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Two-Photon Excitation Sets Limit to Entangled Photon Pair Generation from
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Entangled photon pairs are key to many novel applications in quantum technologies. Semiconductor
quantum dots can be used as sources of on-demand, highly entangled photons. The fidelity to a fixed
maximally entangled state is limited by the excitonic fine-structure splitting. This work demonstrates that,
even if this splitting is absent, the degree of entanglement cannot reach unity when the excitation pulse in a
two-photon resonance scheme has a finite duration. The degradation of the entanglement has its origin in a
dynamically induced splitting of the exciton states caused by the laser pulse itself. Hence, in the setting
explored here, the excitation process limits the achievable concurrence for entangled photons generated in

an optically excited four-level quantum emitter.
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Entangled quantum states [1-3] inspired the develop-
ment of applications in the fields of quantum cryptography
[4-7], quantum communication [8,9], or quantum infor-
mation processing and computing [10-13]. The simplest
realization of entangled qubits are entangled photon pairs.
These are attractive due to their robustness against envi-
ronmental decoherence [2]. In the past decades, quantum
dots (QDs) have emerged as a versatile platform for the
generation of polarization-entangled photon pairs in experi-
ment [14-31] and theory [32-39] as well as for time-bin
entangled photon pairs [40-42].

Their generation relies on the biexciton-exciton cascade.
After the biexciton is prepared, it decays by one of two
paths, cf. Fig. 1 middle panel, ideally emitting either a pair
of horizontally (H) or vertically (V) polarized photons. In
the ideal case of zero fine-structure splitting, the informa-
tion of the chosen path (which-path information) is miss-
ing, and the resulting two-photon state
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is a maximally entangled Bell state. However, in reality, the
generated state deviates from the perfect Bell state. This
deviation can be quantified by the fidelity F [43] or the
concurrence C [44], defined such thatonly F = 1or C =1
corresponds to a maximally entangled Bell state.

The fine-structure splitting (FSS), i.e., an energy differ-
ence between the two exciton levels, is a major obstacle for
generating perfectly entangled states. By breaking the
symmetry of the system, it introduces which-path infor-
mation during the photon generation [45]. Several methods
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were developed to suppress the FSS [9,18,20,25], resulting
in entangled states with higher concurrence. From the
theory side, it was predicted that an initially prepared
biexciton yields a maximally entangled state in the case of
vanishing FSS [32,36], even when cavity and radiative
losses as well as phonons are considered.

However, the influence of the preparation process is still
under debate. Early experimental proof-of-principle studies
often employed far off-resonant excitation schemes, where
carriers were excited in higher QD states or the wetting
layer, which subsequently relaxed into the biexciton state
[16-20]. Recent state-of-the-art experiments rely on a
coherent two-photon resonant excitation (TPE) scheme
with typical pulse durations on the order of 10 ps and
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FIG. 1. A Gaussian pulse (left) with finite full width at half
maximum (FWHM) excites a quantum dot. In the two-photon
resonant excitation scheme, the central frequency of the laser
pulse matches half of the ground state-to-biexciton transition
energy. The excited quantum dot decays radiatively, following the
diamond-shaped cascade. Ideally, either a pair of horizontally (H)
or vertically (V) polarized photons is emitted (center), resulting in
a maximally entangled state |®@,) described by the ideal two-

photon density matrix p*” (right).
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light with linear polarization in the QD growth plane,
and demonstrate very high degrees of entanglement
[6,24-26,28,29,31,46], because of the strongly reduced
reexcitation probability [47,48]. Nevertheless, perfectly
entangled photons have not yet been observed, and the
question remains whether TPE can still be a source of
entanglement degradation.

In this Letter, we show that the TPE scheme employed to
create the biexciton sets a limit to the obtainable con-
currence. To demonstrate this, we present numerical
simulations alongside analytical calculations giving a
dependence of the maximally achievable concurrence as
a function of the full width at half maximum (FWHM) of
the exciting Gaussian laser pulse. We provide a clear
physical picture of how the laser introduces which-path
information that significantly reduces the achievable degree
of entanglement.

We model the QD as a four-level system, cf. Fig. 1,
consisting of the ground state |G), excitons with horizontal
and vertical transition dipoles |Xy) and |Xy), and the
biexciton |B). The FSS between the two exciton states,
which is typically on the order of a few ueV, is denoted as &
and we assume that the energy of |Xy) is always higher
than the one of |Xy). Ep is the biexciton binding energy,
i.e., the difference between the energy of two uncorrelated
excitons and the biexciton. The biexciton (an exciton)
decays with a characteristic rate yg (yy) into an exciton (the
ground) state. For the numerical calculations, we use
parameters for typical GaAs QDs given in Table I.

