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Magnetic tuning of the tunnel coupling in an optically active quantum dot molecule

Frederik Bopp ,1,* Charlotte Cullip,1,* Christopher Thalacker ,1 Michelle Lienhart ,1 Johannes Schall ,2 Nikolai Bart,3

Friedrich Sbresny ,4 Katarina Boos,4 Sven Rodt,2 Dirk Reuter ,5 Arne Ludwig ,3 Andreas D. Wieck,3

Stephan Reitzenstein ,2 Filippo Troiani ,6 Guido Goldoni ,6,7 Elisa Molinari ,6,7 Kai Müller ,4 and Jonathan J. Finley 1,†

1Walter Schottky Institut, School of Natural Sciences, and MCQST, Technische Universität München,
Am Coulombwall 4, 85748 Garching, Germany

2Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstraße 36, 10623 Berlin, Germany
3Lehrstuhl für Angewandte Festkörperphysik, Ruhr-Universität Bochum, Universitätsstraße 150, 44801 Bochum, Germany

4Walter Schottky Institut, School of Computation, Information and Technology, and MCQST,
Technische Universität München, Am Coulombwall 4, 85748 Garching, Germany

5Paderborn University, Department of Physics, Warburger Straße 100, 33098 Paderborn, Germany
6Centro S3, CNR-Istituto Nanoscienze, Via Campi 213/a, 41125 Modena, Italy

7Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Università di Modena e Reggio Emilia, Via Campi 213/a, 41125 Modena, Italy

(Received 22 March 2023; revised 6 February 2025; accepted 7 July 2025; published 8 August 2025)

Self-assembled optically active quantum dot molecules (QDMs) allow the creation of protected qubits via
singlet-triplet spin states. The qubit energy splitting of these states is defined by the tunnel coupling strength and
is, therefore, determined by the potential landscape and is fixed during growth. Applying an in-plane magnetic
field increases the confinement of the hybridized wave functions within the quantum dots, leading to a decrease
of the tunnel coupling strength. We achieve a tuning of the coupling strength by 53.4% ± 1.7%. The ability
to fine-tune this coupling is essential for quantum network and computing applications that require quantum
systems with near identical performance.
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Although any physical qubit is susceptible to dephasing,
the use of protected qubits offers a way to passively shield
the quantum information from their noise environment [1,2].
Few-spin solid-state qubits are particularly promising in this
regard, since they are immune to the dominant electric and
magnetic field noise sources to first order [3–5]. Recently, the
extension of the spin coherence time by creating a few-spin
(e.g., singlet-triplet) qubit has been demonstrated in a verti-
cally stacked pair of optically active quantum dots [6]. Such
quantum dot molecules (QDMs) combine the advantages of
single quantum dots (QDs), such as robust optical selection
rules [7] and dominant emission into the zero-phonon line
[8], with the ability to create protected few-spin qubits [5].
They are formed from two vertically stacked QDs separated
by a tunnel barrier. At a separation of a few nanometers, the
orbital states in the two dots become tunnel coupled with a
strength that depends on the separation of the dots and the
height of the tunnel barrier [9]. Tunnel coupling facilitates
the creation of hybridized symmetric and antisymmetric few-
spin states, which serve as protected qubit eigenstates [10].
The energy splitting between these two states is defined by the
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tunnel coupling. This makes the coupling strength the main
tuning parameter of the solid-state qubit, as it determines the
operating rate of quantum gates [11]. However, the thickness
and height of the tunnel barrier are fixed during the growth
process. By establishing a method for post-growth continuous
and reversible tuning of the tunnel coupling, synchronization
of multiple qubits could be enabled to facilitate applications
such as quantum networks [12]. In addition, the generation
of two-dimensional photonic cluster states for measurement-
based quantum computing could be optimized [13,14].

One approach to control the tunnel coupling post-growth
is to apply strain to the system. However, so far only weak
energy shifts up to 50 μeV have been achieved experimentally
[15] while lacking long-term stability [16]. A second approach
to tune the tunnel coupling, promising a wider tuning range
with higher temporal stability, is to apply a static magnetic
field to the QDM. This results in a modification of the orbital
part of the carrier wave function and, therefore, control of
the tunnel coupling. Over the past decades, several theoretical
works have explored the magnetic tuning of symmetric and
antisymmetric orbitals in artificial molecules [17–22]. How-
ever, experimental demonstrations have not yet been provided
[23,24] and structure-property relationships are yet to be es-
tablished. In-plane magnetic fields are predicted to result in
a confinement of the orbital part of the wave function along
a direction perpendicular to the field direction (diamagnetic
response), corresponding to a reduction of the tunnel coupling
[19]. To qualitatively illustrate the magnetic field dependence
of the wave function, Fig. 1(a) shows a sketch of the electron
wave function in a double-well potential without (solid) and

