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Eliminating the confined dark-exciton qubit precession using an externally applied magnetic field
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We investigate experimentally and theoretically the behavior of the confined dark exciton in an InAs/GaAs
semiconductor quantum dot, under the application of an external magnetic field in a Voigt configuration. We
show that by varying the magnitude and direction of the external field one can accurately control the dark-exciton
fine-structure splitting. In addition, we show that the dark-exciton spin state is approximately polarized along the
cubic crystallographic directions [100] or equivalents. By comparing our experimental results with a model for
the exchange and Zeeman interactions, we find the conditions for nullifying the fine-structure splitting between
the two eigenstates of the dark exciton, thereby stopping its qubit precession.
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Introduction. Semiconductor quantum dots (QDs) hold
tremendous potential as versatile platforms for both solid-
state anchored (spin) qubits and for photonic flying qubits.
This is due to their unique properties, which resemble those
of isolated atoms, and the capability of modern technology
to integrate them into optical and electronic devices at the
nanometer scale. Significant efforts have been dedicated to
investigating the quantum states of confined charged carri-
ers in QDs, as these may form long-lived, coherent spin
qubits [1–5]. There is also contemporary interest in neutral
spin qubits formed by electron-hole (e-h) pairs or excitons.
Since excitons qubits are neutral, they are less susceptible
to environmental electrostatic fluctuations [6]. Neutral bright
excitons (BEs), composed of e-h pairs with opposite spin
projection, denoted by their |±1〉 spin projection on the QD
quantization direction, can be deterministically generated, ini-
tialized at any desired spin state, controlled, and read out
by short laser pulses. These advantages cannot be utilized
for practical applications due to the relatively short radiative
lifetime of the BE (with an order of 1 ns). In contrast, dark
excitons (DEs) are composed of e-h pairs with parallel spin
projection, denoted by their |±2〉 spin projection on the QD
quantization direction. As their name implies, DEs are mostly
optically inactive and therefore have a very long lifetime.
Nevertheless, DE may still exhibit residual optical activity due
to small BE-DE mixing [7,8]. This small mixing results in a
DE lifetime of about a few microseconds, yet it provides the
means for deterministic generation, initialization, control, and
readout of the DE spin qubit using single short laser pulses
[9]. This ability was used to demonstrate the generation of
multientangled photon cluster states [10].
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Unlike the confined charge carriers which in the absence of
an external magnetic field their spin states are Kramers degen-
erate, the neutral BE and DE are not. The exchange interaction
between the electron and the heavy hole [11–13] removes their
degeneracy. Application of an external magnetic field removes
the Kramers’ degeneracy of the spin states of charged carriers
and it therefore provides an excellent knob for controlling
their precession frequency [14]. An external magnetic field
can also be used to control the precession frequency of the
neutral BE [15,16] and DE [17], but it requires the magnetic
energy to be comparable to the exchange-induced splitting
[18]. Importantly, it was shown that the increasing magni-
tude of the external field does not affect the DE coherence
time [5,17,19].

In this Letter, we investigate both experimentally and the-
oretically the DE’s spin precession frequency as a function of
the magnitude and direction of an externally applied in-plane
magnetic field. We use polarization-sensitive photolumines-
cence (PL) intensity autocorrelation measurements applied to
a well-characterized QD sample [20] to measure the g-factor
tensors of the electron and the heavy hole and to measure the
DE spin evolution. Our results allow us to fully characterize
the neutral exciton’s exchange Hamiltonian, and its inherent
anisotropic nature. We find experimentally and theoretically
the magnitude and direction of the externally applied mag-
netic field which reinforces degeneracy on the two DE spin
eigenstates. This adds a valuable tuning knob for controlling
the DE spin as a qubit.

