<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)
Rimbach-Russ, M., John, V., Van Straaten, B., & Bosco, S. (2025). Gapless Single-Spin Qubit. Physical review letters,
135(19), Article 197001. https://doi.org/10.1103/mvtj-zhrl

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1103/mvtj-zhrl

PHYSICAL REVIEW LETTERS 135, 197001 (2025)

Gapless Single-Spin Qubit

Maximilian Rimbach-Russ * Valentin John®, Barnaby van Straaten®, and Stefano Bosco
QuTech and Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands

® (Received 18 December 2024; revised 6 August 2025; accepted 9 September 2025; published 3 November 2025)

All-electrical baseband control of qubits facilitates scaling up quantum processors by removing issues
of crosstalk and heat generation. In semiconductor quantum dots, this is enabled by multispin qubit
encodings, such as the exchange-only qubit. However, their performance is limited by unavoidable leakage
states that are energetically close to the computational subspace. In this Letter, we introduce an alternative,
scalable spin qubit architecture that leverages strong spin-orbit interactions of hole nanostructures for
baseband qubit operations while completely eliminating leakage channels and reducing the overall gate
overhead. This encoding is intrinsically robust to local variability in hole spin properties and operates with
two degenerate states, removing the need for precise calibration and mitigating heat generation from fast
signal sources. Finally, our architecture is fully compatible with current technology, utilizing the same
initialization, readout, and multiqubit protocols of state-of-the-art spin-1/2 systems. By addressing critical
scalability challenges, our design offers a robust and scalable pathway for semiconductor spin qubit

technologies.

DOI: 10.1103/mvtj-zhrl

Introduction—Semiconductor quantum-dot-based spin
qubits are a promising platform for large-scale and fault-
tolerant quantum processors using industrial fabrication
[1-6]. Among them, hole spin qubits in silicon (Si) and
germanium (Ge) quantum dots are leading candidates for
scaling [7-18]. Their strong spin-orbit interaction (SOI)
enables ultrafast all-electric local operations [18-27] and
long-distance interactions beyond the nearest neighbor
[28—33]. Furthermore, SOI also provides a means to control
the properties of the qubit performance in situ, offering
sweet spots to improve the performance of the qubit
[14,34-44]. In analogy to superconducting qubits, most
spin qubits are controlled using microwave pulses
[20,45-47], which introduce critical scaling challenges
such as crosstalk and heating [48,49] posing significant
barriers to the development of large-scale devices [50,51].
Progress has been made toward discrete baseband control
of hole qubits through spin hopping in Ge quantum
dots [18], but this approach still requires high-frequency
signal generators and high-bandwidth pulses for diabatic
gates, adding considerable technological constraints on
electronic control.

The exchange-only (XO) qubit does not have such
strict electronic requirements. The XO qubit uses multispin
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encoding with degenerate qubit states during idling, mak-
ing phase tracking and dynamic pulse shaping obsolete
and allowing electric two-axis control via interdot
exchange interactions [9,52-56]. While XO qubits have
shown high-fidelity single- and two-qubit gates, readout,
and state initialization [57], they are heavily impacted by
leakage into close-in-energy states, requiring complex
pulse sequences for high-fidelity quantum gates and large
overhead in fault tolerance. Furthermore, readout and
initialization are also limited by additional close-in energy
orbital leakage states [58].

In this Letter, we propose a novel qubit implementation
by electrically tuning a hole spin qubit in the presence of
strong SOI such that the qubit energy splitting, its Larmor
frequency, can be tuned to zero [59]. Our resulting gapless
single-spin (GS2) qubit combines the best features of XO
and single spin qubits; simple and fast baseband controlled
gates, no phase tracking, simple calibration, and the
absence of leakage states. Remarkably, the GS2 qubit
further enables a scalable architecture [see Fig. 1(a)]
suppressing additional crosstalk and observer errors, multi-
ple readout axes, and flexible high-fidelity two-qubit gates.
By mitigating these key issues, our GS2 qubit encoding
paves a path to scalable architectures for a full fault-tolerant
quantum processors.