2469-9950/2025/112(6)/L060404(5) L060404-1 Published by the American Physical Society

https://orcid.org/0000-0001-5580-8718
https://orcid.org/0009-0008-6687-0013
https://orcid.org/0000-0001-8656-4584
https://orcid.org/0000-0003-0824-4010
https://orcid.org/0000-0002-6005-4209
https://orcid.org/0000-0003-4512-8895
https://orcid.org/0000-0002-2871-7789
https://orcid.org/0000-0002-1381-9838
https://orcid.org/0000-0002-0705-164X
https://orcid.org/0000-0002-6870-2071
https://orcid.org/0000-0002-0692-6096
https://orcid.org/0000-0002-4668-428X
https://orcid.org/0000-0003-3036-529X
https://ror.org/02kkvpp62
https://ror.org/03v4gjf40
https://ror.org/04tsk2644
https://ror.org/02kkvpp62
https://ror.org/058kzsd48
https://ror.org/0042e5975
https://ror.org/02d4c4y02
https://crossmark.crossref.org/dialog/?doi=10.1103/dhjc-fvh3&domain=pdf&date_stamp=2025-08-08
https://doi.org/10.1103/dhjc-fvh3
https://creativecommons.org/licenses/by/4.0/


FREDERIK BOPP et al. PHYSICAL REVIEW B 112, L060404 (2025)

Em
is

si
on

 (c
ts

/3
s)

0.05 0.1 0.15 0.2
1336

1338

1340

1342

En
er

gy
 (m

eV
)

Gate Voltage (V)

(b)

(a)

E

X0

z

E(z
)

B

0.25
101

102

103

FIG. 1. Tunnel coupling of the neutral exciton (X 0).
(a) Schematic of bonding (pink) and antibonding (green) wave
function �(z) of the lowest and second lowest electron energy eigen-
state, respectively, with (dashed) and without (solid) applied in-plane
magnetic field B. The solid black lines depict the electron trapping
potential along the growth direction z. (b) Voltage-dependent photo-
luminescence measurement of the X 0. The energy splitting between
the bonding (pink) and antibonding (green) eigenstates �E is
depicted by a blue arrow, while the energy of the tunnel-coupled
states is visualized by colored circles.

with (dashed) magnetic field B applied along the x direction.
The pink (green) wave function �(z) illustrates the lowest
symmetric (second lowest, antisymmetric) eigenstate of a sin-
gle electron confined in the QDM potential. The solid black
lines represent an approximate potential landscape of the
QDM along the growth direction z. The probability density of
the charge position inside the two potential wells is predicted
to increase at higher magnetic fields because of magnetic
compression of the wave function [19]. Consequently, the
wave function is expelled from the barrier region between the
two potentials wells, which effectively reduces the strength of
the tunnel coupling.

In this work, we experimentally demonstrate the tun-
ability of the tunnel coupling of an artificial molecule by
varying an in-plane magnetic field. We perform magneto-
photoluminescence measurements on a single QDM to study
the energy splitting between the bonding (BO) and anti-
bonding (AB) neutral exciton (X 0) states and hence the
tunnel coupling strength. We observe a reduced splitting
with increasing magnetic field, which we numerically simu-
late by modeling a three-dimensional confinement potential
and calculating the corresponding single-particle energies and
Coulomb interactions between the localized carriers. By ap-
plying an electric field along the growth direction, we tune the
electronic levels of the two dots into and out of resonance.
This allows us to conclusively show that the magnetic field

leads to a reduction of the tunnel coupling strength, providing
a post-growth control of this parameter.

The QDM investigated in this work consists of two ver-
tically stacked and tunnel-coupled InAs QDs embedded in a
GaAs matrix [25]. The neutral exciton (X 0) is used to demon-
strate the general reduction of the energy gap between BO and
AB eigenstates. Excitation of the neutral exciton is achieved
via a continuous wave laser resonant to a higher orbital shell
at 1353.6 meV, while the s-shell emission is monitored. To ef-
ficiently excite the X 0 state, a two-phase optical and electrical
sequence is used for all measurements presented in this letter
[26]. The applied gate voltage allows tuning of the energy lev-
els of the two QDs relative to each other. In combination with
the tunnel coupling, this allows the hybridization of charge
wave functions forming BO and AB eigenstates. An avoided
crossing is the result. Figure 1(b) shows the voltage-dependent
photoluminescence of the X 0 state. The eigenenergies corre-
sponding to the BO and AB eigenstates are highlighted by
dashed pink and green fits, respectively. The exciton energies
are fitted using a coupled two-state model, including a linear
bias and a quadratic contribution proportional to the bias,
which accounts for the DC Stark effect for indirect and direct
excitons, respectively [27]. The full description can be found
in the Supplemental Material [28] and Refs. [2,3] therein.

