication,”* or quantum information
processing and computing.” * Besides possible applications, the phe-
nomenon of entanglement is also important from a fundamental point
of view, being a genuine quantum effect. Especially, attractive realiza-
tions of two entangled qubits are polarization-entangled photon pairs,
because they travel at the speed of light and are hardly influenced by
the environment.”

The most prominent maximally entangled states, established for
polarization-entangled photons pairs, are the four Bell states (BS)
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where H and V denote horizontally and vertically polarized photons,
respectively. The order corresponds to the order of photon detection:
in a @ Bell state (DPBS), the first and second detected photon exhibit
the same polarization, whereas in a ‘¥ Bell state (YBS), the two
detected photons have exactly the opposite polarization.

A well-established mechanism for the creation of these maxi-
mally entangled Bell states is the cascaded decay that takes place in a
four-level quantum emitter (FLE) after an initial excitation. Such an
FLE can be realized by a variety of systems, including F-centers, semi-
conductor quantum dots, or atoms.'’""” Employing a FLE, ®BS entan-
glement in the chosen basis of linearly polarized photons was
demonstrated for various conditions in both theoretical and experi-
mental studies.* ™ In contrast, ¥BS entanglement in the same line-
arly polarized basis has only been predicted in the case of continuous
laser driving.”’” For the driven FLE, laser-dressed states emerge,
which have been observed experimentally."”*' By embedding the FLE
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inside a microcavity with cavity modes tuned in resonance with the
desired emission process, certain two-photon emission processes
between the laser-dressed states can be favored.”>”” The emerging
type and degree of entanglement depend strongly on the dominant
two-photon emission path between the laser-dressed states, which, in
turn, can be tuned by the external driving strength.””

Based on these findings, we propose a protocol for time-
dependent entanglement switching using a driven FLE-cavity system.
Simply changing the external driving strength in a step-like manner
enables one to actively switch between the generation of ®BS and
WBS entanglement as well as between entangled and nonentangled
photon pairs. Therefore, different entangled states can be generated
from the same source without further processing the photons to
change the entanglement, e.g., by wave plates.

We consider an externally driven FLE-cavity system, which has
been presented in detail in Refs. 38 and 39. Figure 1 depicts a sketch of
this system. A generic FLE comprises the ground state |G), two degen-
erate intermediate single-excited states |Xy,v), and the upper state
|XX). Typically, | XX) is not found at twice the energy of the single-
excited states but is shifted by the value Eg, e.g., in quantum dots, Eg is
referred to as the biexciton binding energy.”** Transitions between the
FLE states that involve the state |Xjy/y) are coupled to horizontally/
vertically polarized light. If the |XX) state has been prepared,””*" *’
cascaded photon emission takes place when the FLE relaxes to its
ground state resulting in the typical ®BS.

An external laser with driving strength Q is used to excite the
FLE. The laser frequency is adjusted such that the two-photon transi-
tion between the ground state |G) and |XX) is driven resonantly,
resulting in a fixed energetic detuning Ay = Ep /2 between the single-
excitation transitions and the laser (cf. Fig. 1). The laser polarization is
chosen to be linear with equal components of the H and V polariza-
tion. The FLE is placed inside a microcavity and coupled to its two
energetically degenerate linearly polarized modes, H and V. The ener-
getic placement of the cavity modes is described by the cavity laser
detuning A, ie., the difference between the cavity mode and laser
energy. In typical setups, the fabrication process determines A, and it
cannot be changed afterward. Accordingly, we fix the cavity laser

XX
g v
| Xu) | d1Xv)
_ _f‘_x 1Aq
external
driving

v

NI

FIG. 1. Sketch of the driven FLE-cavity system. The FLE consists of the states
|G), |Xi/v), and [XX), which are coupled via optical transitions by horizontally/ver-
tically polarized light (green/purple straight arrows). The FLE is driven by an exter-
nal laser at the two-photon resonance, which results in a detuning of Aq to the
intermediate states (orange arrows). The FLE is embedded into a cavity with two
energetically degenerate but orthogonal horizontally/vertically polarized cavity
modes (green/purple wavy arrows) detuned by A to the laser energy.
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detuning to A = 0.8A. The coupling strength g between cavity and
FLE is assumed to be equal for all FLE transitions.

Furthermore, important loss processes, ie., radiative decay with
rate 7 and cavity losses with rate «, are included using Lindblad-type
operators.”” The time evolution of the statistical operator of the sys-
tem and two-time correlation functions are calculated by numerically
solving the resulting Liouville-von Neumann equation.”” The system
parameters for the calculations are displayed in Table 1."**” Initially, the
system is in the FLE ground state |G) without any cavity photons. For
the Hamiltonian and details on the calculations, we refer to Ref. 39.

