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Direct measurement of spin-flip rates of a self-assembled InAs double quantum dot
in single-electron tunneling

Olfa Dani ,1 Robert Hussein ,2 Johannes C. Bayer ,1 Klaus Pierz ,3 Sigmund Kohler ,4 and Rolf J. Haug 1

1Institut für Festkörperphysik, Leibniz Universität Hannover, D-30167 Hanover, Germany
2Institut für Festkörpertheorie und -optik, Friedrich-Schiller-Universität Jena, D-07743 Jena, Germany

3Physikalisch-Technische Bundesanstalt, Bundesallee 100, D-38116 Braunschweig, Germany
4Instituto de Ciencia de Materiales de Madrid, CSIC, E-28049 Madrid, Spain

(Received 18 October 2023; accepted 29 February 2024; published 15 March 2024)

Spin flips are one of the limiting factors for spin-based information processing. We demonstrate a transport
approach for determining the spin-flip rates of a self-assembled InAs double quantum dot occupied by a single
electron. In such devices, different Landé factors lead to an inhomogeneous Zeeman splitting, so that the two
spin channels can never be at resonance simultaneously, leading to a spin blockade at low temperatures. This
blockade is analyzed in terms of spin flips for different temperatures and magnetic fields. Our results are in
good agreement with a quantum master equation that combines the dot-lead couplings with ohmic dissipation
stemming from spin-flip cotunneling.
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Introduction. Quantum computing based on spins in cou-
pled quantum dots (QDs) was proposed 25 years ago [1]
and appears to be within reach nowadays [2–4]. Initializa-
tion and control of the spin is critically dependent on spin
coherence. A number of theoretical works showed its sen-
sitive dependence on hyperfine coupling [5] or cotunneling
[6,7], as well as on the influence of Markovian [8] or non-
Markovian [9] noise. The spin-phonon coupling mediated by
a spin-orbit interaction [10,11] is often quite small, and the
dominating spin decoherence is generally assumed to hap-
pen via a hyperfine interaction. Spin relaxation rates were
addressed experimentally for single QDs [12–17] and also
for coupled QDs [18–23]. There the decay rate as a function
of the Zeeman splitting hints at the dominating dissipation
process. Spin coherence in coupled QDs was mostly stud-
ied in the context of the spin blockade [18] based on the
energetic difference between singlet and triplet two-electron
states. These two-electron states relax the spin predominantly
via a hyperfine interaction and a spin-orbit interaction in III-V
semiconductors [11,24,25], whereas in silicon and germanium
QDs also cotunneling [26–30] can be of importance. For
transport phenomena that depend on the dynamics of a single
spin in a double quantum dot (DQD), only very few studies
exist [23,31,32].

Here, we demonstrate how to directly extract the spin-flip
rate for a single spin in coupled QDs from the single-electron
tunneling current. We use a DQD with a Zeeman level struc-
ture similar to the one of Ref. [31], but with an interdot
tunneling much smaller than the typical detuning. Then, by
contrast, the resulting current blockade is resolved by spin
flips. For their theoretical description, we consider spin-flip
cotunneling [6,7], i.e., dissipative spin transitions accompa-
nied by excitations at the Fermi surface of a lead. As a
consequence, the spin experiences ohmic dissipation [33,34],
which fits the experimental data rather well, i.e., we show

that spin-flip cotunneling is the dominant mechanism for spin
relaxation in our DQD occupied by a single electron.

Experiment. We use vertically coupled self-assembled
InAs QDs embedded in a GaAs-AlAs heterostructure. Due to
the lattice mismatch of InAs and AlAs, pyramid-shaped QDs
are formed and vertically aligned [35]. The dot in the second
layer is slightly larger than the QD in the first one [36] due to
the change in strain field. The diameter of such QDs typically
is 10–20 nm and their height is between 2 and 4 nm. In these
small QDs the strong confinement leads to the Landé g factor
deviating strongly from the bulk value, approaching g = 2
of the free electron with decreasing dot sizes. The effective
thickness of the middle and top barriers is reduced by the
QDs partially penetrating the AlAs layers, which results in
asymmetric dot-lead tunneling rates. The device sketched in
Fig. 1(c) is similar to the ones used in Refs. [32,37,38]. For
zero bias, the QD levels are above the Fermi energy and
tunneling is not possible, whereas for finite bias voltage the
QD levels are shifted by the electric field and brought into
resonance and into the transport window.

