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Two-photon excitation with finite pulses unlocks pure dephasing-induced degradation
of entangled photons emitted by quantum dots
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Semiconductor quantum dots have emerged as an especially promising platform for the generation of
polarization-entangled photon pairs. However, it was demonstrated recently that the two-photon excitation
scheme employed in state-of-the-art experiments limits the achievable degree of entanglement by introducing
which-path information. In this work, the combined impact of two-photon excitation and longitudinal acoustic
phonons on photon pairs emitted by strongly-confining quantum dots is investigated. It is found that phonons
further reduce the achievable degree of entanglement even in the limit of vanishing temperature due to phonon-
induced pure dephasing and phonon-assisted one-photon processes, which increase the reexcitation probability.
In addition, the degree of entanglement, as measured by the concurrence, decreases with rising temperature
and/or pulse duration, even if the excitonic fine-structure splitting is absent and when higher electronic states
are out of reach. Furthermore, in the case of finite fine-structure splittings, phonons enlarge the discrepancy in
concurrence for different laser polarizations.
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I. INTRODUCTION

In the past decades, many fascinating applications emerged
in novel quantum technologies, such as quantum cryptography
[1–4], quantum communication [5], or quantum informa-
tion technology and computing [6–9], that are based on the
concept of entanglement, a genuine quantum phenomenon.
Especially entangled photons attracted a lot of interest as pho-
tons travel at the speed of light and are hardly influenced by
their environment [10]. Semiconductor quantum dots (QDs)
show the potential to be an excellent on-demand source of
high-quality polarization-entangled photon pairs, as demon-
strated in various experiments [11–29] and theoretical studies
[30–37].

Focusing on its biexciton-exciton cascade, a QD represents
a quantum emitter with four levels in a diamond configuration
(cf. Fig. 1), that, in principle, is able to generate maximally
entangled photon pairs. After the preparation of the biexciton
state, two photons are emitted while the QD relaxes back
into its ground state. Because there exist two different exciton
states, this relaxation can take two different paths, resulting in
the creation of either two horizontally (H) or two vertically
(V ) polarized photons. Thus, in an ideal situation, i.e., when
both decay paths are otherwise indistinguishable, a maximally
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entangled two-photon state

|�+〉 = (|HH〉 + |VV 〉)/
√

2 (1)

is generated. However, in typical QDs, the exchange interac-
tion causes the two exciton states to be energetically split by
the so-called fine-structure splitting (FSS). Due to the FSS, the
emitted photons can be distinguished by their energies. Thus,
the FSS introduces which-path information into the system
as both decay paths are no longer indistinguishable, resulting
in a reduced degree of entanglement. In the measured two-
photon state, this which-path information manifests itself as a
reduced coherence between the states |HH〉 and |VV 〉 caused
by a time-dependent phase oscillation between the exciton
states with a frequency proportional to the magnitude of the
FSS [38].

Several approaches to eliminate the FSS have been pursued
[15,17,22,23] and state-of-the-art experiments employing
resonant two-photon excitation (TPE) have reported unprece-
dented degrees of entanglement [3,21–26,39]. However, a
perfectly entangled two-photon state |�+〉 has not yet been
observed. Rather, it was shown recently that the TPE scheme
itself limits the achievable degree of entanglement by intro-
ducing an energy splitting between the exciton states via the
AC Stark effect, and thus which-path information, during the
duration of the excitation pulse [40,41].

In contrast to other possible realizations of a four-
level quantum emitter, like F centers or atoms [42–44],
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FIG. 1. Sketch of the considered system. In the two-photon exci-
tation scheme, a Gaussian laser pulse (left) with finite full width at
half maximum (FWHM) is tuned to the two-photon resonance of a
semiconductor quantum dot (center). Furthermore, due to its environ-
ment, the quantum dot is coupled to longitudinal acoustic phonons.
The excited biexciton decays radiatively, following the biexciton-
exciton cascade. In the ideal situation, either two horizontally (H )
or two vertically (V ) polarized photons are emitted, resulting in the
creation of the maximally entangled state |�+〉, as described by the
ideal two-photon density matrix ρ2p (right).