In experiments, the concurrence is obtained from the
two-photon density matrix which is reconstructed employ-
ing quantum state tomography [49]. This scheme relies on
measuring polarization-resolved two-time correlation
functions, where the measurement represents a statistical
average over both time arguments—the real time of the first
detection event and the delay time until a subsequent
second one. In principle, one can restrict the averaging
intervals to narrow time windows, which corresponds to
selecting different subsets of photon pairs [35]. Such time
filtering can be used to alleviate dephasing effects, but at
the cost of a reduced photon generation. Here, the two-
photon density matrix p?’ [in the basis {|HH),|HV),
|VH),|VV)}]is calculated based on time-integrated corre-
lation functions, where we average over all possible real
and delay times. Details of the theoretical model, the two-
photon density matrix, and the concurrence can be found in
Supplemental Material [50].

It is instructive to briefly recapitulate the concurrence
predicted for the initial value problem where one assumes
an initially prepared biexciton. In the ideal situation of a
vanishing FSS, the energy structure is completely sym-
metric, and the resulting two-photon state is maximally
entangled. But, if the FSS is finite, the two emission paths
in the biexciton-exciton cascade can be distinguished, and
emitted photons with opposite polarization exhibit slightly

TABLE I. Quantum dot parameters used in the calculations.
Parameter Value
Biexciton binding energy Ep 4 meV
Exciton-laser detuning Ayp Ep/2 =2 meV
Radiative decay rate exciton 7x 0.005 ps~!
Radiative decay rate biexciton 7B 2yx = 0.010 ps~!

different energies. Thus, a finite FSS introduces which-path
information into the system. In the two-photon density
matrix this which-path information manifests itself in a
reduced coherence between the states |HH) and |VV). The
corresponding concurrence can be calculated analytically,
cf. Supplemental Material [50], yielding

Co(rx, 8) = ——=. (2)

It depends solely on the ratio between the FSS 6 and the
decay rate yy of the exciton states. We stress that in the case
of 6 =0, the concurrence is unity for an initially pre-
pared biexciton, i.e., the maximally entangled Bell state is
created. In particular, it was shown that the concurrence in
this case is robust against dephasing processes [32,35,36].

For a finite FSS, C, reflects the integration over a time-
dependent phase oscillation of the exciton coherence
during the measurement process [45]. Because of this
oscillating phase, the two-photon state associated with
one possible cascaded decay is

) = ji (HH) + 7| vy)). 3)

where 7 is the delay time between the first (biexciton) and
second (exciton) photon emission event. Averaging over all
possible realizations with different delay times results in a
mixed state with a reduced coherence. Note that the
concurrence depends on the averaging window for the
delay time in the experiment. Selecting only photon pairs in
a small delay-time window results in a higher concurrence
[24,30], but one has to discard the majority of emission
events. Furthermore, when the QD is embedded inside a
cavity, even in the limit of a vanishing averaging window,
the concurrence does not reach unity [35].

Having seen that in the limit of vanishing FSS, an
initially prepared biexciton yields unity concurrence, we
now consider the impact of the excitation process in the
TPE scheme. Here, the biexciton is excited by a laser pulse
in resonance with the two-photon biexciton transition. In
the simulations, we assume a Gaussian pulse with envelope
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FIG. 2. Concurrence in dependence of the pulse duration,
characterized by its FWHM, for two laser polarizations [hori-
zontal (H) filled symbols and diagonal (D) open symbols] and
three fine-structure splittings 6 = O (blue circles), 1.5 ueV (green
diamonds), and 3 pueV (red squares). The symbols represent
numerical results and lines are the analytic expression Eq. (8) (H
polarization: solid line; D polarization: dashed line). For § = 0,
the results for H and D polarization are exactly the same. Data
points at Agwym = O (pentagons) represent calculations with an
initially prepared biexciton without optical excitation.

where the FWHM of the laser pulse Ay 1s the central
quantity of interest. Note that the width of the correspond-
ing laser intensity /() o Q*(f) is characterized by
Apwim/ V2. To achieve a two-photon 7 pulse, the pulse
area O is determined numerically, such that the maximal
biexciton occupation is obtained. The optimal value is
roughly

E
BAFWHM P (5)
fy/2710(2)

cf. Supplemental Material [50]. Note that the concurrence
is not sensitive to the initial occupation of the biexciton—it
can reach unity also for a partially occupied biexciton state.