Experimental setup. The sample was grown using molec-
ular beam epitaxy on a [001]-oriented GaAs substrate, as
described in detail elsewhere [20–22]. A strain-induced layer
of InAs QDs was deposited in the center of an intrinsic
GaAs layer, which was enclosed by two unequal stacks of
alternating quarter-wavelength AlAs/GaAs distributed Bragg
reflectors, forming a planar microcavity. The thinner stack,
placed on top of the QD layer, facilitates preferred light
emission towards the sample surface. By matching the cavity
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FIG. 1. (a) Schematic description of the self-assembled single
QD, embedded in the antinode of a planar microcavity formed by
two distributed Bragg reflectors (DBRs). The growth direction is
along the crystallographic [001] axis which is parallel to the optical
axis (denoted z axis). An in-plane magnetic field (B) is externally
applied at an angle φ relative to the crystallographic cleavage plane
[110] (x axis). (b) Schematic description of the energy levels of
the bright exciton (BE) and the dark exciton (DE) as a function of
the magnitude of the externally applied magnetic field. (c) Schematic
description of the optical transition selection rules between the eigen-
states |±2〉 of the DE and the eigenstates |±3〉 of the spin-blockaded
biexciton. (d) [(e)] The measured in-plane g factor of the electron
[heavy hole] as a function of the angle φ of the in-plane magnetic
field (see text).

mode to the emission wavelength of the QDs’ ground-state
transitions, the design maximizes photon collection efficiency.

The sample was maintained at approximate 4 K inside a
cryostat. Three pairs of superconducting coils in the cryostat
were used to generate a constant magnetic field around the
sample in any desired direction. The exciting laser beam was
focused on a single QD using an objective lens with a numer-
ical aperture of 0.85, which also collected the QD’s PL. The
emitted PL was split into two channels using a nonpolarizing
beam splitter. A short-pass filter in one channel separated
the transmitted excitation light from the reflected PL. Both
channels then passed through pairs of liquid-crystal variable
retarders, projecting the light’s polarization onto a polarizing
beam splitter. The PL was spectrally filtered using a transmis-
sion grating, achieving a spectral resolution of about 10 µeV
and detected by a superconducting nanowire single-photon
detector, providing a temporal resolution of about 30 ps. Fi-
nally, the detected events were recorded by a time-tagging
single-photon counter providing the system’s overall light
harvesting efficiency of about 2%.

The system is schematically described in Fig. 1(a). The
optical axis (denoted z axis) is along the growth direction
[001]. An in-plane magnetic field (B) is applied at a tunable
angle φ relative to the sample’s cleavage plane [110] (x axis).

The DE’s eigenstates can be described as a coherent super-
position of its |±2〉 spin states. The short-range e-h exchange

interaction [18], which removes the degeneracy between the
DE spin states, defines the superposition phase. The DE can
be resonantly optically excited, leading to the formation of a
triplet spin-blockaded biexciton, denoted as XX0

T3
. This biex-

citon comprises two electrons in a singlet state at the ground
level and two heavy holes in a triplet state distributed across
the ground and second levels [23]. Likewise, the eigenstates of
the biexciton are superpositions of |±3〉 spin states due to the
same exchange interaction. The optical selection rules permit
transitions solely between the DE state |+2〉 (|−2〉) and the
biexciton state |+3〉 (|−3〉) via R (L) circularly polarized light.

It is worth noting that the DE and the XX0
T3

biexciton
splitting is much smaller than the radiative linewidth, and thus
the corresponding PL is not cross-linearly polarized, unlike
the PL from the BE and the more commonly studied XX0

biexciton transition. The effects of an in-plane magnetic field
on the energy levels of the BE and the DE, as well as the polar-
ization selection rules for optical transitions, are schematically
illustrated in Figs. 1(b) and 1(c), respectively.