QDs unavoidably interact with their semiconductor envi-
ronment, giving rise to electron-phonon interactions. The
pure dephasing-type coupling to longitudinal acoustic (LA)
phonons in strongly-confining QDs was shown to impact the
entanglement of emitted photon pairs in the case of finite
which-path information. Depending on other system param-
eters, the phonon impact can range from phonon-induced
enhancement [35] over a partially reduced degree of en-
tanglement [32] to a complete loss of entanglement, which
takes place for strong constant excitation [45]. Note that for
completely symmetric level structures without FSS, pure de-
phasing does not reduce the degree of entanglement when an
initially prepared biexciton is assumed [30–32]. However, this
may change when the finite time of the excitation process
is explicitly taken into account, especially because the TPE
scheme itself introduces which-path information. In particu-
lar, it has previously been demonstrated that in the case of
a finite FSS phonons can reduce the degree of entanglement
by increasing dephasing and assisting off-resonant single-
photon transitions [32]. In view of all the above-mentioned
different ways how phonons may affect the degree of en-
tanglement generated in an exciton-biexciton system, it is
unclear—without further investigations—what role phonons
may play when combined with the effects introduced by the
finite pulse duration needed for TPE preparation of the system
in the biexciton state.

In this work, we investigate the combined impact of
the TPE scheme and LA phonons on polarization-entangled

photon pairs emitted by strongly-confining GaAs-based quan-
tum dots. Section II specifies the theoretical model for the
optically excited QD as well as the calculation scheme for the
two-photon density matrix and the degree of entanglement.
Based on this model, the degree of entanglement, as measured
by the concurrence, is studied as a function of temperature
and pulse duration in Sec. III. Indeed, it is found that the
combination of TPE and the coupling to LA phonons results
in an additional decrease of the concurrence. For practical
applications it is equally important to know how this addi-
tional drop depends on temperature. This is not only relevant
at cryogenic temperatures that are usually used in attempts
to maximize the degree of entanglement. While at such low
temperatures one usually wants to know what limit is set by
phonons to the maximum level of entanglement, at higher
temperatures the focus shifts to the question of whether there
is still enough entanglement left to realize a useful source of
entangled photons at temperatures that are more convenient
for practicable applications. We have therefore determined
the temperature dependence of the concurrence up to more
elevated temperatures and find a decreasing concurrence with
rising temperature, even if the FSS vanishes. Furthermore,
this detrimental effect increases with rising pulse duration.
However, we find that at 50 K the emitted photons can still
be entangled to 90% indicating promising perspectives for
applications at elevated temperatures.

II. THEORETICAL MODEL AND EVALUATION
OF ENTANGLEMENT

We consider a strongly-confining InGaAs QD coupled to
a continuum of LA phonons that is optically excited using
the TPE scheme, as schematically illustrated in Fig. 1. The
biexciton is excited with a Gaussian laser pulse that is tuned
to the two-photon resonance. Due to the strong confinement,
higher excited states can be neglected and the QD is modeled
as a four-level system. In the ideal situation, the decay of the
biexciton yields the maximally entangled state |�+〉 described
by the ideal two-photon density matrix shown in the lower
right corner of Fig. 1.

A. Optically excited strongly-confining quantum dots

The electronic structure of the QD is modeled as a four-
level system, comprising the electronic ground state |G〉, two
exciton states |XH/V〉 that couple to horizontally and vertically
polarized light, respectively, and the biexciton state |B〉. In the
frame co-rotating with the external laser frequency ωL, the
corresponding Hamiltonian is given by

ĤQD =
(

�XL + δ

2

)
|XH〉〈XH| +

(
�XL − δ

2

)
|XV〉〈XV|

+ (2�XL − EB)|B〉〈B|, (2)

where the energy of the ground state is used as the zero of
the energy scale. Here �XL := h̄(ωX − ωL) is the detuning
between the mean exciton energy h̄ωX and the excitation laser,
δ is the FSS, and EB denotes the biexciton binding energy.

