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Excitons in quantum dots are excellent sources of polarization-entangled photon pairs, but a quantitative
understanding of their interaction with the nuclear spin bath is still missing. Here we investigate the role of
hyperfine energy shifts using experimentally accessible parameters and derive an upper limit to the achievable
entanglement fidelity. Our results are consistent with all available literature, indicate that spin noise is often the
dominant process limiting the entanglement in InGaAs quantum dots, and suggest routes to alleviate its effect.

DOI: 10.1103/PhysRevB.108.L081405

Semiconductor quantum dots (QDs) have emerged as
outstanding sources of single photons [1,2] and photon
pairs [3,4] for potential applications in quantum commu-
nication and information processing. Most of the proofs
of principle demonstrations in these areas have relied on
In(Ga)As QDs obtained via the Stranski-Krastanow (SK) epi-
taxial growth [5] on GaAs substrates. A key advantage of
QDs over other solid-state quantum emitters is their capabil-
ity of emitting polarization-entangled photon pairs using the
biexciton-exciton (XX-X) decay cascade [6–8] (see inset of
Fig. 1). However, in spite of many careful investigations on
SK and most of the other QD types [7–17], entanglement
fidelity values above 0.9 could so far only be achieved by
resorting to lossy time-filtering techniques [18–20]. In con-
trast, fidelity values of up to 0.98 [21] have been reported
for GaAs QDs obtained via local Al-droplet etching (LDE)
on AlGaAs [22–24]. The origin of this large discrepancy is
still unclear and solving this puzzle would enhance the under-
standing of the physics of QDs and guide the improvement of
the QD performance as sources of entangled photons.

Several potential dephasing and mixing channels have
been identified that could limit the polarization entangle-
ment in QDs. Electron-hole exchange interaction causes the
well-studied fine-structure-splitting (FSS) between the bright
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X levels [25] in QDs with in-plane asymmetry. Other possible
limitations are spin scattering [26], phonon-induced dephas-
ing [27,28], laser-induced AC-Stark shifts [29] and their
combination [30]. Nuclear spin noise due to stochastic hyper-
fine shifts, known as Overhauser fluctuations [31–33], have
been proposed as the probable dominant dephasing mecha-
nism in In(Ga)As QDs, motivated by the high nuclear spin
(9/2) of In [34–36] compared to Ga and As (3/2), but the
weight of nuclear spin noise has not been quantified so far.

Here we investigate the polarization entanglement of pho-
ton pairs generated by state-of-the-art InGaAs QDs [37,38]
with radiative lifetimes T1 < 500 ps and a very small FSS
ranging from �0.4 to ∼2.4 µeV. We provide a quantita-
tive estimate of the upper limit of the entanglement degree
achievable with such QDs due to nuclear spin noise and
show that this limit is fully consistent with our measure-
ments as well as former experimental results [4,13,14,26,39],
including those resorting to time-filtering [15,17–20] and
Purcell enhancement [4]. Our numerical results are based
on direct measurements of the nuclear hyperfine noise
on the ground-state electron in InGaAs QDs, which re-
veal an inhomogeneous electron-spin coherence time T ∗

2 ≃
1.7 ns [32,40,41]. We further show that the consistently higher
degree of entanglement found in LDE GaAs QDs [21,35,36]
can be tracked back to the lower T1 (∼230 ps) and the simul-
taneously higher measured electron spin T ∗

2 (∼2.6 ns [42]).
The energy levels relevant for generating entangled pho-

tons from QDs are sketched in Fig. 1. The level structure
of the neutral exciton states (X) is primarily defined by the
electron-hole exchange interaction [25]. An anisotropy of
this interaction in the x-y plane, perpendicular to the growth
direction z, leads to a FSS between the “bright” (optically
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FIG. 1. Spectrum of an InGaAs QD (QD1) under two-photon
excitation (TPE). The sketch depicts the biexciton-exciton (XX-X)
cascade. TPE is performed by tuning the energy EL of a pulsed laser
to half of the XX energy. Here, the XX level lies EB = 2.5 meV
below the energy of two uncorrelated excitons energy (2X). The
X states are split by the constant fine-structure splitting S and also
by the inhomogeneous Overhauser shift (OS) with a normally dis-
tributed amplitude with a standard deviation σ .

