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Using Andreev bound states and spin to remove domain walls in a Kitaev chain
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Quantum dot (QD)-superconductor hybrids have been established as a suitable platform for realizing Kitaev
chains hosting Majorana bound states. Implementing these structures in a qubit architecture is expected to result
in coherence times that scale exponentially with the lengths of the chains. To scale to longer systems, the phase
differences between all superconducting segments in the chain need to be controlled. While this control has been
demonstrated by using an external magnetic flux [ten Haaf et al., Nature (London) 641, 890 (2025); Bordin et al.,
Nat Commun 17, 2313 (2026)], ideally, it can be achieved with control over intrinsic system parameters [Liu
et al., Phys. Rev. Res. 7, L012045 (2025)]. In this work, we investigate whether the relevant phase differences
can be tuned through the spin degree of freedom in each QD or the chemical potential of the discrete bound
states in the hybrid sections. We confirm that both these tuning knobs allow for controlling the phase difference
in the couplings between neighboring QDs, bypassing the requirement to tune an external flux. However, we find
that the amplitude of the phase shifts can deviate from a discrete π shift. We introduce a spatial variation in the
spin-orbit field as a possible mechanism to explain the observed behavior and comment on the consequences for
experimentally creating long Kitaev chains.
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I. INTRODUCTION

The Kitaev chain models a one-dimensional (1D) spin-
less fermionic chain with a p-wave superconducting pairing,
which hosts unpaired Majoranas at its edges [1]. These
quasiparticles are central to many schemes for fault-tolerant
quantum computation [2,3]. Semiconductor quantum dots
(QDs) coupled via superconductors offer an experimentally
tunable realization of the Kitaev chain [4–7], which has so-far
enabled the creation of localized Majoranas in systems with
two-QD [8–10] and three-QD [11,12] sites. The protection
of Majoranas against perturbations scales with the number of
sites in the chain, making it highly desirable to extend these
arrays. Scaling to longer chains would, for instance, enable
implementations of a parity qubit with longer coherence times
[5,12,13] or demonstrations of the non-Abelian exchange of
Majorana quasiparticles [13–16]. A fundamental obstacle for
scaling to longer chains is posed by phase differences that
arise between neighboring superconductors. In a Kitaev chain,
any π -phase difference between neighboring superconducting
pairings locally closes the excitation gap. This effectively cuts
the chain in segments as a so-called domain wall is formed
[1,4]. One ideally requires all phases to be uniform. Authors
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of recent works on three-site systems have addressed this
problem via a flux-controlled superconducting loop [11,17].
This is, however, not a practical solution for longer systems:
an N-site chain would require independent control over the
flux through N-2 superconducting loops.

It was recently proposed [18] that Kitaev chains could in
fact be scaled without explicit flux control. Instead, control
over the spin configuration of the QDs and/or control over
the chemical-potential energy of the hybrid segments was pre-
dicted to be sufficient to achieve this. Here, we investigate this
strategy experimentally by studying a three-site Kitaev chain
in an InSbAs two-dimensional electron gas (2DEG) with a
flux-tunable superconducting loop. We follow the protocol
in Ref. [11] to create localized Majorana edge modes and
study the flux response of the excitation gap in the middle
QD. By comparing the response to the superconducting flux
for different spin configurations, we confirm that changing
the spin polarization of one of the QDs introduces a discrete
phase shift in the system. Furthermore, we show that changing
the chemical potential energy of one of the hybrid segments
induces a similar phase shift, providing a second mechanism
that can remove a domain wall. Closer inspection reveals that
the phase shifts evolve smoothly as a function of the Andreev
bound state (ABS) charge, which can result in sweet spots
with an arbitrary (non-π ) difference in their relative phase. We
theoretically analyze how an effective spatial variation in the
spin-orbit field gives rise to the smooth phase evolution and
derive an analytical expression to compare with the experi-
mental results. Our results show that flux-free scaling of the
Kitaev chain can be feasible but that a deeper understanding
of microscopic details of the system is important for imple-
menting the technique.
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A. The scaling protocol

The Hamiltonian for the general N-site Kitaev chain is
given by [1,4]

H =
N∑
j

μ jc
†
j c j +

N−1∑
j

(
t jc

†
j c j+1 + |� j |e−iφ j c†

j c
†
j+1

) + H.c.