The electron and heavy-hole g factors are determined
by measuring the temporal evolution of the degree of cir-
cular polarization of the PL from the positively and from
the negatively charged trions, respectively, when an in-plane
magnetic field is applied on the sample [19]. For these mea-
surements, the charged trions are quasiresonantly excited
using a circularly polarized picosecond laser pulses. The un-
paired charge carrier in the trion then precesses during the
trion’s radiative decay, resulting in temporal oscillations in
the PL degree of circular polarization, which we measure
using polarization-sensitive, time-resolved spectroscopy. The
oscillations frequency is proportional to the unpaired carrier’s
g factor and we used it to determine its magnitude for a given
field direction φ [19]. The measured in-plane g factors of the
electron and the heavy hole as a function of φ are shown by
the red data point in Figs. 1(d) and 1(e), respectively. The
solid blue circle [ellipse] in Fig. 1(d) [Fig. 1(e)] represents
the best fitted diagonal in-plane g-factor tensor to the mea-
sured data, yielding |ge,xx| = |ge,yy| = 0.37 ± 0.02, |gh,xx| =
0.13 ± 0.01, and |gh,yy| = 0.11 ± 0.01.

The DE’s energy splitting and its dependence on the
in-plane magnetic field magnitude and direction is mea-
sured using a continuous-wave (cw) 959.21 nm laser light
to resonantly excite the DE to the spin-blockaded biexciton.
Detection of a R (L) circularly polarized photon from the ra-
diative decay of the spin-blockaded biexciton heralds the DE
in a spin state |+2〉 (|−2〉). Since this is not a DE eigenstate,
the DE precesses until it is coherently converted to the |+3〉
(|−3〉) state of the spin-blockaded biexciton again, by the cw
excitation. The excitation is followed by rapid emission of
another photon from the same spectral line. The precession
of the DE therefore gives rise to temporal oscillations in the
polarization-sensitive intensity autocorrelation measurements
of the PL from this spectral line. The oscillation frequency is
directly proportional to the energy splitting between the DE
eigenstates.

In Fig. 2 we present the measured data. By Fourier trans-
forming the time-resolved autocorrelation measurements (see
inset), we accurately determine the precession frequency,
and thereby the DE energy splitting [17]. At zero external
magnetic field, the measured precession frequency is about
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FIG. 2. Measured time-resolved degree of circular polarization
(DCP) of the optical transition from the spin-blockaded biexciton
|+3〉 to the DE |+2〉 under various magnetic field magnitudes at an
angle φ = 60◦. The curves are vertically shifted for clarity. The inset
shows the Fourier transform (FT) of the time-resolved DCP measure-
ment at zero field, revealing a DE intrinsic precession frequency of
328 MHz.

328 MHz with an accuracy of 30 MHz as deduced from the
full width at half maximum of the Fourier transformed signal.

Model. We use the following Hamiltonian to model the
behavior of the neutral e-h pair (exciton) under the influence
of an externally applied magnetic field:

H = Hexchange + HZeeman. (1)

The first term represents the exchange interaction between
the electron and the heavy hole [11] and the second term
represents the Zeeman interaction of the spin carriers with the
magnetic field.

The exchange Hamiltonian for an exciton is expressed as
follows,

Hexchange = 1

2

⎛
⎜⎜⎝

δ0 δ1e−i2θ1 0 0
δ1ei2θ1 δ0 0 0

0 0 −δ0 δ2e−i2θ2

0 0 δ2ei2θ2 −δ0

⎞
⎟⎟⎠, (2)

in the bases of exciton spin states projected on the QD growth
and optical axis z: {|±1〉(BE), |±2〉(DE)}. This particular
Hamiltonian assumes that the QD has C2v symmetry or higher,
where there are no mixing terms between the BE and the DE
subspaces [24,25]. This Hamiltonian is characterized by five
real numbers: δi∈0,1,2 and θi∈1,2. Here, δ0 denotes the energy
difference between the BE and the DE subspaces, δi∈1,2 are
the energy differences between the two eignvalues of the BE
and the DE, and θi∈1,2 are phases that characterize the BE and
the DE eigenstates, respectively.

