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The spin-orbit interaction in spin qubits enables spin-flip transitions, resulting in Rabi oscillations when
an external microwave field is resonant with the qubit frequency. Here, we introduce an alternative driving
mechanism mediated by the strong spin-orbit interactions in hole spin qubits, where a far-detuned
oscillating field couples to the qubit phase. Phase-driving at radio frequencies, orders of magnitude slower
than the microwave qubit frequency, induces highly nontrivial spin dynamics, violating the Rabi resonance
condition. By using a qubit integrated in a silicon fin field-effect transistor, we demonstrate a controllable
suppression of resonant Rabi oscillations and their revivals at tunable sidebands. These sidebands enable
alternative qubit control schemes using global fields and local far-detuned pulses, facilitating the design of
dense large-scale qubit architectures with local qubit addressability. Phase-driving also decouples Rabi
oscillations from noise, an effect due to a gapped Floquet spectrum and can enable Floquet engineering
high-fidelity gates in future quantum processors.
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Introduction.—Spin qubits in hole quantum dots are
emerging as top candidates to build large-scale quantum
processors [1–4]. A key advantage of hole spins is their large
and tunable spin-orbit interaction (SOI) enabling ultrafast
all-electrical qubit operations [5–12], on-demand coupling
to microwave photons [13–15], even without bulky micro-
magnets [16–18]. The large SOI of holes leads to interesting
physical phenomena, such as electrically tunable Zeeman
[6,19–23] and hyperfine interactions [24–26], or exchange
anisotropies at finite [27] and zero magnetic fields [28,29].
These effects can be leveraged for quantum information
processing, e.g., to define operational sweet spots against
noise [30–35].
Single qubit operations rely on manipulating spin states

on demand. A microwave pulse drives spin rotations,
resulting in the well-known Rabi oscillations. For confined
holes, these oscillations are fast and rely on either an
electrically tunable and anisotropic g tensor [36–38] or
periodic spin motion in a SOI field [39–42]. To date,
however, these oscillations are qualitatively similar to
competing qubit architectures [43–47], and they occur at
fixed microwave GHz frequencies determined by the qubit
energy. Qubit responses to detuned frequencies are asso-
ciated to nonlinearities in the coupling to the driving
field [48,49].
In this Letter, we investigate the dynamics of a hole spin

qubit hosted in a silicon fin field-effect transistor (Si
FinFET) under simultaneous application of longitudinal
(phase) and transverse (Rabi) drives at radio-frequency ωz
and microwave frequency ωx, respectively, see Fig. 1(a).

FIG. 1. (a) Schematic of our phase-drivenqubit.Ahole spinqubit
in a Si FinFETwith Zeeman field b is simultaneously driven by a
microwave Rabi drive (blue) with amplitude λx and frequency
ωx ≈ ωq ¼ jbj=ℏ and a radio-frequency phase drive (red) with
amplitude λz and frequency ωz ≪ ωq. (b),(c) Phase-driving-in-
duced slowdown of Rabi oscillations in qubit 1 (Q1). (b)We sweep
ωz and measure the Pauli-spin-blockaded current Inorm normalized
by themaximal current, proportional to the spin-flip probability, for
different burst times tb. The two regular Rabi peaks for Z ¼
λz=ωz ≲ 0.4 curve up and thus slow down for increasing Z ≳ 0.4,
following ωR ¼ λxJ0ð2ZÞ. At larger Z’s the peaks split up and
higher harmonics result in nontrivial features that are captured by
the simulation in (c) obtained from Eq. (1) with λx=2π ¼ 29 MHz,
λz=2π ¼ 30 MHz, and ωq=2π ¼ ωx=2π ¼ 4.5 GHz.
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We demonstrate that the rich microscopic physics of hole
nanostructures leads to a nontrivial response of the qubit
state to these oscillating fields even at frequencies far
detuned from the qubit energy. This anomalous response
arises from a strong interplay between the phase and Rabi
electrical drives in the linear regime. More specifically, by
driving the qubit phase at radio-frequencies ωz in the MHz
range, i.e., three orders of magnitude lower than the micro-
wave GHz-range Larmor frequency of the qubit ωq, we
controllably slow down the resonant Rabi oscillations,
suppress them altogether at ωx ¼ ωq, and revive them at
sideband frequenciesωx ¼ ωq �mωz,m∈Nþ.We observe
this behavior reproducibly on two different devices. The
suppression of Rabi frequency can be exploited to detect
longitudinal interactions between spins and microwave
resonators [14]. In future qubit processors using a global
high-frequency driving field, sideband oscillations can
provide ways to selectively address individual qubits by
radio-frequency MHz signals, relieving demanding techno-
logical challenges for designing large-scale high-frequency
circuits [50–54]. We also predict that our two-tone drive
protects Rabi oscillations from noise as the periodic phase-
driving gaps the Floquet spectrum of the system, similarly to
Bloch bands in periodic lattices. This noise suppression is a
valuable tool for dressed spin qubits [55–58] and for Floquet
engineering high-fidelity quantum gates [59–64].
Electrical manipulation of hole spins.—A hole spin