dipole-allowed) excitons. In addition to the FSS, the inter-
action between the exciton and the nuclear spins leads to an
Overhauser shift (OS), mediated by the hyperfine interaction,
depending on the X spin configuration and nuclear spins’
orientations. The biexciton state (XX), as a singlet state, is
neither affected by FSS nor by the hyperfine shifts. In the
absence of stabilizing Knight fields [32] or externally ap-
plied magnetic fields [25,43] the nuclear spins change their
orientation and magnitude randomly at timescales in the or-
der of τS ≈ 100 µs [31,33]. Consequently, the OS changes
many times during entanglement measurements, which take
place on typical timescales of seconds, so the OS acts as
an inhomogeneous broadening for the X level, following a
Gaussian distribution. The standard deviation σ of the OS
amplitudes can be identified via their connection to the in-
homogeneous spin coherence time T ∗

2 of the X. The hole’s
hyperfine contribution is typically at least ten times smaller
than the electron’s [44], so that the electron spin T ∗

2 constitutes
a good estimate of the X coherence time within about 10%.
The expression for σ then reads as [31,40]

σ ≃
h̄

T ∗
2

=
√

∑

n xnA2
nIn(In + 1)

N
, (1)

with xn the fraction of the nuclear species n, An the hyperfine
coupling constant (in the order of 50 µeV [40]), In the nuclear
spin, and N the number of nuclei in contact with the electron
wave function. The electron spin T ∗

2 can be determined by
measuring its free induction decay via Ramsey interferome-
try [41,45]. For InGaAs QDs, values of around T ∗

2 ≃ 1.7 ns
are typically observed [32,40,41,46], which results in σ ≃
0.39 µeV. From these values, a time-averaged loss of X coher-
ence of approximately 1 − exp[−(T1/T ∗

2 )2] = 6% [42,45] can
be expected, leading to a significant degradation of polariza-
tion entanglement. In comparison, for LDE GaAs QDs, with
T1 ≃ 230 ps and T ∗

2 ≃ 2.6 ns [42], the loss amounts to <1%,
providing already a clear hint on the origin of the discrepancy
between the fidelity values observed for SK InGaAs and LDE
GaAs QDs.

(a) (b)

FIG. 2. (a) Setup used to determine the entanglement fidelity of
the QD photon source. A 50:50 nonpolarizing beam splitter (BS) is
placed directly after the source. Waveplates before and polarizers (P)
after the BS set the measurement basis for XX and X. The emitted
photons are spectrally filtered (F) before impinging on avalanche
photodiodes (APD). (b) Measured fidelity values for different QDs
(squares) plotted against the respective FSS values. The red dots
show the expected fidelity when only accounting for the FSS and
the lifetime, and the blue area depicts the range of expected values
when including fluctuating Overhauser shifts according to the values
of the electron T ∗

2 reported in the literature.

We now investigate the generation of entangled photon
pairs in individual InGaAs QDs at a temperature of 5 K.
The SK QDs were partially capped and annealed, resulting
in ∼2-nm-high QDs with an average In fraction of xIn =
0.45(5) [38]. The employed material, from the same wafer
as the one used in Ref. [37], is of state-of-the-art quality with
high single-photon indistinguishability and an average X life-
time as low as 400 ps. To limit the generation of free carriers
in the QD surroundings, we create the XX state via coherent
two-photon excitation (TPE) [47], as sketched in the inset of
Fig. 1. To maximize the chances of observing entanglement
fidelities beyond state of the art, we focus on QDs selected out
of a much larger ensemble because of their intrinsically small
value S of the FSS (see inset of Fig. 1), which we obtain from
polarization-resolved photoluminescence (PL) spectra with an
accuracy of about 0.2 µeV (see Supplemental Material for
details [48]). Figure 1 depicts the TPE-PL spectrum from an
InGaAs QD (QD1) at π -pulse condition, with S = 1.3(3) µeV
and an energy difference between the XX and the X photons
of EB = 2.4 meV (1.6 nm). The average radiative lifetimes of
about T1,XX = 150 ps, T1,X = 400 ps observed in this sample
are compatible with those observed under resonant excitation
in Ref. [37]. In the Supplemental Material [48], we provide
details about the excitation and decay dynamics of the mea-
sured QDs.

