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Qubit readout schemes often deviate from ideal projective measurements, introducing critical issues
that limit quantum computing performance. In this Letter, we model charge-sensing-based readout for
semiconductor spin qubits in double quantum dots, and identify key error mechanisms caused by the
backaction of the charge sensor. We quantify how the charge noise of the sensor, residual tunneling, and
g-tensor modulation degrade readout fidelity, induce a mixed postmeasurement state, and cause leakage
from the computational subspace. For state-of-the-art systems with strong spin-orbit interaction and
electrically tunable g tensors, we identify a readout sweet spot, that is, a special device configuration
where readout is closest to projective. Our framework provides a foundation for developing effective
readout error mitigation strategies, with broad applications for optimizing readout performance for a
variety of charge-sensing techniques, advancing quantum protocols, and improving adaptive circuits for
error correction.

DOI: 10.1103/4x97-np1f

Introduction—Spin qubits confined in semiconductor
quantum dots [1] are frontrunners for large-scale quantum
computers [2–9]. Their small size, scalability [5,10–13],
tunability, CMOS compatibility [14–22], and demonstrated
high-fidelity operations [23–25] and readout [26] make
them particularly attractive.
A key component of quantum computers is readout, an

essential benchmark of which is readout fidelity. However,
while experiments demonstrate increasingly high fidelities
[22,27–30], this is not the only relevant benchmark
[31,32]. Improving other metrics of midcircuit measure-
ments [33–37], such as the quality of the postmeasurement
state, and readout-induced leakage [38–41], are key
requirements for quantum error correction [42,43] and
other dynamic circuits. [44–49]
We present ways to simultaneously improve different

metrics of state-of-the-art spin qubit readout. Our model
focuses on widely used measurements via Pauli blockade
spin-to-charge conversion [50–52] and charge sensing in a
double quantum dot (DQD) [53–56]. By modeling charge
sensing via a dc-biased quantum point contact (QPC)
[57–61], we show that high-fidelity and backaction-free
readout requires switching off the interdot tunnel coupling
upon charge sensing.

In current devices with strong spin-orbit interaction (e.g.,
holes in Ge and Si), the fluctuating electric field induced by
the carriers of the QPC modulates the g tensors of the spins
in the DQD. We show that this modulation influences the
readout quality, depending on the static homogeneous
magnetic field applied to the DQD. We identify a readout
sweet spot, i.e., a specific device configuration where the
detrimental backaction effects of the g-tensor modulation
are minimized: leakage is suppressed and the purity of the
postmeasurement state is maintained. We argue that this
readout sweet spot exists universally, independent of spin-
orbit interaction details. Our findings provide practical
guidelines for high-quality spin-qubit readout.
Model—To describe the readout of a qubit defined in a

DQD, we rely on the general framework of quantum
measurements, where the system is measured indirectly
through a meter [62,63]. Simplifying earlier approaches
[64,65], we use a model in which the meter (the QPC) is
represented by a qubit, hence we call it the Qubit Measures
Qubit (QMQ) model. To illustrate the harmful effect of
residual tunneling in the DQD, we use the model to describe
charge qubit readout. Then, we generalize the QMQ model
to the readout of spin qubits, where a residual tunneling has
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similar negative effects. We compare the QMQ model to
earlier approaches [64–68] in SM S7 [69].
We consider the setup shown in Fig. 1(a). The charge

qubit is formed by a single carrier in the DQD; the qubit
basis states jLi and jRi correspond to its position. The QPC
current is high (low) if the DQD charge is in the left (right)
dot, due to Coulomb repulsion between the DQD charge
and QPC electrons. In our QMQ model, the QPC is also
represented by a single-carrier DQD, see Fig. 1(b), with
basis states corresponding to the bottom (jBi) and top
(jTi) dots.
The Hamiltonian of the qubit-meter system reads