The color graphs in Figs. 1(a) and 1(b) show the measured
current through the DQD as a function of bias voltage V and
magnetic field up to B = 1 T at temperatures T = 1.5 K and
T = 100 mK, respectively. The magnetic field was applied
perpendicular to the current (parallel to the layer structure).
The graphs for B = 0 show a peak at V ≈ 138.25 mV ≡ V0,
owing to the resonant tunneling of single electrons through the
InAs DQD. The resonance originates from tunnel cycles with
the occupation (0, 0) → (1, 0) → (0, 1), where only a single
electron is present in the DQD. At T = 1.5 K, for increas-
ing magnetic field the single resonance splits into two peaks
(peak I on the left and peak II on the right). At T = 100 mK
[Fig. 1(b)], the resonant tunneling peak amplitude at B = 0
is higher [32] and decreases drastically already with small
magnetic fields ∼0.25 T applied. The amplitude of peak I
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FIG. 1. (a) Current-voltage characteristic of InAs DQDs as a
function of the magnetic field perpendicular to the tunneling current
at T = 1.5 K, showing a current peak at V ≈ 138.25 mV for B = 0.
The white lines depict cuts along the color graphs. (b) The same for
T = 100 mK. (c) Transmission electron microscopy (TEM) image
of an InAs DQD shown in a schematic picture of the setup and the
different magnetic field directions used. (d) Sketch of the transport
channels for the different situations of resonance I and II. Due to
the inhomogeneous Zeeman splittings always one channel is off
resonant. An electron may be trapped in that channel and block
transport until a spin flip (purple arrow) brings the electron to the
resonant channel.

stays at a low but finite level with increasing magnetic field,
meanwhile the right peak fades away totally.

This asymmetry can be explained by the different effect of
spin relaxation as sketched in Fig. 1(d). Due to the different
sizes of the two dots, their g factors gL and gR are different
and therefore the Zeeman splitting becomes inhomogeneous
[39,40]. For V < V0 (peak I) the spin-down Zeeman levels
of both QDs are in resonance, such that we expect to find a
current peak. An electron with spin up, however, entering the
left dot will get stuck, because the right dot is off resonance,
such that the resonant channel becomes blocked. This block-
ade can be resolved by a spin flip for all temperatures because
it does not require a spin excitation. For V > V0 (peak II) the
spin-up Zeeman levels are in resonance and can generate a
tunneling current. If a spin-down electron enters the left QD,
it blocks the single-electron tunneling current. This blockade
can be lifted by a spin flip to the spin-up level. However,
its lifting requires spin excitation and thus is observed only
at sufficiently high temperatures such that kT exceeds the
Zeeman splitting. Therefore, we observe peak II at 1.5 K, but
not at 100 mK for magnetic fields larger than 0.5 T.

It is worth emphasizing the difference to Ref. [31] where
a similar level structure has been studied. There, the interdot
tunneling � is two orders of magnitude larger, comes close
to the Zeeman splittings, and exceeds the dot-lead couplings

FIG. 2. (a) Magnetic field dependence of the tunneling current as
function of voltage for magnetic field applied parallel to the tunneling
current for three different temperatures T = 100 mK, 460 mK, and
1.5 K. (b) Tunneling current as a function of applied voltage normal-
ized to the position of resonance I for the two different magnetic field
directions. Traces offset by −15 pA are shown for magnetic fields
ranging from 0 up to 2 T in step sizes of 0.2 T.

(in our setup by contrast, � � �L,R). Then the spin-up as
well as the spin-down states hybridize and form delocalized
orbitals. When all levels are within the voltage window, this
causes a current peak at V = V0 even in the absence of spin
flips. By contrast, when � is much smaller than the difference
of the Zeeman splittings, we observe a blockade which is
resolved by spin flips. Hence the current peaks provide in-
formation on the spin-flip rates.

Figure 2(a) shows the current for various temperatures
as a function of the bias voltage and the magnetic field B‖
applied parallel to the current (perpendicular to the layer struc-
ture). The observed oscillations and shifts with the magnetic
field originate from the Landau-level structure in the emitter.
Nevertheless, the peak-to-peak distances of the double peak
increase more or less linearly with the magnetic field as shown
in Fig. 2(b), where the position of peak II is shown relative
to the position of peak I. In the same way in Fig. 2(b) also
the results for the other magnetic field direction are shown. In
both cases, the observed difference in peak positions is given
by �V = |gL − gR|μBB/η, with the gyromagnetic ratio g� of
QD � = L, R and the leverage factor η. The individual Zeeman
splittings of the dots do not appear, only �g = gL − gR plays a
role here. Taking into account the leverage factor of η = 0.15
we obtain for B⊥ a difference �g = 0.85, whereas for B‖ the
value is �g = 1. Anisotropy of the g factor is well known for
single InAs QDs [40–43] and can explain the dependence of
�g on the magnetic field direction.