In the TPE scheme, the biexciton is directly excited with
a short laser pulse tuned to the two-photon transition energy,
i.e., �XL = EB/2. We assume a Gaussian pulse shape with
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envelope function

�(t ) =
√

4 ln(2)

π

	

�FWHM
exp

[
−4 ln(2)

(
t − tL

�FWHM

)2
]
, (3)

where the pulse duration is characterized by the full width
at half maximum (FWHM) �FWHM. In typical experiments,
the pulse duration is around 10 ps [3,23,25]. Note that the
FWHM of the corresponding intensity profile I (t ) ∝ �2(t )
is �FWHM/

√
2. tL denotes the time of the pulse maximum

and 	 is the (one-photon) pulse area. In the rotating wave
approximation, the interaction between the QD and the laser
pulse is described by the Hamiltonian

ĤL = �(t )(σ̂L + σ̂
†
L ), (4)

where the linear polarization of the laser is encoded in the
coefficients αH/V ∈ R in the operator

σ̂L = αHσ̂H + αVσ̂V. (5)

Here the operator σ̂H/V := |G〉〈XH/V| + |XH/V〉〈B| describes
the QD transitions coupled to horizontally/vertically polarized
light. In this work, two different (linear) laser polariza-
tions are considered: (i) horizontal laser polarization, i.e.,
αH = 1, αV = 0, and (ii) diagonal laser polarization, i.e.,
αH = αV = 1/

√
2, with equal components in H and V

direction.
The transitions between QD states that result in photon

emission are modeled as radiative decay processes. They are
described by Lindblad operators [46]

LÔ,�ρ̂ = �

2
(2Ôρ̂Ô† − Ô†Ôρ̂ − ρ̂Ô†Ô) (6)

with the corresponding transition operator Ô and rate �, that
act on the statistical operator of the system ρ̂. Due to the
optical selection rules, the possible radiative decay processes
are described by the four operators: L|G〉〈XH|,γX , L|G〉〈XV|,γX ,
L|XH〉〈B|, γB

2
, and L|XV〉〈B|, γB

2
. Here, γB (γX) is the radiative decay

rate of the biexciton (an exciton) state.
In strongly-confining InGaAs QDs, the most important

electron-phonon interaction at low temperatures is the de-
formation potential coupling to a continuum of LA phonons
[47–50]. This coupling is of the pure dephasing type and is
described by the Hamiltonian

ĤPh = h̄
∑

q

ωqb̂†
qb̂q + h̄

∑
χ,q

nχ

(
γ X

q b̂†
q + γ X

q
∗
b̂q

)|χ〉〈χ |, (7)

where the bosonic operator b̂†
q creates a phonon in mode

q with energy h̄ωq, nχ = {0, 1, 1, 2} denotes the number of
excitons present in the QD state |χ〉 = {|G〉, |XH〉, |XV〉, |B〉},
and γ X

q is the exciton-phonon coupling strength. Here, we
have classified the above exciton-phonon coupling as being
of pure dephasing type since the coupling is only to the
occupations of the states |χ〉 and not to transitions between
them. It should be noted that combining such a pure dephas-
ing type coupling with other interactions, the pure dephasing
coupling may also affect the dynamics of the occupations as is
manifested, e.g., in the damping of Rabi oscillations [51–54].

TABLE I. Realistic quantum dot parameters.

Parameter Value

Biexciton binding energy EB 4 meV
Exciton-laser detuning �XL EB/2 = 2 meV
Radiative decay rate exciton γX 0.005 ps−1

Radiative decay rate biexciton γB 2γX = 0.010 ps−1

The dynamics of the statistical operator ρ̂ of the complete
system is governed by the Liouville–von Neumann equation

d

dt
ρ̂ = − i

h̄
[Ĥ, ρ̂] +

∑
�=H,V

{
L|G〉〈X�|,γX + L|X�〉〈B|, γB

2

}
ρ̂, (8)