Ĥtot ¼ Ĥcharge þ Ĥm þ Ĥc
int; ð1Þ

where Ĥcharge ¼ ϵσ̂z þ tσ̂x, Ĥm ¼ γτ̂x, Ĥ
c
int¼−δγjRihRjτ̂x,

σ̂z¼ jLihLj− jRihRj, σ̂x ¼ jLihRj þ jRihLj, and τ̂x ¼
jTihBj þ jBihTj. Furthermore, 2ϵ is the on-site energy
detuning, t is the tunneling amplitude of the qubit, γ is
the tunneling amplitude of the meter, and the interaction
strength δγ describes the Coulomb repulsion between the
qubit and the meter.
One way to operate the charge qubit [70,71] is to perform

coherent control at t > 0 and ϵ ¼ 0, and sweep ϵ and t to a
readout point with ϵ ≫ t [72]. Then, readout in the basis of
the ground jgi and excited jei states (at the readout point) is
carried out by measuring the QPC current and inferring
binary value g or e from the current trace.
The QMQ model describes the process of reading out the

qubit state ρpre. The readout is modeled as a sequence of
indirect measurements, each consisting of three steps:
(1) The meter is initialized in state jBi. This state represents
an electron approaching the QPC from the bottom lead.
(2) The qubit-meter system evolves unitarily according to
Ĥtot for time Δτ, entangling data and meter qubits via the
interaction Ĥc

int. The meter’s tunneling rate γ and the time
step Δτ are set such that by time Δτ, the transition
probability to state jTi is 1=2 in an equal superposition
or mixture of jLi and jRi. This corresponds to a QPC tuned
to its charge-sensing working point where its conductance is
1=2 of the conductance quantum. (3) The meter is measured

projectively in the fjBi; jTig basis. The assigned measure-
ment outcome is the number of transmitted electrons, i.e., 0
(1) if the QPC electron is found in the bottom (top) dot.
The number N ≫ 1 of these indirect measurements

corresponds to the number of electrons attempting to transit
the QPC during readout. The current flowing through the
QPC is represented as an N-long bitstring, which contains
1-s where the QPC electron was transmitted. The state of the
qubit is inferred from the transmission ratio k ¼ Nt=N using
the maximum-likelihood principle, where Nt is the number
of electrons transmitted. That is, we infer e if the probability
of obtaining the measured transmission ratio is greater for
the initial state jei then for jgi; we infer g otherwise.
Measurement and backaction—The quantum channels

corresponding to the final outcomes e and g are represented
by superoperators Me and Mg. They are called measure-
ment operations [62,73], and they map the premeasurement
state to the unnormalized postmeasurement state conditional
on the outcome. In the QMQ model, these measurement
operations can be efficiently computed numerically (see SM
S1 E [69]). Since Mg and Me completely characterize
the measurement, we extract all relevant readout metrics
from them.
Infidelity is expressed with the measurement opera-

tions as

1 − F ≡ 1 −
1

2
ðTrfMe½jeihej�g þ TrfMg½jgihgj�gÞ: ð2Þ

Figure 2(a) shows the infidelity as a function of integration
time τint ¼ NΔτ. For short integration times, the infidelity
decreases with increasing τint, since we gain more infor-
mation about the initial state. For t ¼ 0, the infidelity
vanishes as τint → ∞. However, for t ≠ 0, the infidelity
increases after an ideal integration time τid. As argued
below, this increase is due to measurement backaction
leading to qubit relaxation.
The time dependence of the infidelity in Fig. 2(a) is

explained as follows. The pace of information gain upon
readout is quantified by the measurement rate Γm, i.e.,
the decay rate of the overlap between the two distributions
of the transmission ratio k corresponding to premeasure-
ment states jgi and jei. This overlap has the form
1 −Φð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Γmτint
p Þ, through which Γm is defined, where

Φ is the cumulative distribution function of the normal
distribution. Upon calculating Γm up to lowest (zeroth)
order in t=ϵ (see SM S3 [69]), which is the relevant limit at
the readout point, we find

Γm ¼ 1

2

�
δγ

ℏ

�
2

Δτ: ð3Þ

This rate characterizes the decrease of the infidelity in
Fig. 2(a) for short integration times.