The voltage at which hybridization of the two wave func-
tions occurs is depicted by the colored circles in Fig. 1(b).
The minimum energy difference �E between the two exciton
eigenstates is solely determined by the strength of the tunnel
coupling t . Since we work in a regime where the electron can
hybridize while the hole remains confined in the upper QD [9],
the energy splitting between the BO and AB eigenstates �E
corresponds to the energy difference between the observed
neutral exciton eigenstates. This allows us to analyze the
magnetic field-dependent energy separation between the BO
and AB wave functions and thus obtain the tunnel coupling
between the QDs.

To analyze the in situ tunability of the tunnel coupling, we
apply an in-plane magnetic field along the x direction (Voigt
geometry). Figure 2(a) shows a magneto-photoluminescence
measurement of the BO and AB state at the lowest splitting of
0.15 V. In addition to a diamagnetic shift [29], the magnetic
field leads to a mixing of bright and dark exciton states [30]
and a Zeeman splitting of the spin states [31]. This results
in the occurrence of the four allowed optical transitions for
both the BO and AB eigenstates, as shown by the single
photoluminescence trace in Fig. 2(a) recorded at 15 T. With an
increasing magnetic field, the energy separation �E between
the eigenstates with the same spin configuration reduces. We
define �E as the difference between the highest energy tran-
sition of the BO and of the corresponding AB eigenstate.

Figure 2(b) shows the energy splitting �E as a function
of magnetic field. The blue data points describe the energy
separation at 0.15 V obtained from Fig. 2(a). The energy sep-
aration between the two eigenstates decreases with increasing
magnetic field. In order to unambiguously identify the ob-
served transitions, we complement the experimental results
with numerical calculations, performed within the envelope
function and the effective-mass approach [32]. The single-
particle energies and eigenstates are obtained by diagonalizing
on a real-space grid of 524 288 points, using a Hamiltonian
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FIG. 2. (a) Magneto-photoluminescence measurement in the
tunnel-coupling regime at 0.15 V. The energy splitting �E between
the bonding (BO) and antibonding (AB) eigenstate is illustrated
by a blue arrow. The red solid line shows the emission spectrum
at 15 T. (b) The energy splitting �E as function of the magnetic
field. The blue data points indicate the energy splitting between the
highest-energy transitions of the BO and the AB eigenstate at 0.15 V.
The red data points are extracted from fitting the voltage-dependent
energy splitting. The black solid line shows the numerically predicted
energy splitting �E .

that includes a kinetic and a potential contribution,

Hχ (r) = 1

2m∗
χ

(
−ih̄∇ + qχ

c
A

)2
+ Vχ (r), (1)

where A = 1
2 B × r is the vector potential, χ = e, h speci-

fies the particle type and its charge (qh = −qe = |e|), and
m∗

χ is the effective mass. The confinement potential includes
a parabolic in-plane contribution, Vxy,χ (x, y) = 1

2 m∗
χω2

χ (x2 +
y2), and a double square well in the vertical (z) direction.
In particular, the two wells have widths of d1 = 2.7 nm and
d2 = 2.9 nm, matching the height of the bottom and top single
QD, respectively. We note that the dot heights were precisely
fixed at these values using the In-flush method [33]. Similarly,
the barrier between the two dots was defined during growth
and fixed at l = 7.3 nm. The height of the barrier is set to
V0 = 690 meV, corresponding to the conduction band offset
of strained InAs and GaAs [34]. In addition, the potential
includes a linear term Vbias,χ = qχEz, with E = 3.63 meV/nm
to account for the electric field.

We include the Coulomb interaction perturbatively, and
identify the energy of the lowest (first excited) exciton state
with the sum of the electron ground state energy, the hole
ground state energy, and the direct Coulomb matrix element
involving these single-particle states. Further details are pro-
vided in the Supplemental Material [28].

The black solid curve in Fig. 2(b) shows the numerically
obtained energy splitting �E as a function of the strength of
the in-plane magnetic field. We obtain an excellent qualita-
tive agreement between experimental and theoretical results.
Quantitative differences may result from simplifications in the
applied three-dimensional potential.