A gauge transformation allowed for taking the chemical po-
tentials μ j and hopping terms t j to be real and assigning a
complex phase φ j only to the superconducting pairings � j

[1,19]. In a 1D system with Rashba spin-orbit coupling, these
phases are restricted so that φ j is either 0 or π [4]. For any
N , unpaired Majoranas arise on the two outermost sites when
μ j = 0, |t j | = |� j |; this is referred to as the Majorana sweet
spot. When all phases are equal (such that either all t j = +� j

or all t j = −� j), the middle sites host an excitation gap that
separates the Majorana modes at the edge. The Kitaev chain
can be effectively engineered by coupling spin-polarized QDs
via ABSs in a semiconductor-superconductor hybrid segment
[8,9,13]. Focusing first on a minimal two-site system, the
hopping interaction (t) occurs through elastic cotunneling
(ECT), whereas crossed Andreev reflection (CAR) provides a
pairing interaction (�) via the creation or splitting of Cooper
pairs in the superconductor [20,21] [Fig. 1(a)]. Crucially, the
amplitudes t , � of these virtual processes depend differently
on the ABS chemical potential energy μABS. Additionally, the
relative signs of the amplitudes are affected by the spin con-
figuration of the spin-polarized QDs. Depending on whether
the spins of the QDs are aligned or antialigned, either the
CAR or the ECT process requires the presence of spin-orbit
interactions. As a result, the coupling mechanism differs for
different spin configurations. Figure 1(b) shows theoretically
calculated t,� amplitudes as a function of μABS, previously
shown in Ref. [18], comparing an equal spin alignment and an
opposite spin alignment in the QDs. For each spin configura-
tion, tuning μABS enables either t = +� or t = −�. Focusing
on μABS < 0, changing the spin of one of the QDs similarly
changes the relative amplitude from t = +� to t = −� (vice
versa for μABS > 0). The relative sign between t,� becomes
relevant when considering a Kitaev chain with N � 3 QD
sites. To see this, we turn to a spinful model considering
three spinful QDs and two ABSs (see Supplemental Material
[22]). Figure 1(c) shows numerical conductance spectra of the
middle QD at a three-site sweet spot, as a function of the phase
difference φ between the two superconducting pairings. For
the left spin configuration, for example, we find a situation
where the gap is closed when φ = 0 due to the formation of
a domain wall. Changing the spin on the right QD shifts the
entire spectrum by a π phase, removing the domain wall and
reopening the excitation gap in the middle QD at φ = 0.

B. Device and measurement setup

A schematic overview and a scanning electron micrograph
(SEM) of the measured device are shown in Figs. 1(d) and
1(e). Three large lithographically defined depletion gates (red)
confine a narrow conductance channel across two supercon-
ducting strips (green). Narrow gates are used to define three
QDs on the left, in the middle, and on the right of the two
superconducting regions. Their chemical potential energies

FIG. 1. Proposed mechanisms for controlling phase in the Ki-
taev chain and device layout of a three-site chain. (a) Schematic of
ECT and CAR subgap processes in a two-site Kitaev chain setup,
controlled by an ABS with energy EABS. (b) ECT (t) and CAR (�)
amplitudes as a function of μABS for two different spin configura-
tions. (c) Simulated conductance spectra on the middle QD of a
three-site Kitaev chain as a function of the phase φ. Two different
spin configurations are compared, demonstrating the removal of a
domain wall through flipping the rightmost spin. (d) Three-site Ki-
taev chain schematic showing the two pairs of couplings t1, �1 and
t2, �2. Phase modulation is enabled by threading a flux � through
the superconducting loop connecting the two hybrid sections.
(e) Scanning electron micrograph (SEM) of the measured device. An
out-of plane magnetic field Bz is used to modulate the flux, with a
period of 28 µT. An in-plane magnetic field Bx is applied parallel to
the channel to spin-polarize the QDs.