FIG. 1. Charge-sensing-based readout of a charge qubit. (a) A
double-dot charge qubit is read out by a quantum point contact
(QPC). (b) QPC current is modeled as a sequence of indirect
measurements via another qubit (the meter), with basis states jBi
and jTi. The meter is Coulomb coupled to dot R of the charge
qubit with interaction strength δγ, hence the probability of
tunneling through the meter depends on the charge qubit state.
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A nonzero residual tunneling t > 0 implies
½Ĥcharge; Ĥ

c
int� ≠ 0. This, in turn, implies readout backaction

in the form of qubit relaxation [64,75] characterized by the
relaxation rate Γc

rel, which we express (see SM S4 [69]) as

Γc
rel ¼

1

2

t2δγ2

ϵ4Δτ
sin2

�
ϵΔτ
ℏ

�
: ð4Þ

This rate quantifies the speed at which the unconditional
postmeasurement state M½ρin� ¼ Mg½ρin� þMe½ρin�
approaches the completely mixed state. The inset of
Fig. 2(b) shows that Eq. (4) (solid line) matches the
relaxation rates obtained numerically (points) for the
investigated parameter range. Note that Eq. (4) is not
valid if the argument of the sine is close to nπ, n∈Zþ (see
SM S4 [69]).
The second readout metric we consider is the mixedness

of the postmeasurement state. In a projective measurement
of a qubit, the postmeasurement state is pure. However, in
our setup, the postmeasurement state is mixed, except for
the special case t ¼ 0 and τint → ∞. The postmeasurement
state depends on the premeasurement state ρpre and the

measurement outcome r∈ fe; gg. We express the post-
measurement state mixedness with the measurement oper-
ations as

Mðρpre; rÞ≡ 1 − Trfρ2post;rg; ð5Þ

with the conditional postmeasurement state ρpost;r ¼
Mr½ρpre�=TrfMr½ρpre�g. A nonzero mixedness indicates
deviations from a projective measurement. In Fig. 2(b), the
mixedness for outcome r ¼ e is shown for the fully mixed
premeasurement state, as a function of integration time. The
qualitative dependence of the mixedness on integration
time is similar to that of the infidelity, and is well described
by the measurement and relaxation rates.
These results confirm that a residual tunneling degrades

readout, making precise control of t essential. Below, we
argue that the same conclusion applies for Pauli-blockade-
based spin qubit readout.
Spin qubit—Spin qubit readout often relies on Pauli

blockade spin-to-charge conversion and subsequent charge
sensing [27–29]. We generalize the QMQmodel to describe
this readout. We focus on Pauli-blockade readout of a
single-electron (Loss-DiVincenzo [1]) spin qubit. This
requires a DQD with a target spin to be measured in,
say, the right dot and a known reference spin in the left dot,
see Fig. 3(a). Readout is done in three steps: spin-to-charge
conversion, charge sensing, and charge-to-spin conversion.
Without relaxation processes, this readout is nondestructive.
We model the two-electron DQD by the Hamiltonian of a

two-site Hubbard model:

Ĥspin ¼ Ĥon-site þ Ĥtun þ ĤZeeman þ ĤCoulomb; ð6Þ

where Ĥon-site ¼ ϵ=2
P

s ðn̂L;s − n̂R;sÞ, Ĥtun ¼
t
P

s

�
â†R;sâL;s þ H:c:

�
, ĤZeeman¼ZL=2ðn̂L↑− n̂L↓Þ þ

ZR=2ðn̂R↑− n̂R↓Þ, ĤCoulomb ¼ Uðn̂L;↑n̂L;↓ þ n̂R;↑n̂R;↓Þ,
â†σ;s is an electronic creation operator on dot σ ∈ fL; Rg
with spin s∈ f↑;↓g, and n̂σ;s ¼ â†σ;sâσ;s. Furthermore,
Zσ ¼ μBgσBz is the Zeeman energy in dot σ due to a
magnetic field B, proportional to the g factor gσ of dot σ,
and U is the Coulomb repulsion energy between two
electrons occupying the same dot. At this point, spin-orbit
interaction is included in Eq. (6) by considering different g
factors in the two dots.
For later use, we introduce the six two-electron basis

states jSð0;2Þi ¼ â†R↑â
†
R↓j0i, j↑↓i ¼ â†L↑â

†
R↓j0i, etc, with

j0i denoting the state of the empty DQD. These states are
eigenstates of Ĥspin at t ¼ 0. The detuning dependence of
the five lowest-energy states for t ¼ 0 is illustrated in
Fig. 3(d) as the dashed lines. We focus on readout errors
due to the backaction of the charge sensor. Therefore, we
assume perfect state transfer during spin-to-charge and
charge-to-spin conversion between the computational states