Architecture—Figure 1(a) shows our envisioned quan-
tum processor architecture. Each qubit requires five gate
electrodes for universal control, a central plunger gate
surrounded by four control gates, thus, having a similar or
smaller gate per qubit count than alternative implementa-
tions [9]. We note that the double barrier design was
already demonstrated in Ref. [15] and gives rise to a

Published by the American Physical Society
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FIG. 1. (a)Proposed architecture for our novel single-spin spin-

orbit qubit (GS2) qubit. Each qubit is controlled using five gate
electrodes. Single-qubit gates are operated by electrically com-
pressing and stretching the qubit. Readout, initialization, and
two-qubit gates can be implemented along x and y directions.
Readout and initialization uses Pauli-spin blockade and either
requires a close-by charge sensor or readout resonator. During
idling, qubit states are not subject to any dynamics. (b) Effective
g tensor ¢* = [|GB||/||B]| in the optimal optimal magnetic field
direction B||[110] (for B||[110] axes are flipped) as a function of
characteristic confinement lengths of the ground state wave
function in the X, Y direction, assuming biaxial strain. The
GS2 qubit condition is a dot radius ~14 nm. The inset shows GS2
conditions assuming asymmetric strain. (c) The GS2 qubit
conditions for different heavy-hole light-hole coupling strengths
as a function of strain asymmetry (€., —€,,)/ (€ + €,y).

stronger suppression of residual exchange coupling and
reduced electrostatic crosstalk due to the larger spacing.
At the same time, the larger separation and sparser nature
of the qubit array allows easier fabrication and fan-out in
contrast to dense 2D qubit arrays. By design, such a
densely occupied design (with individual control) can be
used to implement 2D quantum error corrections codes
such as the surface code [61]. However, we note that
using a sparse qubit occupation combined with hopping
or shuttling interconnects [18,62] or conveying the full
qubit [63,64], novel and more efficient codes may be
implemented [65,66].

GS2 qubit—For our qubit encoding, we consider a
single Kramers doublet of a confined particle with half-
integer spin in a semiconductor quantum dot. In the
presence of a magnetic field, the Hamiltonian of such a
system is given by

Here, B = (B, B,,B,)" is the magnetic field vector, yp is
Bohr’s magneton, and G is the (anisotropic) gyromagnetic
matrix 3 x 3 [67], also called the g tensor. For our qubit
design, we use two properties. First, at least two eigen-
values of the g tensor, so-called principal values, can be
electrically tuned to zero. Second, the magnetic field is not
collinear with one of the principal axes of the g tensor and is
orthogonal to the principal axis with nonzero eigenvalue.
While not exclusive, these requirements are often met in
semiconductor hole qubits, e.g., hole qubits in silicon and
germanium heterostructures [11,68,69].

Without loss of generality, we now consider for the
remainder of the article planar germanium grown in [001]
directions and prove that both requirements can be fulfilled
in state-of-the-art materials. The g tensor for planar strained
germanium approximately consists of three parts [70,71]
G = Gy + Gerain + Geons- The first term is the bare g tensor,
which for heavy-hole ground states is given by G, =
diag(3¢q,—3q,6x +27¢g/2) and is highly anisotropic
|| > |q|. The second and third expressions are g-tensor
corrections arising from strain and confinement.