are controlled by VQDL, VQDM, and VQDR, respectively. The two
hybrid sections host discrete ABSs [11], whose energies are
controlled by V (1)

ABS and V (2)
ABS. The sections are connected in

a loop, enabling an out-of-plane magnetic field Bz to control
the flux � through the loop. This directly controls the relative
phases of the interdot couplings between neighboring QD
pairs [11,17]. Each QD is coupled to a normal contact via
a tunneling barrier, allowing us to probe the local density
of states at the edges and in the middle of the chain. Fast
measurements are performed using radiofrequency lead re-
flectometry techniques enabled by off-chip lumped-element
resonators, where the reflected phase and amplitude of signal
Si

21 on lead i is recorded. We plot the processed signal S̃i
21,

as detailed in the Supplemental Material [22]. In addition, we
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FIG. 2. Spin-induced phase shifts. (a) Bias spectroscopy mea-
surement for the middle QD as a function of the out-of-plane
magnetic field Bz for an ↑↑↑ spin configuration. (b) A higher-
resolution GMM linetrace along VM = 0, expressed in units of the
flux quantum �0. We identify a flux where the excitation gap closes.
(c) Repeated measurements of (a), for different spin configurations.
(d) Comparison of GMM linetraces along VM = 0, for the same spin
configurations as in (c). Applied magnetic field along Bx is 150 mT.
The behavior is reproducibly observed, shown in Fig. S2 in the
Supplemental Material [22].

show measurements of the differential conductance GMM =
dIM
dVM

through the middle ohmic contact.

II. RESULTS

A. Spin-induced phase shift

To initialize the system, we identify an isolated orbital in
each of the three QDs. An in-plane magnetic field (Bx) is
applied along the length of the 1D channel to spin-polarize
the QDs (Fig. S1 in the Supplemental Material [22]). Since
each orbital has two spin polarizations, we can study eight
different combinations of resonances. We use the combined
spin configuration as label. Following the same protocol as in
our previous work [11], the device is first tuned up so that the
condition |ti| = |�i| is satisfied for each of the two QD pairs
(left/middle and middle/right). This is achieved by tuning
V (1)

ABS and V (2)
ABS to change the charge and energy of ABSs,

which in turn affects the interdot couplings [see Figs. 1(b)
and 1(c)]. The tune-up is completed by setting all VQDi values
to the charge degeneracy point corresponding to μi = 0. To
identify the flux corresponding to a phase φ = 0, we measure
the finite-bias conductance through the middle QD GMM as a
function of Bz [Fig. 2(a)]. The excitation gap in the middle
QD closes periodically as a function of Bz, in line with the
predicted behavior shown in Fig. 1(c) and Refs. [11,17,18].
The value of Bz where the excitation gap in the middle QD
closes is taken as a reference point (indicating φ = π ), which

can be easily extracted from a measurement along VM = 0
[Fig. 2(b)].

The result in Fig. 2(a) is obtained for an ↑↑↑ spin configu-
ration. We can select a different spin configuration through the
voltages VQDi. For each adjustment, a slight retuning of VABS

is required to maintain the |ti| = |�i| condition. We repeat the
measurement in Fig. 2(a) for three different combinations of
spin polarizations of the outer QDs, shown in Fig. 2(c). For
every adjustment of a spin polarization, we observe that the
spectrum shifts by approximately half a flux period, corre-
sponding to a π shift in the effective phase φ. To compare
the flux response more closely, we compare linetraces along
VM = 0 in Fig. 2(d). Focusing on the � value indicated by
the dashed line, at fixed Bx, the excitation gap in the system
is either present or closed depending on the spin configura-
tion. This, in principle, demonstrates the desired control: The
spin configuration serves as a tool to remove a domain wall,
without requiring to tune the external flux. We note, however,
that small offsets from φ = 0 or φ = π appear in the bottom
two configurations, marking a departure from the discrete 0/π

shift presented in Fig. 1(c). This motivates a more in-depth
study where we turn to the second predicted control knob: the
ABS charge.