Ĥ = ĤQD + ĤL + ĤPh, (9)

where [Â, B̂] is the commutator of two operators Â and B̂.
Employing a numerically complete real-time path-integral
method detailed in Refs. [55–59], the dynamics of the re-
duced QD density matrix ˆ̄ρ = TrPh{ρ̂} is obtained. In the
path-integral algorithm, the coupling to LA phonons enters via
the phonon spectral density J (ω) = ∑

q |γ X
q |2δ(ω − ωq). An

explicit expression for this quantity can be found in Ref. [58]
and the necessary GaAs material parameters are taken from
Ref. [49]. In this work, we consider a spherically symmetric
InGaAs QD with a harmonic confinement and electron (hole)
confinement length ae = 3 nm (ah = ae/1.15). Furthermore,
we use realistic parameters for the remaining QD properties,
listed in Table I. For our numerical simulations, we assume
that the phonons are initially in a thermal equilibrium at tem-
perature T , while the QD is in its ground state |G〉. Note that
for each simulation the optimal pulse area 	 is determined
numerically by optimizing for the maximum biexciton occu-
pation after the pulse.

The numerical completeness of our simulation means that,
in order to evaluate the dynamical variables of interest, no
approximations to the model are made. We are neither using
an expansion with respect to a presumably small parameter
such as the exciton-phonon or exciton-laser coupling nor do
we neglect memory effects as done by Markovian approaches.
In particular, the memory functions representing the phonon-
induced memory can be evaluated beforehand [57,59] such
that the depth of the memory is known before starting the
path-integral simulation. Numerical errors arise in our simu-
lation only due to discretization errors that are easily checked
for convergence.

B. Reconstructed photonic density matrix and concurrence

State-of-the-art experiments employ quantum state tomog-
raphy [60] to reconstruct the emitted two-photon state. This
measurement scheme is based on polarization-resolved two-
time coincidence measurements. The obtained signals are
proportional to two-time correlation functions of photon op-
erators. Because the sources of the emitted photons are
electronic transitions between the QD states, i.e., the radiative
decay, the two-time correlation function can be calculated
using QD state transition operators as

G(2)
jk,�m(t, τ ) = 〈σ̂ †

j (t )σ̂ †
k (t + τ )σ̂m(t + τ )σ̂�(t )〉, (10)
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where { j, k, �, m} ∈ {H,V }. Here, t denotes the time of the
first photon detection event, while τ is the delay time until a
subsequent second one occurs.

In experiments, one always measures quantities averaged
over finite real time and delay time windows. Usually, the
average interval for the real time Tav is chosen such that it
encompasses the complete decay process. However, different
subsets of emitted photons can be selected choosing different
delay time windows τav [31]. While a shorter delay time win-
dow is typically advantageous for the degree of entanglement
[31,61,62], the corresponding photon yield is reduced. Since,
however, in applications often a high yield is mandatory, all
created photons should be utilized. Thus, we aim for the max-
imum photon yield and consider all photon emission events.
Consequently, we calculate the two-photon density matrix
ρ2p as

ρ
2p
jk,�m = G

(2)
jk,�m

Tr{G(2)}
, (11)

G
(2)
jk,�m = lim

Tav,τav→∞

∫ Tav

0
dt

∫ τav

0
dτ G(2)

jk,�m(t, τ ), (12)

where both time windows are taken in the limit of infinity.
Details on the numerical evaluation of two-time correlation
functions within the path-integral formalism can be found in
Ref. [63]. It is important to note that our approach avoids
using the quantum regression theorem (QRT). The QRT is
the standard tool for evaluating two-time correlation func-
tions. However, its derivation relies on the assumption that
all environment influences are Markovian [64,65], which is
not true for phonons. Using the QRT naively in the bare state
basis yields emission spectra where the phonon sidebands
appear energetically on the wrong side [66]. Working in a
polaron transformed frame by using the polaron master equa-
tions (PMEs) the correct energetic position of the sidebands
is recovered [67–69]. However, even an advanced scheme
like the PME, which works very well for single-time density
matrices and captures many of the pertinent non-Markovian
features of emission spectra, turns out to yield noticeable
errors in evaluating two-time correlation functions needed,
e.g., for the indistinguishability [70]. Using a numerically
complete scheme we are on the safe side to obtain correct
values for the two-time correlation functions required for our
present study.