Explicitly, considering an in-plane magnetic field, the
Hamiltonian of the ground doublet is approximately

1 1
H= E/"B (Bxgxx + Bygxy)o-x + EﬂB (Bygyy + Bxgyx)gy (2)

with the electrically tunable g-tensor components [70-74]

6kb,((€,) — (€ 6(4 )2( X %
Ay, moAg,
6&D, ((€1r) = (€yy)) | 6(A(p3) =4 (p3))
GyyR—=3q— A —+ . A . (4
HL myAqL
g - 4\/§Kdvexy 12;1<pxpy> (5)
T Agr, moAyp

Here, the average (-) is with respect to the in-plane
component of the ground state wave function. The material
dependent scaling parameters A= 2;7,,]/% —Ky), A=
2047372 = Ky2s A=204(y273+73) —Ky3, and K=k—27,73
depend on the material dependent Luttinger parameters y,
72, and y3, deformation parameters a,, b,, and d, [75],
and interband couplings, 7, and 7, which depend on
matrix elements between out-of-plane wave functions.
Conveniently, 7, and 7, and (p;p;) are electrically con-
trollable. In principle, (e;;) is also electrically tunable,
although usually less predictable. In Fig. 1(b) we show the
energy splitting of Hamiltonian (2) without shear strain,
(€4y) = (€x;) = (€y;) = 0, and separable wave functions
(Pxpy) = (pxp:) = (Pyp;) =0 with symmetric and
asymmetric strain. Here, we introduced for better under-
standing the characteristic length of the in-plane wave
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function (p?) = h%/(2L?) with i = x, y. We can clearly
identify the operation regime of our GS2 qubit at character-
istic confinement lengths of 10-20 nm using parameters
from Ref. [70]. The zero crossings can be analytically

expressed as

2 _ @ |:AHLq _ beie(<€xx> - . (6)

(eyy))
(P =Pia=75 |17 Pt }

<P2> _ p2 _ @ |:AHLq 2b1)’%( <€xx> - <€yy>):| ] (7)

Y a2 A=A A4+
While the required characteristic confinement lengths seem
small, simulations and experimental demonstration show
that they are feasible [see Supplemental Fig. GS22(b) in
Ref. [18]]. In Fig. 1(c), we show the GS2 condition for
varying strain asymmetry (€., — €y,)/(€y, + €,,) that may
arise from disorder [76] and for different heavy-hole light-
hole coupling strengths [77]. Conveniently, typical strain
fluctuations arising from dislocations are on length scales
multiple quantum dot radii [76], thus each GS2 qubit can be
tuned to its own respective operation point. We also remark
that the GS2 condition is predicted to be possible in other
material and device structures [37,68,69].

Shear strain from metallic top gates [70] or strong
confinement [78] adds terms of the form (B,G., +B,G.,)o.
to Hamiltonian (2) giving rise to errors. However, due to
the interplay of confinement and strain, there still exist a
confinement that fulfills our requirements (see general
expressions in Ref. [71]). In practice, one wants to avoid
these shear contributions, for example, through deeper
quantum wells, gate designs that minimize average shear
strain, or materials with a smaller differential thermal
expansion coefficient.

Qubit states—The qubit states are encoded in the twofold
degenerate doublet, defined as |1, | ). Unlike conventional
Loss-DiVincenzo qubits and similar to exchange-only
qubits, the degeneracy ensures that our qubit has no
dynamics during idling. Unlike exchange-only qubits,
however, our qubit has no leakage states since only a
single doublet is used and excited states are separated by
more than 1 meV. Therefore, our design combines the best
of both worlds. To the best of our knowledge, there is no
equivalent encoding with a single particle in any quantum
computing platform.

Single qubit operations—Single qubit gates are enabled
by small deviations from the degeneracy condition (p2) =
Pia+(pi)a and (pf) =pi,+(pj)s that lead to the
standard Hamiltonian

0

qu = bxﬂx—i-b}

¥ (8)

with bx,y =+ %/"BBx,y [6/mOAHL] (’1<p)26}>A _l<p§,x>A) and
neglecting out-of-plane tilts.