We start with the case of vanishing FSS, i.e., § = 0, and
consider two different linear laser polarizations: (i) hori-
zontal, i.e., the laser polarization coincides with the
polarization H, and (ii) diagonal, i.e., the laser polarization
has equal components in H and V. As shown in Fig. 2 (blue
symbols), both laser polarizations result in the same
concurrence. In contrast to the initial value problem without
optical excitation, i.e., data points at Agpwmgy = 0, the
concurrence drops significantly with increasing FWHM.
For a typical pulse length of 10 ps [6,26,29], the con-
currence decreases to C = 0.975. Using a dressed state
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FIG. 3. Top: sketches of the four-level system with the laser-
induced effects for (a) horizontal polarization and (b) diagonal
polarization. Black lines are the unperturbed quantum dot states.
Optical transitions are indicated by dashed arrows. The laser
effect for horizontally polarized excitation can be interpreted as
an ac Stark shift yielding an energetic splitting E. For a diagonal
polarization, the laser-induced interaction can be interpreted as a
coupling between the excitons with coupling strength V.
Bottom: examples of resulting density matrices for the two
polarizations.

picture, we can derive (see Supplemental Material [50]) the
analytic expression

C~1-2f(yp, Apwrm) (6a)

A A
i Arw) =25 x| VISR ()

which describes the drop of concurrence with increasing
FWHM well. The obtained result depends solely on the
product of the FWHM and the biexciton decay rate, which
can be interpreted as a measure for the number of biexciton
photons that are emitted during the pulse. We stress that this
drop does not originate from an increasing reexcitation
probability, cf. Supplemental Material [50], i.e., the crea-
tion of additional photons is negligible.

To understand this drop in concurrence, we start with
considering the excitation with horizontal (H) polarization.
We recall that a reduced degree of entanglement is
associated with which-path information. The only source
of the latter in the TPE scheme is the laser pulse, which
makes the level configuration (dynamically) asymmetric as
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illustrated in Fig. 3(a). Only |Xy) interacts with the laser
pulse, while |X /) remains unchanged. The interaction with
this laser pulse introduces an ac Stark shift for [Xp),
resulting in a finite energy shift Eg o< Q*(¢)/Ep. For the
two-photon 7z pulse, this energy shift is on the order of

hr

AFWHM

ESN

; (7)

cf. Supplemental Material [50]. Hence, during the pulse,
the two exciton states are split by Eg. As in the case of a
fixed FSS, the dynamic splitting Eg gives rise to phase
oscillations of the exciton coherence until the pulse is gone.
Thus, on the timescale of the pulse, which-path information
is introduced by the TPE scheme itself. Note that for a
FWHM of 10 ps, Eg ~ 200 peV is one order of magnitude
larger than typical FSSs. With increasing pulse length the
dynamically induced splitting E¢ becomes smaller but
persists in a longer time window. Thus, more emitted
photon pairs are affected by it, resulting in a monotonic
drop of the concurrence with rising FWHM. It is instructive
to consider the effect of this which-path information on the
two-photon density matrix as shown in Fig. 3(a), bottom
row. Similar to what occurs for a finite FSS, we observe a

reduced coherence p%{FH.VV‘

Because the reduced concurrence has been traced back to
an asymmetry during the pulse, one could naively assume
that using a diagonally polarized laser might result in a
maximally entangled state. But numerical calculations with
a diagonal polarization yield exactly the same degree of
entanglement, cf. Fig. 2. Of course, when the FSS is absent,
all orthogonal bases, constructed as linear combinations of
the horizontally and vertically polarized exciton state, are
equivalent. Consequently, all linear laser polarizations yield
the same entanglement. Clearly, this applies to the basis
states |Xp/a) = (|Xpy) £ |Xy))/v/2, for which the system
becomes identical to the one with the horizontal laser
polarization.

It is nevertheless instructive to look at the interpretation
of the drop in concurrence for a diagonally polarized
excitation. During the laser pulse, the action of the pulse
can be described as a full-amplitude (coherent) oscillation
between the two different exciton states (cf. Supplemental
Material [50]). Thus, if the QD decays into an exciton state
via the emission of a biexciton photon already during the
pulse duration, the pulse introduces an effective coupling to
the other exciton. In Fig. 3(b) this coupling is denoted as
V. Therefore, during the pulse duration, the exciton state
can change and the subsequently emitted exciton photon
can have a different polarization than the prior biexciton
photon. Consequently, the interaction with the laser enables
the creation of two-photon states |[HV) and |VH), which
represent a deviation from the maximally entangled state
|®, ). This interpretation is confirmed by looking at the
two-photon density matrix in Fig. 3(b), where the elements

pihy v and pify; 1y become finite, causing a reduced degree
of entanglement. Note that for diagonal polarization the
occupations ply; ;7 and pih 1y have the same value as the

coherence |p7, wyy| in contrast to the excitation with
horizontal polarization where the relative amplitude of this
coherence is reduced.