B. ABS-induced phase shift

The charge of the ABSs provides a second way to change
the relative sign of the t and � amplitudes, as highlighted in
Fig. 1(b). Hence, tuning between the two available |t | = |�|
sweet spots within the range of a single ABS should yield
a relative phase shift while maintaining the same spin con-
figuration. In contrast with changing the spin of the QDs,
this control via VABS allows for a continuous interpolation
between two sweet spots. First, we search for a range in
V (2)

ABS where the rightmost QD interacts with a single ABS.
Figure 3(a) shows a charge stability diagram of two spin-
polarized resonances in the right QD interacting with an ABS
in the right hybrid segment. As V (2)

ABS is varied, the positions of
the QD resonances are modulated, indicating interaction with
ABSs in this range [23]. Here, we find that one sweet spot
can be clearly identified for the spin-down resonance, while
the spin-up resonance allows for determining a sweet spot
at two different ABS energies (Fig. S4 in the Supplemental
Material [22]). At each of these three sweet spots, we obtain
a zero-bias conductance measurement as a function of flux,
shown in Fig. 3(b). Comparing these linetraces, we observe
that now the changes in both the spin and the ABS energy
result in comparable relative phase shifts. Next, we study the
flux dependence of the system throughout a larger range of
V (2)

ABS around the two spin-up sweet spots to interpolate how
the system evolves from the result in Fig. 3(b)(ii) to the shifted
trace in Fig. 3(b)(iii). Generally then, |t2| �= |�2|, while we
maintain |t1| = |�1|. Similar to Fig. 3(b), we characterize
the flux dependence by measuring the response of the zero-
bias conductance. The oscillations are fitted to estimate the
value Bz where the excitation gap closes (see Fig. S3 in the
Supplemental Material [22]), which allows us to extract a
single value �̃ that characterizes the relative flux shift at each
V (2)

ABS point with respect to the dashed line in Fig. 3(b)(i). The
evolution of this extracted flux shift �̃ vs the ABS energy is
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FIG. 3. ABS-induced phase shifts. (a) Hybridization between the
right ABS and two spin levels of the right QD QDR. Three sweet
spots (×, ◦, �) are identified from charge stability diagrams of the
right and middle QD (Fig. S4 in the Supplemental Material [22]). (b)
Flux dependence of the zero-bias conductance GMM on the middle
dot, measured at the three sweet spots indicated in (a). (c) Continuous
measurement of the extracted flux shift �̃ as a function of the right
ABS energy. The extracted shift �̃ is defined with respect to the
first conductance peak in the zero-bias trace as indicated in (b)
(see Fig. S3 in the Supplemental Material [22] for further details
about the extraction). The spin-down configuration is only shown
for values of V (2)

ABS < 16 mV, as the extraction was unreliable for
the rest of the range. Raw datasets are shown in Figs. S6 and S7
in the Supplemental Material [22]. Measurements were performed at
an in-plane field Bx of 200 mT. The flux dependence of the energy
spectrum at all values of the ABS energy is shown in Fig. S5 in the
Supplemental Material [22].

shown in Fig. 3(c). The extracted flux shift in Fig. 3(c) reveals
three important observations. First, we find that the flux shift
induced by a spin flip is similar to the flux shift acquired by
changing the ABS charge from one sweet spot to another. This
indicates that the underlying mechanism shown in Fig. 1(b)
appears to be well understood. However, we also observe
that the flux shift, and therefore the phase, varies smoothly
between two sweet spots as the ABS energy is changed, devi-
ating from the scenario where only phases of 0 or π appear in
the system [4]. Given that the exact positions of the two sweet
spots along VABS depend on underlying microscopic details,
a smooth phase evolution means that any arbitrary flux shift
can appear in practice. Furthermore, the phase separation of
the plateaus at the extremes of the ABS range is larger than
π , indicated by the red arrow. The practical implications of
this are treated in the Discussion. Below, we address how the

model underlying Fig. 1(c) can be adjusted to reproduce this
behavior.