The entanglement characterization relies on the standard two-
time correlation functions

G

o (67) = (@ (Dag(t+ T)an(t + an()), @)

with {j, k,I, m} € {H, V}."” Here, tis the real time of the first photon
detection and 7’ is the delay time between this detection event and the
detection of the second photon. The operator a; ,, creates one hori-
zontally/vertically polarized cavity photon.* In realistic two-time coin-
cidence experiments, the data are always obtained by averaging the
signal over finite real time and delay time intervals. Consequently, we
use averaged correlation functions that depend on the starting time of
the coincidence measurement t,, the used real time measurement
interval At, and the delay time window 7 (see also Ref. 39).

A measure to classify the entanglement is the two-photon density
matrix p?P, from which the resulting type of entanglement can be
extracted directly from its form. In standard experiments, p?P is recon-
structed employing quantum state tomography,” and, consequently,
it is obtained from the averaged correlation functions as detailed in
Ref. 39.

To quantify the degree of entanglement, we use the concurrence
C, which can be calculated directly from the two-photon density
matrix.”*””*" " Note that both, the two-photon density matrix and
the concurrence, depend on the parameters of the coincidence mea-
surements: ,, At, and 7. Throughout this article, a delay time window
=50 ps is assumed.””

Before presenting the switching protocol, we study the behavior
of the constantly driven FLE-cavity system as a function of the driving
strength for a fixed selected cavity laser detuning. The resulting type of
entanglement and its degree depend on the cavity laser detuning A
and the driving strength Q, as demonstrated in Ref. 39. In particular, a
high degree of ®BS or WBS entanglement is only possible, when the
cavity modes are close to or in resonance with a direct two-photon
transition between the laser-dressed states of the FLE. In the present
setup, we have fixed all frequencies and detunings, such that the only
free tuning parameter is the driving strength Q.

TABLE 1. Fixed system parameters used in the calculations.

Parameter Value
Coupling strength g 0.051 meV
Detuning Ay 20g = 1.02meV
Cavity laser detuning A 0.8Ag = 0.816 meV
Cavity loss rate K 0.1g/h ~ 7.8ns !
Radiative decay rate Y 0.01g/h ~ 0.78 ns
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The constant driving of the FLE results in a mixing of the bare
states |G), |Xuv), and |XX), such that the new eigenstates are the
laser-dressed states, which we label by |U), |M), |N), and |L). Their
respective energies are given by~

1
Ey=> (AO +1/A% + 892), (3a)

Em = Ao, (3b)
Ex =0, (3¢)

1
B =- <A0 —\/ A+ 892>. (3d)

Both the state mixing and the energies depend on the driving strength
Q, which we will now use to tune certain two-photon transitions in
resonance with the cavity modes.

Figure 2 depicts the dressed state energies [panel (a)], the mean
photon number (n) = (a}ay + alay) [panel (b)], and the concur-
rence [panel (c)] as functions of the driving strength Q. All quantities
are calculated at times where the system has reached its steady state,
ie, it is assumed that the coincidence measurements necessary to

determine p* and C are performed after the steady state in the system
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FIG. 2. (a) Energies of the four laser-dressed states as function of Q (in units of g).
Green double-headed arrows symbolize the cavity mode energy. (b) Mean photon
number (n) and (c) concurrence as functions of the driving strength Q for a cavity
laser detuning A = 0.8A,. n-photon resonances between the dressed states |y )
and |y,) are labeled by np y4|x.. The type of entanglement is color-coded:
blue = ®BS entanglement, red = ¥BS entanglement, purple =no entanglement.
Straight lines mark the driving strengths used for switching in Fig. 3.
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dynamics has been achieved.”> A color code is used to distinguish
among ®BS (blue) entanglement, PBS (red) entanglement, and non-
entangled photon pairs (purple).

The mean photon number exhibits a series of differently shaped
peaks related to n-photon transitions between the four laser-dressed
states. An n-photon transition between a pair of dressed states |y;)
and |y, ), labeled as np x|y, in Fig. 2(b), is in resonance with the cav-
ity modes when n-times the cavity laser detuning A matches the tran-
sition energy E, — E,,. Based on this condition, all peaks of enhanced
photon production can be linked to one-, two-, or three-photon reso-
nances between the dressed states. In particular, two-photon resonan-
ces manifest themselves as high and narrow peaks, e.g., for Q ~ 9g,
14g, or 29¢.