The degree of entanglement associated with a recon-
structed two-photon density matrix is quantified using the
concurrence, a well-established entanglement measure that
has a one-to-one correspondence to the entanglement of for-
mation [71,72]. In the basis {|HH〉, |HV 〉, |V H〉, |VV 〉}, the
concurrence C is obtained directly from the two-photon den-
sity matrix

C = max{0,
√

λ1 −
√

λ2 −
√

λ3 −
√

λ4}, (13)

where λ j � λ j+1 are the (real and positive) eigenvalues of the
4×4 matrix

M = ρ2p � (ρ2p)∗ �. (14)

Here, � is the antidiagonal matrix with elements
{−1, 1, 1,−1} and (ρ2p)∗ denotes the complex conjugated
two-photon density matrix.

III. PHONON INFLUENCE DURING TWO-PHOTON
EXCITATION

The focus of this work is to investigate the combined im-
pact of the TPE scheme and the pure dephasing-type coupling
to LA phonons on the degree of entanglement of photon pairs
emitted from strongly-confining QDs. First, the influence of
phonons on the two-photon state is analyzed for a typical fixed
pulse duration. Afterward, we study the combined impact for
varying lengths of the excitation pulse.

A. Temperature-dependent degradation of the entanglement

We consider a typical pulse duration of �FWHM = 10 ps
[3,23,25] and investigate the temperature dependence of the
obtained concurrence. Figure 2(a) displays the concurrence
as a function of temperature T for horizontal (H , filled sym-
bols) and diagonal (D, open symbols) laser polarization. A
vanishing FSS (blue) as well as a finite FSS of δ = 3 µeV
(red) is considered. In all cases, the degree of entanglement
decreases monotonically with rising temperature, revealing a
phonon-induced degradation of the entanglement. While the
obtained concurrence is independent of the laser polarization
for a vanishing FSS, the difference �C between the concur-
rence obtained for horizontal and diagonal laser polarization
increases with temperature when the FSS is finite. Although
the concurrence comes close to the corresponding phonon-
free result (gray horizontal lines) in the limit T → 0, the latter
is not recovered, even for T = 0.

In order to understand the phonon influence, we briefly
recapitulate the results for an ideal four-level quantum emit-
ter, i.e., the phonon-free case, discussed in Ref. [40]. It was
found that the degree of entanglement is limited due to a
laser-induced which-path information introduced during the
excitation pulse; cf. gray horizontal lines in Fig. 2(a). Be-
cause there is a finite probability that the biexciton decays
into an exciton state already during the pulse, this which-
path information impacts the emitted two-photon state and
reduces the concurrence. Note that reexcitation is hardly a
factor in the phonon-free case since the one-photon process
bringing the QD from the exciton state back into the biexciton
is strongly detuned from the laser energy. In the polariza-
tion basis {H,V }, the laser-induced which-path information
is interpreted differently, depending on the chosen laser po-
larization. In the case of the horizontal laser polarization,
an energy splitting on the order of ES ∼ h̄π/�FWHM is in-
troduced between the two exciton states |XH〉 and |XV〉 due
to the AC Stark effect. Similar to the FSS, the splitting ES

results in dephasing and a reduced coherence ρ
2p
HH,VV in the

two-photon density matrix. On the other hand, a diagonal
laser polarization introduces an effective coupling between
these exciton states, creating undesired photon states |HV 〉
and |V H〉. Because all linear laser polarizations are equiva-
lent, in the case of a vanishing FSS, the resulting concurrence
is exactly the same for both laser polarizations. However, if
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FIG. 2. (a) Concurrence as a function of temperature for a typical pulse duration �FWHM = 10 ps. Two different laser polarizations
[horizontal (H ): filled symbols and diagonal (D): open symbols] as well as two fine-structure splittings δ = 0 (blue circles) and 3 µeV (red
squares) are considered. The symbols represent numerical results and dotted (dashed) lines indicate a guide to the eye for horizontal (diagonal)
laser polarization. The corresponding phonon-free results are indicated by gray horizontal lines with the same dash type. For δ = 0, the results
for H and D polarization are exactly the same. (b) Ratio between the two-photon density matrix elements |ρ2p