Experimentally, δi∈0,1 can be quite straightforwardly de-
duced from the PL spectrum of the QD [26,27]. In self-
assembled InGaAs/InAs QDs δ0 strongly depends on the QD
size and is typically of few hundred µeV, whereas since δ1 has

a long-range nature it is strongly influenced by the QD shape,
composition, and alloy randomness [28–30]. Its magnitude
varies in 2–50 µeV, and significant efforts have been devoted
to minimizing it [15,16,31,32]. Similarly, θ1, which has the
same origin, is particularly sensitive to the QD orientation
relative to the crystallographic axes of the device [28–30]. Its
value can therefore be determined directly from the direction
of the cross linearly polarized components of the BE spectral
line [9]. The two eigenstates of the BE in our QD are aligned
approximately 45◦ or 135◦ relative to the crystal cleavage
plane, i.e., the crystallographic axis directions [110] or [11̄0],
as shown in Fig. 1(a).

The magnitude of δ2, which has a short-range nature,
strongly depends on the QD dimensions, and in this type of
QDs was found to be only 1–3 µeV. Thus, even in cases where
the DE can be optically accessed [9] it is too small to be
directly deduced from the PL spectrum and more sophisti-
cated time-resolved polarization-sensitive PL measurements
are required in order to measure it [17]. Likewise, the phase
θ2 which defines the DE eigenstates is less sensitive to various
long-range features of the QD. Indeed, atomistic simulation
results [33] reveal that θ2 has quite a narrow distribution
around the crystallographic directions of the highest symme-
try of the unit cell [100] and [010] (θ2 ≈ 45◦ or 135◦ [24,25]).
The phase θ2 is more difficult to deduce experimentally
[9,18] and we provide here another way for its experimental
determination.

The general Zeeman Hamiltonian for an exciton subjected
to an arbitrary magnetic field,

−→
B = [Bx, By, Bz], is given by

[11]

HZeeman = −1

2
μB

∑
i, j=x,y,z

σi(ge,i j − gh,i j )Bj, (3)

where μB is the Bohr magneton, ge(h),i j denotes the com-
ponents of the electron (heavy-hole) g-factor tensor, and σi

represent the Pauli matrices.
For an in-plane magnetic field

−→
B = [Bx, By] = [B cos φ,

B sin φ] and diagonal electron and hole g-factor tensors with
the major axis aligned along the crystallographic direction
[110] (x) as deduced from our measurements in Figs. 1(d)
and 1(e), respectively, this expression can be simplified
considerably:

HZeeman = −1

2
μB

∑
i=x,y

σi(ge,ii − gh,ii )Bi. (4)

Our findings agree with previous studies [34–41].
The experimentally deduced parameters used in our model

calculations are summarized in Table I. It is worth mentioning
here that for the cases in which θ1 = θ2 = 0 and φ = 0 or
90◦, the four eigenvalues and eigenstates of the Hamilonian
[Eq. (1)] are identical to those obtained by Bayer et al. [18,43].

Discussion. In Fig. 3, we present the measured DE en-
ergy splitting as a function of the magnetic field magnitude
for various in-plane field directions as given by the angle
φ. Circles with error bars represent the measured data and
solid curves represent the best fitted model (with one fitting
parameter θ2 ≈ 135◦, see Model section). We note that in the
φ = 60◦ (magenta) curve a clear minimum in the DE splitting
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TABLE I. Experimentally deduced e-h exchange-interaction
terms and g factors.

Parameters Values Reference

δ0 270 ± 10 µeV [26]
δ1 34 ± 3 µeV [27]
δ2 1.4 ± 0.1 µeV [42]
θ1 (135 ± 4)◦ [9]
θ2 (140 ± 5)◦ Fig. 3

|ge,xx|(=|ge,yy|) 0.37 ± 0.02 Fig. 1(d)
|gh,xx| 0.13 ± 0.01 Fig. 1(e)
|gh,yy| 0.11 ± 0.01 Fig. 1(e)