C. Possible origin of the smooth phase evolution

The above results deviate from the original theoretical re-
sult [18] in two clear ways: The system smoothly interpolates
between two phase plateaus as a function of V (2)

ABS, and the sep-
aration of the two plateaus corresponds to a total phase shift
larger than π . In a system that respects complex conjugation
symmetry, only discrete 0 or π phases arise. A possible mech-
anism that could break this symmetry is a spatial variation in
the effective spin-orbit field along the chain, which was so far
assumed to be fixed perpendicular to the chain. As a start-
ing point, we present here a simple adjustment to the model
underlying Fig. 1(c) that implements this by introducing an
in-plane offset angle θA between the polarization axis of the
QDs ( �BQD) and that of the ABS ( �BABS), with Zeeman energy
EABS

Z . This is equivalent to a specific configuration of a spa-
tially varying spin-orbit field �BSO, treated more generally in
the Supplemental Material [22]. Mapping the full model onto
an effective three-site model allows us to obtain an expression
for the complex phase-shift φ̃ in the system (see Supplemental
Material [22]) as a function of ABS parameters

φ̃ = π

2
− arctan

[
μABS + μ0

(
θA, EABS

Z

)
�

(
θA, EABS

Z

) ]
. (1)

When θA, EABS
Z = 0, the dependence on μABS is a step

function between 0 and π , centered around μABS = 0. The
parameter � ∝ EABS

Z sin(θA) smoothens the step function, and
μ0 ∝ EABS

Z cos(θA) shifts the center of the curve away from
μABS = 0. In Fig. 4(a), we show the dependence on μABS

for varying θA at fixed EABS
Z , highlighting the smoothening

effect on the step function when θA �= 0. The scattered points
indicate the two values of μABS that numerically correspond
to sweet spots. Due to the smoothening, the phase separation
between the two sweet spots decreases as a function of θA and
EABS

Z [Fig. 4(b)], as they lie more toward the center of the
smoothened curve, similar to Fig. 3(c). A plot of � as a func-
tion of θA is shown for two values of EABS

Z in Fig. 4(c), where
we see that the broadening is maximum when θA = π/2.
Fitting the result Eq. (1) to the experimental data captures
the overall trend well (Fig. S5 in the Supplemental Material
[22]). We stress, however, that the larger-than-π separation
of the plateaus in Fig. 3(c) is not directly described by this
mechanism.

III. DISCUSSION

The key finding of this work is that both QD spin and ABS
charge can affect the phase of a superconducting pairing in
a Kitaev chain device and hence serve as a tuning knob to
remove domain walls. We observe, however, that a continuous
range of phases can arise, contrasting original predictions that
the phase should be restricted to 0 or π . In our model, we find
that spatial variations in the alignment of the spin-orbit field
can be a possible explanation for these deviations, previously
not explicitly included in models of this system. We believe
this to be a physically reasonable assumption, which may
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FIG. 4. Theoretical analysis of φ̃ as a function of μABS. (a) To
explain the experimental result, we propose a spatial variation in
the spin-orbit hopping between neighboring sites as possible source
(inset left). We implement this here equivalently through an offset
angle θA between the polarization of the QDs and the ABS (in-
set right). The more general case is discussed in the Supplemental
Material [22]. The analytically obtained phase shift φ̃ [Eq. (1)] is
plotted, for various θA. For each curve, the two μABS values are
indicated that correspond to a sweet spot numerically. A fitting of
the experimental data to the theoretical result is shown in Fig. S5 in
the Supplemental Material [22]. (b) The smoothening of the phase
dependence on μABS results in a decrease in the phase difference
δφ̃ between two sweet spots for two values of EABS