Using the layout shown in Fig. 1(a), (p?) and (p3) can be
individually and electrically controlled, giving rise to
arbitrary single qubit rotations. Orthogonal rotations
around the X, Y axis can be realized by pulsing ((p2,),/
(pr.)a) = (4/2") [79]. Notably, a misaligned magnetic
field in the x, y plane only affects the gate speed and not
the rotation angle of the quantum gate. Consequently, the
fastest operations are achieved if B||[110] or BJ|[110]. We
remark that in realistic structures due to cross-capacitance
coupling, orthogonal control might require an additional
calibration step [80] or sufficient virtualization [81].

Potential error sources for gate operations are terms in
Hamiltonian (8) proportional to ¢, and calibration errors
that lead to by, # 0 while performing X, Y operations.
Fortunately, there are several techniques being able to
suppress such errors. For small to medium-size o, terms,
composite pulse sequences can be used to drastically
suppress such off-resonance errors [82]. In Fig. 2(a), we
show the infidelity of X operations using naive direct pules,
the composite pulse short-CORPSE (sCORPSE), and the
composite pulse sequence CORPSE. Conveniently, the (s)
CORPSE pulse sequence for X, Y pulses only requires X, Y
and —X, —Y pulses, thus no additional constraint on the
electronics is imposed and no additional calibration is
needed. For large o, terms, nonadiabatic gates can be used
instead [18]. We further note, that due to the degeneracy,
holonomic single-qubit gates might be possible [83,84].

Analogously to almost all qubit encodings, the GS2
qubit is also affected by electric and magnetic noise.
Electric noise dominantly arises from ubiquitous charge
noise present in condensed matter that modifies the
electrostatic confinement, changes the wave functions of
the charge carrier, and affects our qubit via spin-orbit and
exchange couplings. Unlike qubits with a finite frequency

—
O

-
—

o
®

Infidelity

Infidelity
Fidelity

&
>

operation time / T

FIG. 2. (a) Single qubit gate fidelity [85] of X gates as a
function of miscalibration b, # 0 from the GS2 condition
without decoherence. Three pulse techniques are shown, (blue)
single pulse, (red) composite pulse sequence short-CORPSE, and
(green) composite pulse sequence CORPSE. (b) Fidelity of a
(black) X operation and (blue and red) idling / operation under
the influence of low frequency noise coupling in via the g tensor
as a function of operation time. Our simulation assumes quasi-
static fluctuations in b, and b, neglects transversally coupled
noise for the X operation, and assumes (blue) correlated and (red)
uncorrelated fluctuations between b, and b,
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splitting during idling, zero-frequency qubits are subject
to different types of decoherence making the distinction
of T and T, times obsolete. To still provide a meaningful
description, we instead report the process fidelity of gate
and idling operations [85] as a function of time. By design,
decoherence during an X, Y operation corresponds to the
T3 time of conventional spin-1/2 qubits. However, note
that the gate time of performing X, Y operations is given by
the change in Larmor frequency instead of the Rabi
frequency, which can be multiple times faster. High quality
factors  fiamor X 75 exceeding 1000 are frequently
reported [10]. Using Schrédinger-Poisson simulations [86],
we estimate a central gate sensitivity dy (p?)/h? =
(0.064)> nm~2/V giving rise to b, ~ 630(MHz/V) con-
sidering B = 100 mT, 5, = 0.42, and #,, = 0. Faster oper-
ations can be achieved by pulsing center and side gates
simultaneously and improved gate fidelities can be
gained by more sophisticated composite pulse sequence
design [87].

Decoherence during idling at the degeneracy point is
caused by two orthogonally coupled random fluctuations

and is approximately /2 times faster with only a small
dependence on their cross-correlation. In Fig. 2(b) we show
the gate fidelity as a function of operation time and 7} for
single-qubit gates X and the idling operation. Assuming a
pessimistic Q = 100, gate infidelities above 1 — F = 107*
for all operations are achievable. Since charge and magnetic
noise is dominantly slow, dynamical decoupling protocols,
such as Z echo or XY4 [88-90], can greatly extend
coherence times. Additionally, by setting a small energy
splitting A during idle with 27h/T, < A <27h/T,,
where T, is the gate time of a Pauli X/Y gate and T,
is the algorithm duration, the impact of ultralow frequency
noise can be strongly suppressed recovering decoherence
times of traditional hole qubits [91].