is observed at B0 ≈ 1.5 T. Similar behavior is schemati-
cally depicted in Fig. 1(b), which represents solutions to the
Hamiltonian [Eq. (1)] with θ1 = θ2 = 135◦ and φ = 45◦. This
observation suggests that by varying the external field mag-
nitude and direction one can control the DE splitting and
potentially enforce degeneracy on its eigenstates. The black
dashed curve in Fig. 3 describes this case. The curve presents
the calculated DE splitting as a function of the field magnitude
for the field direction φ0 = 54.5◦. Our model predicts that
for a field magnitude of B0 ≈ 1.5 T the DE eigenstates are
degenerate and thereby the DE precession frequency tends to
zero. We emphasize here that this “crossing”-like behavior
crucially depends on the symmetry of the QD. For a QD
with a lower than C2v symmetry [7] “anticrossing” behavior
is expected resulting in a lower bound, nonvanishing preces-
sion frequency of the DE. For this particular QD the DE-BE
mixing is well characterized [7,44]. Adding the mixing terms
to the Hamiltonian in Eq. (2) [44] yields a lower bound of
105 MHz for the DE precession frequency (upper bound of
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FIG. 3. The measured energy splitting between the DE eigen-
states as a function of the in-plane magnetic field magnitude for
various in-plane directions (φ). Solid circles with error bars repre-
sent the measured data, while solid curves represent the best fitted
model (θ2 = 140◦, see text). The black dashed curve represents the
calculated splitting for φ0 = 54.5◦. Note that for a magnetic field
magnitude of B0 ≈ 1.5 T the model predicts DE degeneracy.

FIG. 4. The calculated in-plane magnetic field direction [(a) φ0

in degrees] and magnitude [(b) B0 in T] in which the DE splitting
vanishes for a C2v symmetric QD, as a function of the e-h exchange
angles θ1 and θ2 in degrees. For the calculations we used the QD
parameters from Table I. The data points with error bars represent
the particular QD studied in this Letter. Inset: The red dotted (blue
dashed) line represents the calculated field direction angle φ0 as a
function of the DE phase θ2, for θ1 equal to 45◦ (135◦).

9.5 ns for the period time). This bound is comparable with our
measurement uncertainty.

In Fig. 4 we study the calculated in-plane magnetic field
direction [Fig. 4(a), φ0] and magnitude [Fig. 4(b), B0] for
which the DE splitting vanishes for a C2v symmetric QD,
as a function of the exchange angles θ1 and θ2. In these
calculations we used the QD parameters (except θ1 and θ2)
from Table I. The data points with error bars overlaid on the
image represent the particular values found for the particular
QD studied in this Letter.

By inspecting Fig. 4 one sees that the direction of the
magnetic field by which DE degeneracy is achieved is almost
insensitive to θ1. At the same time it is linearly dependent on
θ2 such that

φ0 ≈ θ2 − π

2
. (5)

The actual magnitude of the field required to achieve de-
generacy is almost equally dependent on both angles in a
symmetrical manner which reflects the C2v symmetry of the
QD. For the specific QD that we studied, B0 varies by no more
than ±10% for the full range variation 0 < θ1, θ2 < π of both
angles.

Summary. We used time-resolved, circular-polarization-
sensitive magnetophotoluminescence intensity autocorrela-
tion measurements to study the dynamics of the QD-confined
DE. We begin by determining the g-factor tensor of the con-
fined electron (heavy hole) through measurements performed
on the spectral line of the positively (negatively) charged
exciton. Then, we measure the spin evolution of the DE
through measurements performed on the spectral line of the
spin-blockaded biexciton. Our measurements were performed
in the Voigt configuration.

We show that by varying the magnitude and direction
of the external magnetic field one can accurately con-
trol the DE fine-structure splitting, or precession rate. We
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compare our experimental results with a simple model for
the exchange and Zeeman interactions of the confined charge
carriers in the QD, assuming a C2v symmetrical shape. Using
this model, we find the conditions for nullifying the energy
splitting between the two DE eigenstates, thereby eliminating
its spin precession. Our studies provide an experimental way
to fully define the confined e-h exchange Hamiltonian. In
particular we show that the DE is approximately polarized
along the cubic crystallographic direction with the highest
symmetry as [100]. Moreover, we show that the direction
of the externally applied magnetic field which enforces DE
spin state degeneracy is approximately perpendicular to the
DE polarization.

Therefore, we believe that our experimental studies provide
a valuable tuning knob for controlling the DE spin as a long-
lived and coherent matter qubit.
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