The fidelity of a XX-X two-photon state ρ to the |φ+〉 Bell
state is defined as f := 〈φ+|ρ|φ+〉. We experimentally obtain
f via the setup depicted in Fig. 2(a), in which the emitted state
can be projected into arbitrary two-qubit states by rotating
the waveplate(s) in front of the beam splitter. Using a coin-
cidence window of 3 ns the g(2)(0) values for XX and X are
∼0.015 on average, which is comparable with former reports
on similar QDs [13] and indicate negligible multipair emis-
sion (see Supplemental Material for details [48]). Figure 2(b)
shows the measured f values (squares) as a function of S.
In the absence of dephasing mechanisms we would expect a

L081405-2



HYPERFINE INTERACTION LIMITS POLARIZATION … PHYSICAL REVIEW B 108, L081405 (2023)

monotonic decrease of the time-averaged f with increasing
S, as a finite FSS induces a time-dependent evolution of the
entangled state [26] (red dots). However, we find that none of
the measured f exceed a value of 0.9 and that reducing S be-
low 1 µeV (close to the natural linewidth of the X transitions)
leads to no significant increase in f . These findings, which are
in line with previous reports, clearly indicate the presence of
dephasing processes.

Considering the relevant properties of the studied QDs (X
lifetime of about 400 ps, corresponding to a natural linewidth
δF of about 1.6 µeV, which is much larger than the min-
imum value of S) and the excitation dynamics (TPE with
pulse lengths of 7 ps, much shorter than the XX lifetime of
200 ps), we conclude that excitation-induced dephasing [29]
and re-excitation cannot explain the relatively low f values for
S � 1 µeV, as both effects combined would account for less
than a 0.01 drop of fidelity. The measurement temperature of
5 K is sufficiently low to exclude significant phonon-induced
dephasing [27,28,30], as this would be incompatible with the
negligible change of f we observed when varying the temper-
ature from 5 to 20 K for two different QDs (see Supplemental
Material [48]). Finally, we can rule out charge noise as a
dominant dephasing mechanism, as the two mentioned QDs
exhibit very similar f values in spite of significantly different
linewidths (�12δF and ≈44δF), indicating that the latter QD
is subject to pronounced charge noise [33,49]. We therefore
ascribe the limited maximum value of entanglement to the
interplay of finite FSS and nuclear spin noise, as described
by the model we derive in the following.

The typical bright-dark exciton splitting of
∼100 µeV [25,32] is much larger than the S and σ of
the QDs considered here. Therefore we can describe
the X dynamics in the two-dimensional bright exciton
subspace in good approximation. In the basis given by
XH/V = {(|+1〉 ± |−1〉)/

√
2}, where |±1〉 are the eigenstates

of the total electron-hole angular momentum along the z

direction, the Hamiltonian is then given by [25]

H =
(

δ1 δ2

δ∗
2 −δ1

)