Thus, a diagonal laser polarization corresponds to
describing the same effect in a different basis or picture.
This is similar to the FSS stemming from the anisotropic
exchange interaction, which can also be discussed as an
interaction between circularly polarized excitons or an
energetic splitting & between linearly polarized ones. In
the TPE scheme, the electromagnetic field plays the role of
a tunable exchange interaction.

Finally, we analyze the combined effect of FSS and
laser-induced splitting. Figure 2 shows the concurrence
obtained for two finite FSSs 6 = 1.5 ueV (green) and
3 ueV (red) for a horizontal (H: filled symbols) and
diagonal (D: open symbols) laser polarization. We remind
the reader that in the limit of a vanishing pulse duration, i.e.,
Apwpm — 0, the concurrence is given by Cy(ry,9).
Starting from this value, the concurrence drops with rising
FWHM due to the laser-induced splitting. Depending on
the laser polarization, this can be observed either as an
additional loss of coherence (horizontal polarization) or an
increase of detrimental photon states (diagonal polariza-
tion) in the two-photon density matrix, cf. Supplemental
Material [50]. Because the effect of the FSS on the TPE
scheme is negligible for 0 <« Ep, we find only a marginal
difference between the two polarizations.

In this case, the drop in concurrence is well described by
the analytic expression

C~ Co(rx,0){1 = f(r5, Arwnm)[1 + g(ay)]}
— (. Arwam)[1 — g(an)]. (8a)

glay) = (1 - 2a3)%, (8b)

where C, [defined in Eq. (2)] represents the concurrence
associated with an initially prepared biexciton, while f
[defined in Eq. (6b)] and ¢ capture the influence of the
pulse duration and the laser polarization, respectively. The
parameter ay describes the component of the laser polari-
zation in the H direction such that the horizontal (diagonal)
laser polarization corresponds to ay =1 (ay = 1/V/2).
Note that for 6 = 0, this expression reduces to Eq. (6) and
becomes independent of the laser polarization.

When both FSS and laser-induced splitting are present,
the laser polarizations have a slightly different impact. The
difference between the concurrence obtained for horizontal
and diagonal polarization is estimated as

AC = f(7g. Apwnm)[1 = Co(rx. 5)] )
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and increases with pulse duration and FSS. This implies
an optimal laser polarization can be found. By analy-
zing Eq. (8), one finds that the horizontal polarization
corresponds to the optimal choice, while diagonal polari-
zation is the most detrimental one.

Additionally, we have performed numerical calcula-
tions with a rectangular pulse with smoothened edges
(cf. Supplemental Material [50]). The resulting concurrence
shows only negligible differences to the case of a Gaussian
pulse. Note that the analytic expressions do not depend on
the pulse shape and that the effect stems from a symmetry
breaking related to the laser polarization. This underlines
that the pulse shape only marginally influences the upper
bound for the concurrence.

In conclusion, our analysis shows that the TPE scheme
with a pulse of finite duration sets a limitation for the
degree of entanglement of photon pairs due to the excita-
tion itself. This result is supported by numerical calcu-
lations for a two-photon 7 pulse as well as analytical
expressions. Its generic nature is explained by an intuitive
physical picture of a Stark-induced energy splitting, which
introduces which-path information, and thus, reduces the
entanglement. The effect increases for longer pulses, and,
in principle, disappears in the limit of instantaneous
excitation. However, in this limit the excitation model
and the TPE scheme become inadequate. In most practical
situations, a pulse shorter than 2-3 ps produces unwanted
exciton states in typical InGaAa or GaAs QDs.
Consequently, while the FSS in QDs can be reduced to
zero, the pulse length cannot, and this sets an upper limit for
the on-demand generation of entangled photon pairs. Note
that we also expect the indistinguishability of photons from
subsequent TPE pulses to be limited due to the dynamic
laser-induced energy shift.

Our calculations accounted only for the most basic
relaxation mechanisms that are present in all realizations
of a four-level emitter, i.e., rates for the cascaded decay.
Further influences that might affect the entanglement such
as, e.g., phonons were disregarded. Our analysis thus
explores an ideal situation highlighting the detrimental
effect of the excitation scheme even in the absence of other
destructive mechanisms.

Finally, we note that our theoretical prediction of
C=0.975 is very close to the highest experimentally
achieved concurrence of 0.97(1) [26]. This may indicate
that the laser-induced which-path information provides a
quantitative explanation for the observed deviation from
unity.
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