qubit in an external magnetic field B is described by the
Zeeman Hamiltonian Hq ¼ b · σ=2, where b ¼ μBB · ĝ is
the Zeeman vector, ĝ is the electrically tunable g tensor of
the system, and σ is the vector of Pauli matrices. Quite
generally, an electrical pulsewith frequencyω applied to the
system gives rise to an oscillating vector field λ cosðωtÞ that
directly couples to the qubit viaHd ¼ ℏλ · σ cosðωtÞ due to
the SOI. The vector λ cosðωtÞ models the drive as a time-
dependent Zeeman field acting on the qubit. Its direction

depends on themicroscopic details of the nanostructure, and
includes processes such as g tensor modulation and electric
dipole spin resonance [39,41,42], while its amplitude scales
linearly with the applied microwave field. These processes
enable electrical manipulation of qubits with multiple
driving frequencies and amplitudes. Transitions between
spin up and down states occur for λ⊥b (Rabi driving), while
only the phase of the qubit is addressed [14,65–69] for λkb
(phase-driving). Interestingly, while phase-driving alone
cannot induce Rabi oscillations, a radio-frequency phase
pulse can significantly alter the dynamics of the qubit when
acting together with a Rabi driving field.
We stress that all of our findings are linear in the driving

field. Variations from linear regime were detected at large
driving powers [6,70,71]. Nonlinearities ∝ λ2 cosðωtÞ2
induced by excited states could also lead to a higher-
harmonic response [48,49].
Phase-driven qubits.—We consider a qubit with GHz-

range frequency ωq ¼ jbj=ℏ. A Rabi drive λx cosðωxtÞwith
amplitude λx and frequency ωx ¼ ωq − Δ induces Rabi
oscillations when the MHz-range detuning Δ is small. This
system exhibits Rabi oscillations with frequency ωR ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2x

p
and maximal spin-flip probability Pmax

R ¼
λ2x=ðΔ2 þ λ2xÞ. We add an additional phase drive
λz cosðωztÞ, with amplitude λz and frequency ωz ∼MHz,
far detuned from ωq. The two-tone Hamiltonian reads

H¼ ℏωq

2
σzþℏλxσx cosðωxtÞþℏλzσz cosðωztÞ: ð1Þ

The direction ẑ (x̂) is parallel (perpendicular) to b, Fig. 1(a).
By moving to the rotating frame defined by the trans-

formation UrðtÞ ¼ e−iσz½ωxtþ2Z sin ðωztÞ�=2 [14], which exactly
accounts for phase-driving, and neglecting terms rotating at
frequencies ∼2ωx, we obtain

H̃ ¼ ℏΔ
2

σz þ
ℏλx
2

J0ð2ZÞσx þ ℏλx
X∞
n¼1

�
J2nð2ZÞ cos½2nωzt�σx − J2n−1ð2ZÞ sin½ð2n − 1Þωzt�σy

�
; ð2Þ

with dimensionless parameter Z ¼ λz=ωz and Bessel func-
tions Jn. Without phase drive, λz ¼ 0 ⇒ Z ¼ 0, and since
J0ð0Þ¼ 1 and Jn≠0ð0Þ ¼ 0, Eq. (2) reduces to H̃¼ℏðΔσzþ
λxσxÞ=2, i.e., the rotating-frame Hamiltonian for Rabi-
driven qubits in the rotating wave approximation (RWA),
see the Supplemental Material (SM) [72].
Close to resonance Δ≲ ωz; λx and at Z ≪ 1, the term