Magnetic noise typically originates from the hyperfine
coupling to nuclear spins with nonzero spin. For planar
germanium, the hyperfine tensor is highly anisotropic, thus,
magnetic noise is highly suppressed for in-plane magnetic
field directions. Remarkably, the GS2 operation regime
coincides in some materials with the noise sweet
spot [35,37]. Furthermore, the nuclear spins as a magnetic
noise source can be effectively eliminated by isotopic
purification [92].

Readout and initialization—The GS2 qubit can be read
out using conventional Pauli-spin blockade (PSB) methods,
where spin-selective charge transitions are observed. While
PSB readout is generally used to read out any quantum dot
spin-qubit, the unblocked spin state depends on the inter-
play of the Zeeman and the exchange interaction between
spins in neighboring quantum dots. We distinguish three
cases: (i) for a uniform magnetic field and a uniform
g tensor without spin-orbit interaction, the spin singlet state

1S) = (|10) = |01))/v/2 is unblocked. We call this PSB-S

and it is typically used for electron spin qubits without
micromagnet, singlet-triplet, and EO qubits. (ii) For magnetic
fields with a parallel gradient or a uniform magnetic field
along a (common) principal axis of the g tensors without spin-
orbit interaction, the |01) or |10) state is unblocked. We
call this the PSB-Z and it is typically used for electron spin
qubits with a micromagnet. (iii) For magnetic fields with
an orthogonal gradient, a uniform magnetic field along a
(common) principal axis of the g tensors, or spin-orbit
interaction, the |11) is unblocked. We call this the PSB-T
and is typically implemented for hole spin qubits.
The PSB Hamiltonian is well approximated by [93]

H= H(l/;) + H(lt;) + €[S02) (Soa| + V21, cos(Bsor) |S) (Soa |

+ V2t sin(Oso)n - |T) (Sea| + H.c., 9)
where H (12’3) is the single-qubit Hamiltonian (8) of qubit A,

B, n is the normalized spin-orbit vector, Ogo; the spin-flip
angle, and T,z = (T,.T,.T,)" is a vector consisting
of the spin-1 triplet states with |7, ) = i'/>¥1/2(]00) F
[11))/v/2 and |T,) = (J01) + [10))/+/2. For planar holes,
Osop arises from cubic-in-momentum spin-orbit coupling
[94] or linear-in-momentum through strain gradients [70],
and can be assumed or engineered to be small [95-97]. For
other platforms 0o can be large [11].

Remarkably, our qubit can be electrically tuned into
all mentioned PSB readout types [98]. For b4 = b8 =
by = b%, we find PSB-S, for b, # b5, #0 and b}, =
bﬁx = 0 we find PSB-X, Y which is PSB-Z in the x, y basis,
and for bﬁy # bﬁx # 0 we find PSB-T readout. We note,
that the proposed readout methods are applicable for any
hole qubits with sufficient control [99].