, (2)

where δ1 = S/2 and δ2 = ihz, with hz the OS due to the finite
nuclear spin polarization in the QD. In the frozen spin ap-
proximation (when τS ≫ T1) [31,32] H can be treated as time
independent and we can construct the entangled state of the
two photons emitted in the XX-X radiative decay cascade for
a fixed hz as

|ψhz
〉 (t ) =

1
√

2
(| j∗〉 ⊗ | j〉 + e−(i/h̄)	E t |l∗〉 ⊗ |l〉), (3)

with t the emission time of the X photon relative to that of
the XX photon. The orthonormal eigenstates | j〉 and |l〉 of
Eq. (2) are defined in the basis of the horizontal |H〉 and
vertical |V 〉 polarization and have an energy difference 	E =
2
√

δ2
1 + δ2

2 . Due to conservation of angular momentum, the
XX photon eigenstates are necessarily the complex conjugates
(∗) of the X photon eigenstates (see Supplemental Material for
details [48]). The time evolution of the two-photon density

matrix ρhz
(t ) = |ψhz

〉 〈ψhz
| is then given by

ih̄
d

dt
ρhz

(t ) = [I(2) ⊗ H, ρhz
(t )], (4)

with I
(2) the 2 × 2 identity matrix. The differential equation,

Eq. (4), can be readily solved numerically. The time-averaged
density matrix 〈ρ〉t is calculated by drawing hz multiple times
from a normal distribution with a mean value of zero and
a standard deviation of σ . The value of S remains constant.
By indicating with k the fraction of events with no more
than one photon pair per excitation cycle, we account for the
multiphoton emission probability 1 − k as in [50]:

1 − k ≈
g

(2)
XX(0) + g

(2)
X (0)

2
ηP, (5)

with ηP the photon-pair-emission probability per excitation
pulse (See Supplemental Material [48] for details). By mea-
suring the quantities in the above equation for each QD, we
add a mixing channel to 〈ρ〉t so that

ρ̃ = k 〈ρ〉t +
1 − k

4
I

(4), (6)

with I
(4) the 4 × 4 identity matrix. In the Supplemental Mate-

rial [48] we provide further details about the calculation of ρ̃

and how to derive the fidelity

f =
1

4

(

1 + k +
2k

1 + 4T 2
1 (S2 + σ 2)/h̄2

)

. (7)

Previously derived equations take spin noise into account only
via a phenomenological spin scattering [26], which acts as a
mixing channel. However, the physical origin of such effects
had not been sufficiently clarified and no clear connection to
measurable quantities had been drawn so far. In contrast, the
stochastic energy shift σ in our model manifests as a pure
dephasing channel and is a consequence of the random OS
directly measured in experiments on electron spins confined
in QDs [31,32,41,45,46].

The red dots in Fig. 2(b), which depict the fidelity cal-
culated from Eq. (7) with σ = 0 and using the measured S,
T1, and k for each individual dot, confirm that in the absence
of other mechanisms, f should reach values exceeding 0.98.
The blue points correspond instead to the estimation for σ ≃
0.39 µeV (T ∗

2 ≃ 1.7 ns [41,46]) and the filled blue area depicts
the range of f between the shortest (T ∗

2 = 1 ns [32]) and
longest (T ∗

2 = 3.2 ns [45]) coherence times in In(Ga)As QDs
reported in the literature. We see that no data point lies above
the expectations from the model including the realistic effect
of OS. Most importantly, our model reproduces the plateau of
f values for S � σ and allows us to ascribe it to the dominant
role played by the OS while, for S ≫ σ the effect of the FSS
dominates.

Since the spin properties of InGaAs QDs can vary strongly
from QD to QD due to atomistic disorder related to alloy-
ing and consequent inhomogeneous strain and piezoelectric
fields, it is desirable to measure the FSS-dependent fi-
delity for one single QD (QD1p). Such measurements have
been formerly conducted on InGaAs QDs using magnetic,
electric, and/or strain fields [14,26,39,51,52] but only un-
der nonresonant excitation, which may introduce additional
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FIG. 3. (a) Measured fidelity values of QD1p as a function of
strain-dependent S. The red line shows the expected fidelity for
σ = 0 (no spin noise), and the blue area depicts the expected fi-
delity range when including OS. The sketch shows the piezoelectric
actuator used for tuning S. (b) Real and imaginary parts of the
two-qubit density matrix, measured by state tomography on QD1p
[T1 = 430(4) ps, S = 0.4(2) µeV, and k = 0.990(5)] with 16 mea-
surement bases, calculated using the maximum-likelihood approach
with a resulting fidelity of 0.85(1), a purity of 0.74(2), and a con-
currence of 0.69(2). (c) Modeled density matrix for QD1p, assuming
σ = 0.41 µeV (T ∗