(a)

(b)

FIG. 2. Measurement benchmarks for charge qubit readout.
(a) Infidelity. The continuous lines show the numerical values of
infidelity. The dashed lines show an analytical estimate of the
infidelity (see SM S5 [69], which relies on Ref. [74]). Inset:
optimal integration time determined from exact numerical cal-
culations (dots) and analytical estimate (line) (see SM S5 [69]).
(b) Mixedness calculated numerically for ρpre ¼ ðjeihej þ
jgihgjÞ=2 and outcome e. Inset: relaxation rate from numerical
(dots) and analytical (line) calculations. We used the following
parameters for the plots: ϵ ¼ 10 μeV, γ ¼ 5 μeV, δγ ¼ 0.5 μeV,
Δτ ¼ 0.11 ns. The latter three values correspond to experimen-
tally realistic current values (SM S2 [69]). The values of the
residual tunneling used are t∈ f0; 0.1; 0.5; 2g μeV.
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at the operational point [left end of Fig. 3(d)] and the
computational states at the readout point [right end of
Fig. 3(d)] according to, say, j↓↑i↔jS0;2i and j↓↓i↔ j↓↓i.
The interaction between the DQD and the QPC is

described by the term

Ĥs
int ¼ −δγjSð0;2ÞihSð0;2Þj ⊗ τ̂x; ð7Þ

which is a natural generalization of Ĥc
int in Eq. (1). This Ĥ

s
int

captures that the transmission probability of the QPC is
lower if there are two electrons in the right dot, instead
of one.
We use this model to describe readout of the spin qubit in

dot R. The measurement operations M↓ and M↑ are
computed analogously to those of the charge qubit readout
as a function of model parameters.
Ideally, tunnel coupling is switched off at the readout

position during charge sensing. State-of-the-art device
fabrication makes this possible [29], and shuttling in a
sparse dot array [6] provides an alternative solution.
However, in a given device, it might be impossible to set
t ¼ 0, e.g., due to the gate electrode geometry, or gate-
voltage constraints. This enhances readout errors, akin to the
case of the charge qubit discussed above. A small but
nonzero residual tunneling fulfilling t ≪ ϵ −U and
4t2=ðϵ −UÞ ≪ jZL − ZRj implies that jSð0;2Þi is slightly
hybridized with j↑↓i and j↓↑i; the perturbed eigenstates

are denoted by jS̃ð0;2Þi, j↑̃↓i, and j↓̃↑i. Consequently, the
interaction of the DQD with the QPC electrons leads to
incoherent transitions between the state jS̃ð0;2Þi and the

states j↑̃↓i and j↓̃↑i. The measurement benchmarks infi-
delity and mixedness show the same qualitative behavior as
illustrated in Fig. 2 for the charge qubit. This backaction is
discussed further in SM S6 [69].
From now on, we assume that the tunnel coupling can be

switched off (t ¼ 0). In this case, another mechanism
affecting readout is the spin-orbit mediated interaction
between the DQD spins and the fluctuating electric field
created by the QPC electrons [76–80], often described as g-
tensor modulation. To account for this, we generalize the
interaction Hamiltonian of Eq. (7) as

Ĥs
int ¼ −ðδγjSð0;2ÞihSð0;2Þj þ ŝR · ΔÞ ⊗ τ̂x; ð8Þ

where Δ ¼ μBg0RB=2 describes the spin-charge coupling,
i.e., change of the g tensor on dot R caused by the electric
field of the charges flowing through the QPC. Here, g0R is a
3 × 3 real matrix, and ŝR represents the spin vector on the
right dot, e.g., ŝR;z ¼ n̂R↑ − n̂R↓. The joint Hamiltonian of
the system and the meter is given by Eq. (6), Eq. (8) with
t ¼ 0, and Ĥm in Eq. (1).
First, we discuss Zeeman field modulation perpendicular