Double quantum dot–environment model. For a theoretical
description of our observations, we start with the model used
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in Ref. [32] and also consider spin-flip cotunneling [6,7].
In doing so, we model each QD with a single level with
on-site energy ε� (� = L, R) and tunnel coupling �. In our
experiment, Coulomb repulsion allows the occupation of the
DQD with only one electron. Dot L is tunnel coupled to an
electron source from which electrons may enter at rate �L.
Correspondingly, dot R is coupled to a drain with rate �R. The
broadening of the current peaks with increasing temperature
can be explained by the coupling of the DQD dipole moment
to a bosonic heat bath [33,34,44] with ohmic spectral density
and a dimensionless coupling strength α [32].

In QDs, spin flips may be caused by various mechanisms
such as a hyperfine interaction [5], spin-flip cotunneling [6,7],
and spin-orbit interaction [10] with their characteristic depen-
dencies of the decay rates on the Zeeman splitting. In turn,
measurements of the spin-flip rates hint at the dominating
mechanism. In the present case, the mechanism must explain
not only the observed increase of the rate with the Zeeman
splitting, but also the significant temperature dependence and
the asymmetry between decay and thermal excitation. These
requirements can be fulfilled by spin-flip cotunneling [6,7]
induced by the spin-conserving tunnel Hamiltonian HT =∑

kσ tk (c†
kσ

dσ + d†
σ ckσ ), where the fermionic operators ckσ

and dσ annihilate an electron with spin σ in the left lead and
the left dot, respectively (spin flips in the right dot do not
play a role and will be ignored). In a T -matrix formulation,
the impact of HT is given by an effective coupling that obeys
the recursive relation T = HT + HT G0(Ei )T , where G0(z) =
(z − H0)−1 is the Green’s function in the absence of tunneling
and Ei the energy of the initial state [45].

Our focus lies on spin flips in a singly occupied QD,
where Coulomb repulsion and the Pauli principle forbid res-
onant dot-lead tunneling. Then the leading contribution to
T is the second-order term HT G0HT which causes the pro-
cess schematically shown in Fig. 3(a), where the virtually
populated dot states are the empty dot and the singlet state.
A spin-up electron flips to the lower Zeeman level, while a
lead electron at the Fermi surface is excited and flips. The
opposite process requires the decay of a lead electron, which
is possible only at sufficiently high temperature. In the Sup-
plemental Material [46], we show that the T matrix can be
approximated as T = h̄(σ †

↑σ↓ζ + σ
†
↓σ↑ζ †), where ζ describes

quantum noise stemming from electron excitations under spin
flip at the Fermi surface of the lead. For the numerical treat-
ment, we employ a Bloch-Redfield master equation [48,49].
The dissipative kernel stemming from T is fully specified by
the noise correlation C(t ) = 〈ζ (0)ζ †(t )〉 which in frequency
space reads C(ω) = παspinωnth(h̄ω) with the Bose function
nth(E ) = [exp(E/kT ) − 1]−1. The dimensionless spin dissi-
pation αspin is our central quantity of interest, because it allows
predictions for the spin coherence [50,51]. While αspin can be
roughly estimated from the dot-lead coupling �L, the on-site
interaction, and the chemical potential [46], we will determine
its precise value by fitting our experimental data.

The current peak at B = 0 is shown in Fig. 3(b). Proceeding
as in Ref. [32], we find the dot-lead rate �R = 5 µeV, the
interdot tunneling � = 0.85 µeV, and the dimensionless dis-
sipation strength α = 0.005. Due to the asymmetric coupling,
�R � �L while �L does not greatly influence the current. In
comparison to the dots studied in Ref. [31], � is two orders of

FIG. 3. (a) Spin dissipation due to cotunneling. (b), (c) Measured
tunneling current as a function of the bias voltage in the absence
(B = 0) and presence (B⊥ = 1.1 T) of a magnetic field, respectively,
for temperatures T = 100 mK and T = 1.5 K. The resonance peaks
are centered around the peak position V0 at B = 0. The dashed line
indicates the numerical data for the higher temperature with � =
0.85 µeV, �R = 5 µeV, α = 0.005, αspin = 1.2 × 10−4, and gL =
0.7. (d) Corresponding peak heights as a function of the bias voltage.
Symbols mark experimental values, while solid and dotted lines
indicate numerical data and the analytical approximation in Eq. (1),
respectively.

magnitude smaller and even in comparison to Ref. [32] it is a
factor of 2–5 smaller, indicating a very weak interdot coupling
in the work here.