Turning to the concurrence, presented in Fig. 2(c), one obtains
again a peak-like structure and both types of Bell state entanglement
occur. By comparing the concurrence and (n), one notes that the
regions of high entanglement are associated with two-photon resonan-
ces. A more detailed analysis reveals that the features observable for
Q ~ 14g (29¢) are actually caused by two closely spaced resonances,
2p U|N and 2p M|L (2p U|M and 2p NJL), which result in a double
peak in the concurrence. A particularly high degree of ®BS entangle-
ment is obtained for Qg = 8.85¢ when the cavity mode is almost at
resonance with the two-photon transition between the dressed states
|U) and |L), while at Qg = 28.75¢, a high WBS entanglement occurs
at the two-photon transition between |N) and |L). This behavior can
be well understood using an analysis based on a Schrieffer-Wolff
transformation.” Additionally, three-photon resonances lead to small
peaks in the concurrence and in the mean photon number.

Besides the regions of high ®BS and WBS entanglement, also a
wide regime of vanishing concurrence is found, between
Q = 16g, ...,25¢, where the cavity modes do not match any multi-
photon transition process, cf. Fig. 2. Note that the vanishing degree of
entanglement in this parameter regime is not due to a lack of emitted
photons. On the contrary, the photon generation can be comparatively
high due to the proximity to one-photon resonances, cf. Fig. 2(b).
Therefore, in this parameter regime, the measurement detects two sub-
sequent photons that are not entangled.

According to our findings, we choose three driving strengths €;
with similar photon number, but different types of entanglement for
the switching protocol: at Q¢ = 8.85¢, we have a strong ®BS entan-
glement, at € = 18.00g, we have no entanglement, and at
Qy = 28.75g, we have a strong PBS entanglement.

We propose a step-like excitation protocol to demonstrate time-
dependent entanglement switching. The results are presented in Fig. 3.
A schematic sketch of the protocol is depicted in Fig. 3(a). The basic
idea is to change between three different driving strengths Q; that, in
the stationary case, are associated with different types of entangled
photon pairs. During the protocol, the FLE is continuously driven
with a constant driving strength €; for a fixed time period T, and then
Q changes step-like to one of the other two values. Accordingly, the
resulting time-dependent laser driving has a step-like structure with
step length T. In order to allow for a time resolved detection of the
entanglement type, measurements with measurement interval
At = T/4, delay time window 7 = 50 ps, and varying starting times £,
are performed.

Figure 3(b) displays the calculated concurrence for each measure-
ment as a function of its respective starting time f,, where a step length
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FIG. 3. (a) The proposed protocol that ena-
bles time-dependent entanglement switching.
The driving strength is changed instanta-
neously between the three values Qg, Quy,

and Q after a time interval T, resulting in a

o8k  tanTToo
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0.2
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step-like time-dependent laser driving with
step length T. During each step j, coincidence
measurements with starting time £, measure-
ment interval At = T /4, and delay time win-
dow t=50 ps can be performed. (b)
Concurrence calculated for the respective
measurements as a function of the starting
time £ for a step length T= 1 ns. Results are
calculated for degenerate intermediate states
[Xiv) (solid line), for the finite fine-structure

nonent.

spliting 6 = 0.1Ay between them (dashed

0 T 2T 3T

starting time g

of T=1ns is assumed. As before, the entanglement type is color
coded: blue (red) indicates ®BS (WBS) entanglement and purple sym-
bolizes nonentangled photon pairs. The corresponding two-photon
density matrices for the measurements performed at t, = 7//2, 3T/2,
and 5T /2 are depicted in Figs. 3(c)-3(e).

The protocol starts with the driving strength Qg, and indeed,
®BS entanglement with a high concurrence is obtained. The corre-
sponding two-photon density matrix shown in Fig. 3(c) represents a
two-photon state close to a maximally entangled ®BS. We find that
the occupations of the states with two equally polarized photons,
|HH) and |VV), and the coherence between them dominate p* such
that their absolute values are close to 1/2. In the second step, we switch
to Qg and obtain a high concurrence related to 'WBS entanglement. In
the two-photon density matrix, presented in Fig. 3(d), the states [HV)
and |VH) display the highest occupations and coherence values. In the
third step with €, the entanglement is switched off with zero concur-
rence. The corresponding, reconstructed density matrix is similar to a
statistical mixture, where the coherences needed for an entangled Bell
state are practically absent, resulting in a vanishing degree of
entanglement.