To avoid ambiguity, we conceive a two-step high-fidelity
PSB readout and initialization protocol: (i) we elongate the
wave functions such that they get closer and the tunnel
coupling between the two dots is increased. For PSB-X,
this leads to b4® > 0. (ii) While tilting the two dots by
sweeping the detuning & from positive to negative, we
additionally compress (stretch) the first (second) wave
function such that b.{} e~ —bf [100]. This ensures that we
open the anticrossing between the |00) and |Sy,) states
even in the presence of small O5p; to ensure PSB-T [see
Fig. 3(a)]. Figure 3(b) shows the readout infidelity 1 — P,.,q
for a constant detuning pulse, where Pr,q = Plogys,,) —
P|10)=1s,,) 18 the readout visibility [101]. Noticeably, high-
fidelity readout is achieved for the vast majority of
conditions. Only for fgo; = 7/2 and ¢go; ~ 0 the anticross-
ing between |00) and |Sy,) is closed due to the interplay
between spin-orbit interaction and quantization axis rota-
tion [25]. In germanium, PSB-T readout and initialization
protocols similar to our method achieve high fidelities [99].
We further remark that faster pulses with higher fidelity can
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FIG. 3. (a)Energy diagram of the anticrossing used for Pauli-Spin blockade (PSB) readout as a function of detuning ¢ for the stabilized
protocol b;A) = —b;B) = 0.1 GHz (dashed lines showing b;A) = b;B) = 0) considering b =03 GHz, b¥) = 0.4 GHz, t. =3 GHz,
and Ogo; = 0. Our protocol induces an anticrossing between |00) and |Sy,) identical as in the presence of finite spin-orbit interaction.
(b) Simulated readout infidelity of the stabilized protocol for a linear ramp from &(r = 0) = 0.5 meV to &(r = T) = —0.5 meV with
duration T = 52.7 ns as a function of the spin-flip angle go; and SOI vector n = [cos(¢sey), sin(gsor),0]” and using the same
parameters as before. (c) Simulated average gate infidelity of an adiabatic CX two-qubit gate up to single-qubit X gates with fixed
duration 7 = 36 ns using a Tukey pulse [106] as a function of 6gg; and n. The area between the two dashed black lines highlights the
regime in which SWAP oscillations cannot be suppressed [71] and v SWAP-type gates are preferred [107-109]. Simulation parameters
are identical to (a) and (b). Tunneling and exchange are modeled assuming Gaussian overlaps [110]. Oscillations originate from Landau-

Zener transitions.

be achieved using optimal control; especially the QUAD
protocol allows for consistently high transfer fidelity
[102-105]. Consequently, high-fidelity state initialization
can be achieved by reversing the upper protocol.

Two qubit gates—The two qubit gates are implemented
similar to traditional spin qubits using the exchange
interaction originating from the wave function overlap.
The interaction Hamiltonian between qubits A and B is well
approximated by [17,47,111]

J
H,, = HY[‘,) + Hgl;) +56W R, (20s01)”),  (10)

a 4

where J is the electrically tunable exchange coupling and
R,(2050;) is the 3D rotation matrix originating from the
spin-orbit interaction [111]. In our proposed architecture
[Fig. 1(a)], two-qubit gates can be implemented in the X, Y
direction, giving rise to a maximally entangling CNOT gate
up to single-qubit rotations. Additionally, the two-qubit
gate can be implemented using adiabatic or diabatic
pulses [106—108]. Note that undesired evolutions during
diabatic gates can be suppressed by interleaving the two-
qubit interaction with single-qubit X, Y gates [7,112].
Figure 3(c) shows the average gate fidelity [85] for an
adiabatic CNOT gate in the x direction with maximum qubit
frequency difference AE = 200 MHz. Noticeably, there
are three regimes showing vastly different results. The outer
area is the conventional adiabatic regime, where non-
adiabatic SWAP oscillations are sufficiently suppressed.
In the area in-between the dashed lines [71], the adiabatic
condition is not fulfilled and diabatic errors dominate as the
accumulated entangling phase becomes very small. In the

center area, the diabatic contributions are strongly sup-
pressed, giving rise to the highest fidelities [111]. We
anticipate that the gate fidelity can be further enhanced
by optimal control techniques [106,113] and combined
with shuttling [114].

Conclusion—We have introduced the GS2 qubit, a qubit
encoding without the need for complex control electronics,
that can be controlled fully using only baseband pulses,
possessing no noticeably leakage states, and allowing
fast and high-fidelity two-qubit gates. Our encoding fully
leverages the potential of hole qubits and spin-orbit
interaction through the ¢ tensor. Remarkably, our qubit
can be implemented in state-of-the-art materials. This
makes the GS2 qubit a truly promising encoding to realize
a large-scale quantum processor.
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