HH,VV | and ρ
2p
HH,HH , and (c) sum of

the elements ρ
2p
HV,HV and ρ

2p
V H,V H for the calculations presented in panel (a).

the FSS is finite, using a horizontal laser polarization gives a
slightly higher concurrence.

Similar to the phonon-free case, the phonon effects that
reduce the degree of entanglement depend on the laser po-
larization. We start the analysis with the case of the horizontal
laser polarization. In this situation, the loss of entanglement
can be traced back to two phonon-related effects. The laser
couples only to QD transitions involving |XH〉 and, thus, in-
troduces an effective splitting ES between the exciton states.
Because the exciton states are energetically split during the
pulse, phonons can reduce the concurrence by increasing
dephasing [32]. Due to the effective splitting the two decay
paths are associated with different transition energies. Thus,
phonons enlarge the which-path information as energies of
involved phonons depend on the decay path. This enlarged
which-path information results in phonon-enhanced dephas-
ing and a reduced coherence between the two-photon states
|HH〉 and |VV 〉; cf. filled symbols in Fig. 2(b). When the tem-
perature increases, more phonons become thermally excited.
Thus, the phonon-induced dephasing is the stronger the higher
the temperature, and the corresponding coherence ρ

2p
HH,VV and

concurrence decrease with rising T .
In addition, the interaction with LA phonons also increases

the reexcitation probability. Phonon absorption and emission
processes can assist the off-resonant single-photon processes
by compensating the energy mismatch between the QD transi-
tion energies and the energy of the laser [32]. Thus, when the
biexciton decays into the exciton state |XH〉, under emission of
a H polarized photon, already during the pulse, a reexcitation

of the biexciton state induced by the same laser pulse becomes
more likely since a phonon with the energy covering the
detuning can be emitted. Because the biexciton can now again
decay into either exciton state, the undesired state |HV 〉 can
be created, which also reduces the degree of entanglement.
Also the probabilities of phonon absorption and emission
processes increase with rising temperature. Consequently,
phonon-assisted reexcitation processes are more likely to oc-
cur at higher temperatures. This effect can be seen in Fig. 2(c),
which shows an increasing probability to find a detrimental
two-photon state ρ

2p
HV,HV + ρ

2p
V H,V H with rising temperature;

cf. filled symbols. Note that for a horizontal laser polarization,
|XV〉 is decoupled from the laser excitation. Thus, two-photon
states |V H〉 are insignificant, i.e., ρ

2p
HV,HV � ρ

2p
V H,V H (not

shown). Because both phonon-related effects that degrade
the entanglement—the phonon-induced dephasing and the
phonon-assisted reexcitation—increase with temperature, the
resulting concurrence decreases monotonically as a function
of T . Note that the phonon-free result (gray horizontal line) is
not recovered for T = 0 because phonon emission processes
are still possible. Furthermore, because typical FSSs are much
smaller than the energy mismatch between the laser and QD
transition energies, i.e., δ � EB/2, the energy of phonons that
needs to be absorbed or emitted hardly changes. Thus, the as-
sociated reexcitation probability, and hence ρ

2p
HV,HV + ρ

2p
V H,V H ,

remain the same when considering a finite FSS δ = 3 µeV; cf.
red and blue symbols in Fig. 2(c).