2 = 1.6 ns), with a resulting fidelity of 0.89, a purity
of 0.81, and a concurrence of 0.79.

entanglement-degrading effects. To eliminate this uncertainty
we use TPE and tune S with a piezoelectric strain-tuning actu-
ator [sketched in Fig. 3(a)], similar to the one used to achieve a
fidelity of 0.98 [21] in LDE GaAs QDs (see Supplemental Ma-
terial for details [48]). The green squares in Fig. 3(a) show the
measured values of f for different S. The red line shows the
expected value of f according to Eq. (7) for σ = 0. The blue
dashed line, just like in the previous measurements, depicts
the case for σ = 0.39 µeV (T ∗

2 = 1.7 ns [41,46]) and the filled
blue area depicts the range of f for the range of reported T ∗

2
values. Again, all f values lie well within the range predicted
by Eq. (7), when considering the measured T1, k, and varied S

of QD1p.
To confirm the reliability of our fidelity measurements,

which may be affected by polarization-altering effects in the
used setup [Fig. 2(a)], we performed a state tomography
with 16 measurement bases on QD1p at the lowest value
of S = 0.4(2) µeV, obtaining the density matrix ρT shown
in Fig. 3(b) via the maximum-likelihood estimator [53]. The
fidelity calculated from ρT is f = 0.85(1), and the purity and
the concurrence C [54], which are independent from a unitary
rotation of the state, are calculated as 0.74(2) and 0.69(2),
respectively. The slightly lower f compared to the 0.89(1)
obtained by the fidelity estimation could stem from the addi-
tional waveplates required for the state tomography, which are
known to induce slight state mixing by the inhomogeneities in
the birefringent material. For comparison, the density matrix
from Eq. (6) is shown in Fig. 3(c) using the measured values of
S, T1, and k. The value for the electron spin T ∗

2 was estimated
to 1.6 ns (σ = 0.41 µeV) to match the f = 0.89 measured
using the fidelity estimation setup.

Before comparing the results of our model with former
experimental results we emphasize that our model provides
an upper limit for the degree of entanglement which may

(b)(a)

FIG. 4. (a) Measured maximum f from InGaAs QDs with S ≈ 0
from the indicated references, compared against the values expected
from Eq. (7), taking into account the reported T1. The leftmost data
point refers to QD1p. (b) Measured concurrence from the references
indicated on the x axis. The measurements are compared against the
values calculated by numerically propagating Eq. (4) from 0 up to the
used coincidence window (indicated in the graph in picoseconds),
taking into account the reported values for T1 and S. The leftmost
data point refers to QD1p at its lowest value of S.

be observed experimentally, given the measured electron spin
T ∗

2 and exciton T1. Other entanglement-degrading effects may
still be present. As an example, the concurrence of 0.79
derived from the density matrix in Fig. 3(c) is higher than
the measured 0.69(2) and some entries of the experimen-
tally reconstructed density matrix are not reproduced by the
model (e.g., the 〈HH |ρ|HV 〉 component). In addition, one
data point in Fig. 2(b), with f ≃ 0.64 for an S of only
0.4(2) µeV deviates from the trend obtained from the others
and was found to correspond to a QD showing a strong de-
gree of linear polarization of the X signal (see Supplemental
Material [48]). This brings us to the conclusion that effects
like heavy-hole–light-hole mixing [55–57] or strain-activated
quadrupolar double spin flips [32,58,59] could act as non-
negligible mixing channels. In fact, state mixing could explain
the discrepancy between the expected and the measured con-
currence for the QD1p in Fig. 3, while the fidelity matches
better. The reason is that the concurrence drops significantly
faster compared to the fidelity in the presence of a mixing
channel than for pure dephasing channels (see Supplemental
Material for details [48]).