The magnetic field leads to an enhanced confinement of
the charges in the potential wells along the growth direction
z, which is associated with a reduction of the electron wave
function density inside the tunneling barrier. Thus, the cou-
pling strength decreases with increasing magnetic field. In the
presented magnetic field range we observe a decrease of the
splitting of the avoided crossing by 53.4% ± 1.7%, which cor-
responds to an absolute energy shift of (−1.04 ± 0.05) meV
and a change of the tunnel coupling strength from t = (1.12 ±
0.02) meV to (0.60 ± 0.02) meV. Our previous theoretical
study [19] demonstrated that the observed reduction arises
from a general reduction of the amplitude of the wavefunc-
tion within the AlGaAs barrier, rather than a magnetic field
dependent difference of the diamagnetic coefficient of the
hybridized excitonic states. This finding was shown to be quite
general, independent of the precise form of the confinement
potential along the axis of the QD molecule. The observed
magnetic reduction of the tunnel coupling is a factor of 21×
higher than what could be previously achieved by strain tuning
the device [15].

As the magnetic field is increased, the decrease in �E , and
hence the tunnel coupling, should be maximal in the center of
the avoided crossing. Thus, we continue to analyze �E close
to and away from the avoided crossing to show conclusively
that the reduction of �E is indeed caused by a reduction of
the tunnel coupling. Therefore, we measured �E for different
DC gate voltages tracking over the avoided crossing.

Figure 3(a) shows �E as a function of the gate volt-
age around the avoided crossing at 0 T (black points) and
15 T (blue points). The solid lines result from fitting the
data with the difference of the eigenenergies calculated from
the coupled two-state model. Both fits show a minimum at
the center voltage of the avoided crossing, depicted by the ver-
tical dashed lines. VC marks the center voltage of the avoided
crossing at 0 T. As before, �E is reduced at 15 T compared
to 0 T. This results in a reduced tunneling coupling strength,
represented by the fit parameter t . At VC the energy splitting is
�E = 2t , which allows the extraction of the minimum split-
ting from the applied fit. The red data points in Fig. 2(b) show
the minimum energy splitting for different magnetic fields.
While the fitted and measured �E are in excellent agreement
at low magnetic fields, a small deviation is observed at higher
fields. This is caused by a magnetic field-dependent shift of
VC . The inset in Fig. 3(a) shows the evolution of VC with
increasing magnetic field. The observed voltage shift of the
tunnel coupling originates from the different sizes of the two
individual QDs. By increasing the magnetic field and thus the
confinement of the charge, the eigenenergies of the two QDs
encounter different energy shifts. As a result, a lower gate
voltage is required to attain the coupling condition. Thus, VC

decreases with increasing magnetic field.
To demonstrate the reduction in energy splitting at the

avoided crossing, we analyze the difference of �E with
and without an applied magnetic field. Figure 3(b) shows
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FIG. 3. (a) �E as a function of the gate voltage at 0 T (black
dots) and 15 T (blue dots). Solid lines visualize the fit of the energy
splitting. VC describes the voltage, where �E is minimal. The inset
shows VC as function of the magnetic field. (b) Difference of �E
with and without applied magnetic field as a function of the gate
voltage. The solid lines show the difference between the fits applied
in (a).

the voltage-dependent difference �X T - �0 T, with X ∈
{1, 5, 10, 15}. The fitted curves (solid lines) are obtained
by subtracting the difference of the fitted eigenenergies in
Fig. 3(a). The asymmetry of the curve is caused by the change
in VC with increasing magnetic field, as discussed before. The
data presented exhibit a minimum of the energy difference at

the avoided crossing. This minimum confirms that the varia-
tion of the energy splitting is indeed maximal at the avoided
crossing. Thus, we can conclude that the applied magnetic
field reduces the tunnel coupling between the two quantum
dots.

In summary, we have demonstrated a reduction in the
energy splitting between BO and AB eigenstates of a QDM
by applying in-plane magnetic fields. This corresponds to a
reduction in the tunnel coupling strength between the two
QDs. Fitting the energy difference between the eigenstates of
the system to the voltage and magnetic field-dependent mea-
surements allows quantification of the variation of the tunnel
coupling strength. We obtain a wide tuning range of 53.4% ±
1.7% with a maximum tuning rate of (−101 ± 6) μeV/T. The
decrease of the absolute energy splitting is (1.04 ± 0.05) meV.
Our results confirm several theoretical predictions [17–22]
and demonstrate that in-plane magnetic fields enable the tun-
ing of the tunnel coupling in QDMs.

The tunability of the tunnel coupling is crucial for con-
trolling the eigenstates of solid-state qubits in QDMs. The
presented results allow optimization of the gate operations
for the generation of two-dimensional photonic cluster states
[13]. Moreover, tuning the eigenenergies of a qubit facilitates
its synchronization with other qubits and thus their entan-
glement to enable multi-qubit networks. These results are
generally applicable to other artificial molecules, e.g., in two-
dimensional materials with a similar trapping potential [17].
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