Next, we turn to a diagonal laser polarization. In this
situation, the phonon-related mechanism that causes the
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degradation of entanglement with rising T is slightly different.
Essentially, only one of the two effects discussed above, i.e.,
phonon-assisted reexcitation, is relevant here. For a diagonal
laser polarization, the TPE scheme introduces an effective
coupling between the exciton states |XH〉 and |XV〉, rather
than an energy splitting. Therefore, the phonon-induced de-
phasing is marginal and the relative coherence ρ

2p
HH,VV is

hardly reduced; cf. open symbols in Fig. 2(b). On the other
hand, both exciton states are coupled to the laser excitation.
Consequently, phonon-assisted reexcitation leads to a much
higher probability to obtain detrimental two-photon states;
cf. open symbols in Fig. 2(c). Note that for a diagonal laser
polarization the system is symmetric with respect to H and V
polarization. Thus, the probability to find mixed two-photon
states |HV 〉 and |V H〉 is equal, i.e., ρ

2p
HV,HV = ρ

2p
V H,V H (not

shown).
For a vanishing FSS, no linear polarization basis is dis-

tinguished, even when the coupling to phonons is present.
Thus, from a physical point of view, the concurrence has to be
independent of the chosen (linear) laser polarization. Indeed,
the concurrence for horizontal and diagonal laser polarization
is exactly the same; cf. blue symbols in Fig. 2(a). But, for a
fixed polarization basis, the weights of the two phonon effects
depend on the chosen laser polarization. Thus, the phonon
impact on elements of the two-photon density matrix differs
for horizontal and diagonal laser polarization; cf. panels (b)
and (c). However, for vanishing FSS, both cases describe
the same physical situation, just from a different perspective.
Consequently, the two different two-photon density matrices
obtained for horizontal and diagonal laser polarization are
linked by a simple basis transformation. This means, when
one transforms the polarization basis from H and V polar-
ization to the diagonal D = (H + V )/

√
2 and antidiagonal

A = (H − V )/
√

2 basis, the two different density matrices are
precisely converted into each other.

However, when the FSS is finite the basis {H,V } is dis-
tinguished and the concurrence depends on the chosen laser
polarization. As in the phonon-free case, the horizontal laser
polarization gives a higher concurrence compared to a diag-
onal one. Furthermore, the difference in concurrence �C is
enlarged by the interaction with LA phonons and increases
with temperature.

B. Increasing phonon impact for longer pulses

After the origins for the observed temperature-dependent
degradation of entanglement have been identified to be
phonon-induced dephasing and phonon-assisted reexcitation,
we now investigate the concurrence as a function of the pulse
duration. Although the laser-induced splitting or coupling
between the exciton states decreases with rising pulse du-
ration (because the pulse peak intensity is decreased when
the pulse area is kept fixed), more emission events are im-
pacted by the laser-induced effects when the pulse becomes
longer. Consequently, already in the phonon-free case, the
achievable degree of entanglement drops with rising FWHM
[40]. In addition, also the detrimental phonon-related effects
have more time to impact the system when the pulse duration
is increased. Consequently, at a given temperature, the con-
currence should decrease for longer pulses. Furthermore, the

FIG. 3. Concurrence in dependence of the pulse duration, char-
acterized by its FWHM, for two laser polarizations [horizontal
(H ): filled symbols and diagonal (D): open symbols] and two
fine-structure splittings: δ = 0 (circles) and 3 µeV (squares). Three
different temperatures are considered: T = 4 K (green), 25 K (or-
ange), and 50 K (red). The symbols represent numerical results and
dotted (dashed) lines indicate a guide to the eye for horizontal (diago-
nal) laser polarization. For δ = 0, the results for H and D polarization
are exactly the same. Data points at �FWHM = 0 (blue pentagons)
represent phonon-free calculations for an initially prepared biexciton
without optical excitation.

drop in concurrence with increasing temperature should be the
stronger the longer the pulse duration is.

The numerical results presented in Fig. 3 confirm these
expectations. For a given temperature, the concurrence de-
creases monotonically when the pulse duration is increased.
Furthermore, the slope of this decrease steepens with rising
FWHM. Thus, both phonon-related mechanisms, indeed, be-
come more relevant for longer pulses. For a vanishing FSS,
all linear laser polarizations are equivalent, resulting again
in exactly the same concurrence for horizontal and diagonal
polarization. Because the phonon-related effects are more im-
portant at higher temperatures and/or longer pulse durations,
the difference in concurrence between the two laser polariza-
tions found for a finite FSS δ = 3 µeV increases as well.