to the static field, i.e., Δ ¼ ðΔx; 0; 0Þ. In this case
½Hspin; Hs

int� ≠ 0, leading to leakage from the computational

FIG. 3. Spin-qubit readout error due to g-tensor modulation by the charge sensor. (a) Readout setup in a double quantum dot: Spin in
the right dot is to be read out utilizing the reference spin in the left dot, with the combination of Pauli spin blockade and charge sensing.
(b),(c) Readout sweet spot, shown by red arrow: magnetic field direction providing optimized readout (Δx ¼ 0), for g-tensor parameters
from Ref. [76]. Colors show normalized Δx (b) and Δz (c) as functions of the magnetic field direction. The normalization factor Δmax is
the maximum of Δx as a function of magnetic field direction. (d) Lowest five energy levels of the double dot as a function of detuning
for t ¼ 0 (dashed black lines) and t ¼ 2 μeV (gray solid lines), for U ¼ 1 meV, ZL ¼ 11 μeV, and ZR ¼ 9 μeV. Arrows
indicate incoherent QPC-induced transitions activated by a nonzero Δx. (e) Readout infidelity for Δx ¼ 0 and
Δz ∈ f−0.125;−0.075;−0.025; 0; 0.025; 0.075; 0.125g μeV. Arrow indicates increasing Δz. Inset: analytical (solid) and numerical
(dots) results for the measurement rate Γm as function of Δz. (f) Leakage from the initial state j↓↓i for Δz ¼ 0 and for
Δx ∈ f0.0125; 0.05; 0.25g μeV. Arrow indicates increasing Δx. Inset: analytical (solid) and numerical (dots) results for the relaxation
rate Γleak as a function of Δx. Parameters for (e),(f): ϵ ¼ U þ 40 μeV, t ¼ 0 μeV, γ ¼ 5 μeV, δγ ¼ 0.5 μeV, U, ZL, ZR as above.
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state j↓↓i to the state j↓↑i, which is outside of the
computational subspace (see SM S4 [69]). The leakage
probability for a premeasurement state ρpre of the computa-
tional subspace spanðfj↓↓i; jSð0;2ÞigÞ at the readout point
is expressed as

LðρpreÞ ¼ TrðPleakM½ρpre�Þ; ð9Þ

where M ¼ M↓ þM↑, and Pleak ¼ 1 − j↓↓ih↓↓j−
jSð0;2ÞihSð0;2Þj.
Of the two computational basis states, jSð0;2Þi is not prone

to readout-induced leakage, but j↓↓i is. Numerical results
for leakage from j↓↓i are shown with solid lines in Fig. 3(f).
Longer integration times lead to increased leakage, satu-
rating at Lðτint → ∞Þ ¼ 1=2; increasing the coupling
strength Δx also increases leakage. Analytical derivations
(SM S4 [69]) for this case show that leakage can be
expressed as Lðj↓↓iÞ ¼ ð1 − e−ΓleakτÞ=2, with the leakage
rate

Γleak ¼
8Δ2

x

Z2
RΔτ

sin2
�
ZRΔτ
2ℏ

�
: ð10Þ

This analytical result for the leakage is shown in Fig. 3(f) as
dashed lines, matching the numerical results well. This
leakage mechanism, although undesired as it corrupts the
postmeasurement state, does not affect the readout infidelity,
as the sensor does not differentiate between j↓↓i and j↓↑i.
Second, we discuss Zeeman field modulation parallel to

the static field, i.e., Δ ¼ ð0; 0;ΔzÞ. Then, it holds that
½Ĥspin; Ĥ

s
int� ¼ 0, hence, there is no relaxation or leakage,

and the infidelity goes to zero as τint → ∞. This is shown
numerically in Fig. 3(e), as the solid lines. Figure 3(e) also
reveals that for a given integration time, infidelity decreases
and hence readout improves as Δz is increased. This
improvement is due to the spin-charge coupling term of
Eq. (8), which, in this special case, makes the QPC current
dependent on ŝR;z and hence facilitates readout. This is
explained by expressing Ĥs

int in the two-dimensional com-
putational subspace, resulting in −ðδγ þ ΔzÞjSð0;2ÞihSð0;2Þj,
up to a global energy shift. Therefore, we substitute δγ →
δγ þ Δz in Eq. (3), and conclude that Γm shows an
approximately linear dependence on Δz for Δz ≪ δγ.
This is confirmed by the inset of Fig. 3(e), where the above
analytical approximation (solid) is compared to results
(dots) obtained by fitting the function 1 −Φð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Γmτint
p Þ