Z in units of the
induced superconducting pairing in the ABS. While θA is not easily
accessible in an experiment, we show a similar decrease in the phase
difference as the global polarizing field is rotated in Fig. S9 in the
Supplemental Material [22]. (c) The smoothening parameter � as a
function of θA for two values of EABS

Z .

arise through variations in the electrical fields or microscopic
differences in the QDs/tunnel barriers. An anisotropic g tensor
along the chain could also produce this, although the in-plane
g factor is expected to be isotropic in our material [24]. We
speculate that the observed larger-than-π shifts may arise if
the spin-orbit field itself is affected by the VABS gate voltage
or through the presence of multiple ABSs. To minimize the
deviations induced by spin-orbit misalignments, this effect
should be considered in the design of future experiments.
Specifically, our results suggest that complex geometries for
applications such as braiding experiments should consist of
predominantly parallel chains, allowing a single field �B to be
perpendicular to �BSO everywhere.

The main purpose of the investigated protocol is the re-
moval of domain walls in long Kitaev chains without requiring
an external flux. In this regard, it should be stressed that our
findings indicate the protocol is not optimal: While the VABS

knob allows for continuous control over the superconducting
phase, the devices are operated at specific sweet spots in this

parameter space. Under realistic circumstances, we therefore
believe both spin and ABS will be able to tune away from
φ = π but not exactly to the ideal φ = 0 configuration. The
main consequence of this is that the excitation gap on the
middle site will be reduced compared with its maximum value
when the effective phase φ = 0. As an example, we show this
reduction explicitly in Fig. S8 in the Supplemental Material
[22], where we quantitatively analyze the decrease in the
excitation gap for the results shown in Fig. 2. By extracting
the phases of the ↓↑↑ and ↓↑↓ configurations in Fig. 2, we
find that the phase difference between the states deviates from
π by approximately 30% or 4 μT (Fig. S10 in the Supple-
mental Material [22]). This in turn leads to a decrease in the
excitation gap from approximately 50 to 38 μeV. A larger
deviation from π translates directly to a larger reduction in
the energy gap. However, if the phase shift is nonzero, it may
be used to avoid a situation where the excitation gap closes.
Compared with fine-tuned flux control over multiple loops,
with the drawbacks of requiring additional control lines and
accounting for cross-talk [25,26], we believe this presented
technique to be the preferred alternative.

IV. CONCLUSIONS

We have studied the phase-dependent energy spectra of
different spin configurations of a three-site Kitaev chain.
Through flux-dependent measurements, we observe that phase
shifts close to π can be achieved by changing the spin occu-
pation on either of the outer QDs. These phase shifts would
allow to avoid domain walls, enabling the scaling to longer
Kitaev chains without the need for external flux control. Inter-
estingly, upon further investigation, we find that the relative
phase varies smoothly with the ABS charge, which can give
rise to arbitrary phase shifts between sweet spots. We theo-
retically show that a spatial variation in the spin-orbit field
can be a possible mechanism for the observed continuous
transition. This finding helps to understand the origin of phase
shifts that deviate from π and conditions under which the
spin-flip protocol can be used reliably in future experiments.
The focus of this work has been to study how the com-
bination of superconducting phase difference, electron spin,
and spin-orbit coupling affects the scaling of Kitaev chains.
We note that the interplay between these degrees of free-
dom determines the underlying physics of a wide variety of
superconductor-semiconductor hybrid materials and devices
that are actively being researched, such as superconduct-
ing germanium [27,28], multiterminal Josephson junctions
[29,30], and Andreev spin qubits [31–33].
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