In the limit of �FWHM → 0 the combined, detrimental
effect of TPE and LA phonons fades away, and the corre-
sponding concurrence approaches the phonon-free result for
an initially prepared biexciton, indicated by blue pentagons in
Fig. 3. In this sense it is indeed the finite pulse duration that
unlocks the phonon impact on the concurrence. However, one
has to keep in mind that the TPE scheme breaks down in this
limit. For a typical GaAs-based QD, a pulse duration below
�3 ps results in a strongly reduced preparation probability of
the biexciton, because the energy spectrum of the laser pulse
begins to overlap with the exciton transition energies [73].
Thus, below these pulse durations, the concurrence can only
be enhanced if one is willing to accept a severe decline in
the photon yield. Note that the reduced probability to excite
the biexciton does not reduce the concurrence, because the
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coincidence measurements only consider cases where two
photons are emitted.

IV. CONCLUSION

We have investigated the combined impact of TPE
and the pure dephasing-type coupling to LA phonons on
the achievable entanglement of photon pairs emitted from
strongly-confining QDs. It is found that the interaction with
phonons reduces the degree of entanglement, as measured by
the concurrence, further below the recently established limi-
tation due to the TPE scheme itself. At a fixed pulse duration,
the combined impact results in a monotonic decrease of the
concurrence when the temperature increases. This phonon-
induced degradation of the entanglement does not vanish in
the limit of vanishing temperature. Depending on the chosen
laser polarization, the origin of this temperature-dependent
degradation is found to be a combination of phonon-induced
dephasing and phonon-assisted one-photon processes that in-
crease the probability to find the mixed states |HV 〉 and |V H〉
after reexcitation of the biexciton.

Because phonons have more time to influence the system
for longer pulses the degree of entanglement decreases with
rising temperature and/or pulse duration, even in the absence
of an excitonic fine-structure splitting. Furthermore, when
the fine-structure splitting is finite, the coupling to phonons
enlarges the difference in concurrence obtained for different
laser polarizations that is already present in the phonon-free
case. Although the combined, detrimental impact of TPE and
LA phonons disappears in the limit of zero pulse duration
and vanishing FSS, the TPE scheme in QDs typically breaks
down below a FWHM of �FWHM � 3 ps. Hence, in realistic
situations, one will always observe a temperature-dependent
degradation of entanglement for photon pairs emitted by a
strongly-confining QD.

Finally, we would like to mention that a temperature-
dependent drop of the concurrence has recently also been
observed in the case of vanishing FSS for QDs that are not
in the strong-confinement limit [74]. For these larger quantum
dots, the pure dephasing-like coupling to phonons becomes
negligible because the effective coupling strength decreases
with rising QD size [75,76]. However, the phonon-mediated

coupling to higher energetic states has been identified in
that study as the origin of the reduction in concurrence. For
strongly-confining QDs, we are dealing here with the re-
verse situation where couplings to higher energetic states are
negligible but pure dephasing becomes important. Indeed, in
our present study, we demonstrate a noticeable degradation
of the concurrence even when higher states are completely
absent. Interestingly, the temperature dependence observed
in Ref. [74] differs from our present result: there the con-
currence stays on a plateau for lower temperatures before it
drops much more steeply than found in the present paper.
Indeed, while we find in Fig. 2(a) for δ = 0 and T = 50 K
a concurrence that is still ∼0.9, for the larger QDs in Ref. [74]
the corresponding value was almost reduced to 0.4. Thus, we
see a clear advantage of strongly-confining QDs at elevated
temperatures. On the other hand, strongly-confining QDs are
usually characterized by smaller optical transition rates, which
make these systems more vulnerable to residual FSS and other
noise sources. A holistic treatment of QD excitonic structure
and excitation scheme and a detailed knowledge of dephasing
and reexcitation sources will thus be needed to create QDs ca-
pable of generating maximally entangled photons at elevated
temperatures.
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