on the infidelity data in Fig. 3(e).
The above results imply that leakage is eliminated in a

magnetic field configuration where the static Zeeman field
in dot R is parallel to the local Zeeman field fluctuation
caused the QPC. Interestingly, this can be achieved for any
generic g tensor and g0 matrix: the equation gBkg0B
for the unknown B is solved by the right eigenvectors of
g−1g0, and the latter 3 × 3 matrix has either 1 or 3 real

eigenvalue-eigenvector pairs, which describe physical
magnetic-field directions [81]. In the case of 3 real
eigenvectors, it is optimal to orient the magnetic field along
that of the greatest eigenvalue, to maximize the measure-
ment rate Γm. The above consideration identifies a readout
sweet spot in terms of the magnetic-field direction, akin to
dephasing and relaxation sweet spots identified earlier
[81–87]. The red arrows in Figs. 3(b) and 3(c) show the
readout sweet spot for a the g-tensor and g-tensor modu-
lation g0 from Ref. [76], for which there is a single real
eigenvalue of g−1g0. In a multiqubit device, in situ tuning of
the g-tensor parameters by gate voltages [76,82,86,88–96]
could be used to synchronize the readout sweet spots (see
also discussion in SM S9 [69]). We propose to find the
readout sweet spot device configuration by measuring the
leakage probability, as described in SM S8 [69].
Conclusions—We have identified two readout error

sources for quantum-dot-based charge and spin qubits:
residual tunneling and g-tensor modulation. We have
characterized the parameter dependence of these errors
via a minimal model of the readout process, going beyond
readout infidelity, describing postmeasurement state mixed-
ness and leakage—key benchmarks for protocols recycling
qubits. Our results provide clear guidelines to optimize
readout by controlling the tunnel coupling and exploiting
magnetic readout sweet spots, and pave the way for
understanding and minimizing measurement errors across
a variety of charge-sensing techniques.
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[86] S. Bosco, B. Hetényi, and D. Loss, PRX Quantum 2,
010348 (2021).

[87] O. Malkoc, P. Stano, and D. Loss, Phys. Rev. Lett. 129,
247701 (2022).

[88] N.W. Hendrickx, L. Massai, M. Mergenthaler, F. J. Schupp,
S. Paredes, S. W. Bedell, G. Salis, and A. Fuhrer, Nat. Mater.
23, 920 (2024).

PHYSICAL REVIEW LETTERS 136, 117001 (2026)