In Fig. 4(a) we show a compilation of f values
for InGaAs QDs with S � 0.4 µeV from representative
work [13,14,26,39], with T1 ranging from 400 ps to 1 ns and
compare them against the range of f predicted by Eq. (7). We
see that the values consistently lie inside the range expected
from the reported T ∗

2 as used in Figs. 2 and 3, indicating that
OS are probably the dominant source of dephasing in those
measurements. In the plot we also show a data point for a QD
with T1 = 127(1) ps and S � 1.2 µeV in a Purcell-enhancing
resonator [4], for which excitation-induced dephasing may,
however, be appreciable [29]. Finally, Fig. 4(b) shows the
values of C from the literature, measured for other QDs with
finite S when relying on time filtering [15,17–20]. The emis-
sion wavelengths range from 870 to 1550 nm. The data points
show the maximum achieved C when including only photons
within the coincidence windows stated in the graph. The val-
ues are compared against the range calculated numerically
from Eq. (4) again using the T ∗

2 available only for InGaAs

L081405-4



HYPERFINE INTERACTION LIMITS POLARIZATION … PHYSICAL REVIEW B 108, L081405 (2023)

QDs, taking into account the coincidence window, T1 and
S (see Supplemental Material for details [48]). We see that
all measured values lie well below the maximum expected
for the used coincidence window. The value of C for QD1p
(Fig. 3), increases from 0.69(2) to 0.87(9) when decreasing the
coincidence window from 3 ns to 256 ps. Propagating Eq. (4)
up to the detector resolution of 350 ps, however, results in C ≈
0.98, again supporting the presence of additional (possibly
time-independent) entanglement-degrading processes requir-
ing further attention.

In summary, we have studied the behavior of the polar-
ization entanglement fidelity on several InGaAs QDs with
different FSS and on a single strain-tuned QD on a sample
bonded onto a piezoelectric actuator. For the latter, full state
tomography was performed for the lowest achieved FSS to
quantify the purity and the concurrence of the entangled state.
The results are in good agreement with a theoretical model,
which predicts an upper limit for the observable fidelity using
the measured FSS of the exciton (X), its radiative lifetime,
the multiphoton-pair emission probability, and the inhomo-
geneous electron coherence time T ∗

2 as an input. From the
model we conclude that slowly varying random OSs, promi-
nent in QDs with abundant nonzero nuclear spins, lead to
a pronounced dephasing of the bright X states over time,
which limits the time-averaged polarization entanglement in
InGaAs QDs. By comparing the model predictions with our
data and values reported in the literature, we find that OSs
often constitute the dominant degradation mechanism. This
result is consistent with the higher fidelity values of about
0.98 observed in LDE GaAs QDs, mainly due to the lower X
lifetimes of about 230 ps [21]. Additionally, the electron spin
T ∗

2 in LDE GaAs QDs was found to be higher (≈2.6 ns) [42],
as expected from Eq. (1) when considering the lack of In and
the approximately doubled number of nuclei N in contact with
the electron [42], compared to InGaAs QDs [41]. Our results
are also compatible with previous claims of dephasing-free
QD sources of polarization-entangled photon pairs [18,19] in

the limit of low detector time jitter <50 ps. The entangle-
ment can be enhanced by lowering the fraction of high-spin
materials (like In), while increasing the number of nuclei in
contact with the electron wave function and/or decreasing
the X lifetime [60]. Alternatively, precooling the nuclear spin
bath [41,45] can provide a tuning knob for σ . These measures
could boost the polarization entanglement of InGaAs QDs,
making them compatible with state-of-the-art quantum com-
munication protocols.
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