Having demonstrated that all types of entanglement can be created,
we continue the protocol demonstrating that the order of switching does
not play a role. Accordingly, in step 4, we switch into 'BS entangle-
ment; in step 5, we switch into ®BS entanglement; and in step 6, back to
no entanglement. The obtained concurrence is similar to that in steps
1-3. We also checked that density matrices p* obtained in the middle
of steps 4, 5, and 6 are almost identical to those presented in Figs.
3(c)-3(e) for the respective driving strength (not shown).

It is also interesting to look at the case when the measurements
start in the vicinity of switching times jT, where j € {1,2,...,5}.

line), and including pure dephasing with
hypp = 3 peV (dotted line). The cavity laser
detuning is set to A = 0.8Ay, and the driv-
ing strength values Qg =8.85¢g, Qu
=28.75g, and Qy = 18g are used. A
color code indicates ®BS (blue) and ¥BS
(red) entanglement as well as nonentangled
photon pairs (purple). (c)-(€) Corresponding
two-photon density matrices p? obtained for
the  measurements  performed  at
fto=T/2,3T/2,and 5T /2 for the case of
degenerate intermediate states.

5T 6T

Here, one observes a continuous transition between the different
entanglement types. This transition begins when the measurement
starting at f, extends into the next step, ie, when t, > jT — At.
During this transition process, the degree of entanglement, as mea-
sured by the concurrence, passes through zero when one switches
between ®BS and WBS entanglement, or vice versa. After a short tran-
sition interval, the measured concurrence enters either a plateau of
high entanglement associated with the used driving strength or
remains zero, when the driving strength is Q.

An important question is how sensitive the proposed protocol is to
parameter variations. The main requirement is that different types of
entanglement can be obtained at different driving strength values. While
regions of high ®BS entanglement can be found rather easily, ¥BS
entanglement occurs not so often. Only the two-photon transition 2p
N|L always features WBS entanglement, while for high driving strengths,
it can be found also at the 2p U]|L resonance.”” Furthermore, the neces-
sary precondition to obtain WBS entanglement at these resonances is a
finite detuning Ay. In principle, in these situations, one can then switch
between the different entanglement types using any finite cavity laser
detuning A. Hence, we expect that the protocol also works for different
values of Ay and A. However, a more elaborate analysis suggests that
high concurrence values for both entanglement types are only obtained
if A and A, are of the same order.

Another possible perturbation is an energy difference between
the single-excited states [Xj;/v), which, in quantum dots, is known as
the fine-structure splitting (FSS). A finite FSS, defined as
0 = hwx, — hwx,, between the energies of the intermediate bare
states [Xj/v), is regarded as a main obstacle for entanglement genera-
tion,"*'”*****? because it introduces which-path information and,
thus, reduces the degree of entanglement.' "'
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To consider the effect of a FSS on the switching protocol and
entangled photon pair generation, we included an FSS of 6 = 0.1A¢ in
our calculations [dashed line in Fig. 3(b)], which is a typical value
being one order of magnitude smaller than the binding
energy.””””*"** We find that this rather large FSS only marginally
reduces the concurrence compared with the previous results. The rea-
son is that the transitions in the driven system take place between the
laser-dressed states. The FSS affects the energies of the laser-dressed
states and their composition only weakly such that the resonance con-
ditions and optical selection rules hold. This implies that the generated
photonic states are practically the same, and the proposed protocol is
robust with respect to a nonzero FSS.

By adding a phenomenological rate mode

117,35

1
Lepp = 3 E Pepl 1) (X i’|X’><X,‘7 (4)
4

2
1#E7

with rate ypp and y, ' € {G, Xy, Xv, XX} acting on the statistical
operator p, we, furthermore, consider the influence of pure dephasing.
Using a realistic value for quantum dots at low temperatures,'’
hypp = 3 ueV, we find that, although the concurrence is reduced, all
essential features are unaffected. In particular, one can still switch
between different entanglement types with corresponding concurrence
C > 0.5 [dotted line in Fig. 3(b)].

In conclusion, this work presents a protocol for time-dependent
entanglement switching based on a driven four-level emitter—cavity
system. The protocol is operated by simply switching between differ-
ent driving strengths in a step-like manner. Depending on the driving
strength, one obtains either ®BS entanglement, PBS entanglement, or
nonentangled photon pairs in the respective measurements. Thus, this
work demonstrates a possibility to actively switch between different
types of entanglement using a time-dependent external laser excita-
tion. The protocol is also robust against a possible FSS. It is stressed
that the protocol enables one to achieve different types of entangle-
ment within the same basis and without further post-processing of the
generated photons.

The proposed protocol is, therefore, a suitable candidate for the
realization of time-dependent entanglement switching, which is an
important step toward future applications.
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