117001-7

https://doi.org/10.1088/1751-8121/ad5085
https://doi.org/10.1088/1751-8121/ad5085
https://doi.org/10.1038/s41534-025-00998-y
https://doi.org/10.1103/PhysRevApplied.17.064061
https://doi.org/10.1103/PRXQuantum.5.030339
https://doi.org/10.1103/PRXQuantum.5.030339
https://doi.org/10.1021/acs.jctc.4c00837
https://arXiv.org/abs/2504.15187
https://arXiv.org/abs/2403.09514
https://arXiv.org/abs/2505.04705
https://doi.org/10.1126/science.1070958
https://doi.org/10.1126/science.1070958
https://doi.org/10.1126/science.1116955
https://doi.org/10.1038/nature05065
https://doi.org/10.1103/PhysRevLett.134.023601
https://doi.org/10.1103/PhysRevLett.100.176805
https://doi.org/10.1103/PhysRevLett.100.176805
https://arXiv.org/abs/2010.04635
https://doi.org/10.1103/PhysRevLett.104.186803
https://doi.org/10.1103/PhysRevLett.104.186803
https://doi.org/10.1103/PhysRevB.67.161308
https://doi.org/10.1103/PhysRevB.67.161308
https://doi.org/10.1038/nature02693
https://doi.org/10.1103/PhysRevLett.96.076605
https://doi.org/10.1103/PhysRevLett.75.3340
https://doi.org/10.1103/PhysRevB.93.195411
https://doi.org/10.1103/PhysRevB.63.125326
https://doi.org/10.1103/PhysRevB.64.235307
https://doi.org/10.1103/PhysRevB.64.235307
https://doi.org/10.1147/rd.13.0223
https://doi.org/10.1103/PhysRevLett.57.1761
https://doi.org/10.1016/S0370-1573(99)00123-4
http://link.aps.org/supplemental/10.1103/4x97-np1f
http://link.aps.org/supplemental/10.1103/4x97-np1f
http://link.aps.org/supplemental/10.1103/4x97-np1f
http://link.aps.org/supplemental/10.1103/4x97-np1f
http://link.aps.org/supplemental/10.1103/4x97-np1f
https://doi.org/10.1103/PhysRevLett.105.246804
https://doi.org/10.1103/PhysRevLett.105.246804
https://doi.org/10.1103/PhysRevX.12.031004
https://doi.org/10.1103/PhysRevX.12.031004
https://doi.org/10.1140/epjqt/s40507-025-00426-2
https://doi.org/10.1140/epjqt/s40507-025-00426-2
https://doi.org/10.1103/PRXQuantum.6.030202
https://doi.org/10.1111/j.2517-6161.1965.tb00602.x
https://doi.org/10.1103/PhysRevA.79.013819
https://doi.org/10.1103/PhysRevA.79.013819
https://doi.org/10.1103/PhysRevLett.120.137702
https://doi.org/10.1103/PhysRevLett.120.137702
https://doi.org/10.1126/science.1080880
https://doi.org/10.1103/PhysRevB.73.155311
https://doi.org/10.1103/PhysRevB.73.155311
https://doi.org/10.1103/PhysRevB.98.155319
https://doi.org/10.1038/s42005-019-0262-1
https://doi.org/10.1103/PhysRevB.108.245406
https://doi.org/10.1103/PhysRevB.108.245406
https://doi.org/10.1038/s41565-022-01196-z
https://doi.org/10.1103/PhysRevB.107.L041303
https://doi.org/10.1103/PhysRevB.107.L041303
https://doi.org/10.1103/PhysRevB.109.155406
https://doi.org/10.1103/PhysRevLett.127.190501
https://doi.org/10.1103/PhysRevLett.127.190501
https://doi.org/10.1103/PRXQuantum.2.010348
https://doi.org/10.1103/PRXQuantum.2.010348
https://doi.org/10.1103/PhysRevLett.129.247701
https://doi.org/10.1103/PhysRevLett.129.247701
https://doi.org/10.1038/s41563-024-01857-5
https://doi.org/10.1038/s41563-024-01857-5


[89] V. John, C. X. Yu, B. van Straaten, E. A. Rodríguez-
Mena, M. Rodríguez, S. Oosterhout, L. E. A. Stehouwer,
G. Scappucci, S. Bosco, M. Rimbach-Russ, Y.-M. Niquet,
F. Borsoi, and M. Veldhorst, Nat. Commun. 16, 10560
(2025).

[90] M. Rimbach-Russ, V. John, B. van Straaten, and S. Bosco,
Phys. Rev. Lett. 135, 197001 (2025).

[91] S. Bosco, P. Scarlino, J. Klinovaja, and D. Loss, Phys. Rev.
Lett. 129, 066801 (2022).

[92] S. Bosco, M. Benito, C. Adelsberger, and D. Loss, Phys.
Rev. B 104, 115425 (2021).

[93] J. Saez-Mollejo, D. Jirovec, Y. Schell, J. Kukucka, S.
Calcaterra, D. Chrastina, G. Isella, M. Rimbach-Russ, S.
Bosco, and G. Katsaros, arXiv:2408.03224.

[94] M. J. Carballido, S. Svab, R. S. Eggli, T. Patlatiuk, P. C.
Kwon, J. Schuff, R. M. Kaiser, L. C. Camenzind, A. Li, N.
Ares, E. P. A. M. Bakkers, S. Bosco, J. C. Egues, D. Loss,
and D. M. Zumbühl, Nat. Commun. 16, 7616 (2025).

[95] M. Bassi, E.-A. Rodrıguez-Mena, B. Brun, S. Zihlmann,
T. Nguyen, V. Champain, J. C. Abadillo-Uriel, B.
Bertrand, H. Niebojewski, R. Maurand, Y.-M. Niquet, X.
Jehl, S. D. Franceschi, and V. Schmitt, Nat. Phys. 22, 75
(2026).
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