To analyze the spin flips, we focus on the changes with
the magnetic field. Figure 3(c) shows the two peaks for
B⊥ = 1.1 T and two different temperatures. Figure 3(d) shows
the height of the peaks as a function of their position for
the two different temperatures, where peak II vanishes for
higher magnetic fields. In the Supplemental Material [46]
we show that also for the parallel magnetic field direction
similar results are obtained. Solving numerically our model
leads to two fitting parameters in addition to the parameters
extracted for B = 0 and in addition to �g extracted from the
observed Zeeman splitting, namely the dimensionless spin
dissipation αspin = 1.2 × 10−4 and the gyromagnetic ratio of
the left dot, gL = 0.7 (for B‖ we obtain gL = 1). The experi-
mental results are well reproduced by our model (solid lines)
in using these two fitting parameters for both temperatures.
At T = 1.5 K the theory describes the experimental results.
almost perfectly showing that our model is well justified. At
T = 0.1 K, especially at more negative voltages (higher mag-
netic fields), deviations between theory and experiment are
observed. These deviations might be caused by the influence
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FIG. 4. Spin-flip rate in the zero-temperature limit, γ0, as a func-
tion of the Zeeman splitting (upper axis) and the corresponding
magnetic field. The values are obtained from Eq. (1) together with
the detailed-balance relation. For the size of the error bars, see
the Supplemental Material [46]. Inset: Spin-flip rate γ (E ) at finite
temperature.

of noise on the very sharp peaks [46]. The good agreement for
both temperatures clearly hints towards spin-flip cotunneling
as the main process.

Energy dependence of the spin decay. We now aim at a
more direct access to the spin-flip rate as a function of the
Zeeman spitting. We capture the scenario of the spin blockade
by a rate equation which holds for sufficiently large magnetic
fields such that the two peaks are well separated. We assume
that an electron with arbitrary spin orientation enters from the
source to the left dot, where it undergoes spin flips with the
spin decay rate γ and the thermal excitation rate γ̄ which
are assumed to be linked by the detailed balance relation
γ̄ (E )/γ (E ) = exp(−E/kT ). At the peak, one Zeeman level
is in resonance with the corresponding level of the right dot.
The resulting rate equation provides the current [46]

I (B) = 2γ I0

I0/e + 2γ + 2γ̄
, (1)

with I0 the peak height at zero magnetic field and the Zee-
man splitting in the left dot, E = gLμBB. Interestingly, for
sufficiently large gL, this result depends on � and �R only
via I0.

Equation (1) together with the detailed balance relation
provides γ as a function of the Zeeman splitting E and I0. At

low temperatures, the result corresponds to the spontaneous
decay rate. Under the assumption that the induced decay is
proportional to the thermal occupation of the resonant envi-
ronmental modes, nth(E ), we may compute the spontaneous
decay rate γ0 also from measurements at higher temperatures.
Therefore, we conjecture that γ0(E ) ≡ γ (E )/[1 + nth(E )] is
temperature independent and grows linearly with the Zeeman
splitting. Figure 4 shows the accordingly evaluated experi-
mental data. They exhibit good agreement for B⊥ � 0.5 T,
while below this value, the peaks overlap such that Eq. (1)
does not hold. Especially for T = 1.5 K the agreement is
quite good. One obtains spin relaxation rates varying between
20 MHz at 0.7 T and about 80 MHz at 3 T. This linear be-
havior is directly related to the ohmic spectral density and
supports our conjecture of spin-flip cotunneling resolving the
current blockade. At T = 100 mK, one witnesses a deviation
which we attribute to the already mentioned underestimation
of the peak height. Moreover, for large Zeeman splittings, the
thermal excitation rate becomes small, which augments the
relative error.

In principle, one may consider other spin-dissipation
mechanisms such as spin-orbit or hyperfine interactions.
These, however, are expected to show a stronger dependence
on the magnetic field and can be ruled out. A further con-
ceivable mechanism to resolve the blockade is dissipative
transitions from the left to the right dot [32]. As such tran-
sitions occur also when both Zeeman levels are misaligned,
they cannot explain the emergence of sharp resonance peaks
with the observed asymmetry.

Conclusions. We have used here a spin-dependent block-
ade mechanism for single electrons in self-assembled DQDs
to extract spin relaxation rates directly from the measured
resonant tunnel currents. An analysis based on a rate equa-
tion provided the spin-flip rates which turned out to grow
linearly with the Zeeman splitting. Quantitatively, the sponta-
neous spin decay rate at 2 T is of the order 50 MHz. Hence, we
expect coherence times of roughly 20 ns which corresponds
to a few hundred coherent oscillations. The findings here
discussed identify spin-flip cotunneling as the dominating
decoherence mechanism.
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