∝ J0ð2ZÞ ¼ 1 − Z2 þOðZ4Þ in H̃ dominates the qubit
dynamics, so that phase-driving has no effect when
ωz ∼ ωq ≫ λz. Moreover, Rabi pulses with ωx ≪ ωq are
off-resonant and do not affect the qubit. These consider-
ations justify using the Hamiltonian H in Eq. (1) also in
general cases where λx (λz) has additional components
parallel (perpendicular) to b. Finally, a relative phase

difference φ between the two driving signals is relevant
at comparable values of ωx and ωz [14] but are negligible
when ωz ≪ ωx. Finite φ’s become relevant in the presence
of noise, as discussed later.
Sideband Rabi oscillations.—We study the influence

of the phase drive on the oscillations for resonant
(Δ ¼ ωq − ωx ¼ 0) and nonresonant (Δ ≠ 0) Rabi drives.
In the resonant case and when ωz ≳ λx, one can simplify
H̃ in Eq. (2) by the RWA. The dominant contribution to
H̃ is the static n ¼ 0 component, yielding fully developed
oscillations with frequency ωR ¼ λxJ0ð2ZÞ, see Figs. 1(b)
and 1(c).
We verify this prediction experimentally in a hole spin

qubit in two different Si FinFETs described in [12,27,73].
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Our first (second) qubit Q1 (Q2) is operated at ωq=2π ¼
4.5 GHz (ωq=2π ¼ 4.95 GHz) corresponding to a g factor
g ¼ 2.14 for B ¼ 0.15 T (g ¼ 2.72 for B ¼ 0.13 T); g
depends on the gate potential V with sensitivity ∂g=∂V ≈
−0.05 V−1 (∂g=∂V ≈ 0.41 V−1). Our qubits are initialized
and read out via Pauli spin blockade and direct current
integration, see [12,27]. Our system enables high-
bandwidth phase-driving via the electrically tunable g
tensor and Rabi driving via electric-dipole spin resonance.
These contributions are generated by applying two oscil-
lating electrical signals at different frequencies, Fig. 1(a).
Generally these tones induce both Rabi and phase-driving;
however, as discussed before, we discard the negligible
contributions of far-detuned Rabi driving and nearly
resonant phase-driving.
For the measurements in Fig. 1(b), we apply simulta-

neously a resonant Rabi drive with ωx ¼ ωq and a phase
drive with variable, far-detuned frequency ωz to Q1. We
measure the qubit state after the burst time tb. Rabi
oscillations are observed along the vertical axis of Fig. 1(b).
By sweeping ωz, we map out the dependence of ωR on
Z ¼ λz=ωz. We extract λx=2π ≈ 30 MHz from the period of
the oscillations at large ωz and λz ≈ λx from the decrease in
Rabi frequency [ωR ¼ λxJ0ð2ZÞ] as ωz decreases. We find
good agreement between our measurement and the quantum
dynamics simulated by using H in Eq. (1). We consistently
reproduce this behavior in Q2 [72].
Remarkably, Eq. (2) predicts the vanishing of the

fundamental Rabi oscillations, i.e., ωR ¼ λxJ0ð2ZjÞ ¼ 0,
with 2Zj denoting the jth root of J0. The first root is
Z1 ≈ 1.2 → λz ≈ 1.2ωz and is clearly observed in our

experiments. At Z ¼ 1.2, higher harmonics (n ≥ 1) in H̃
dominate the dynamics and determine the nontrivial time
evolution shown in Fig. 1.
Higher harmonics are crucial to understand the Rabi

sidebands appearing in the nonresonant case (Δ ≠ 0),
shown in Figs. 2(b) and 2(c). At small values of Δ ≪ λx,
the Rabi frequency increases as ωR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2xJ0ð2ZÞ2

p
,

resulting in the typical chevron pattern, and suppressing the
oscillations at large Δ’s. However, when λz ≈ ωz, oscil-
lations are revived at finiteΔ’s. In particular, atΔ ¼ �mωz,
the system is resonant with themth harmonic in Eq. (2), and
sideband oscillations with frequencies ωm

R ¼ λxJmð2ZÞ are
restored.
In Fig. 2, we show measurements and simulations of

Rabi oscillations against Δ at different values of Z for Q2.
The Rabi chevron in (a) is modified by phase-driving. In
(b), we consider Z ¼ 0.3, and we observe the appearance of
sideband resonances at frequencies �ωz=2π ¼ �40 MHz.
In (c), by reducing ωz to ωz=2π ¼ 20 MHz and increasing
λz, we reach Z ¼ 1.2, where the resonant oscillations at
Δ ¼ 0 vanish and only sideband oscillations remain. As
shown in Figs. 2(d)–2(f), these sidebands are well
explained by our model, which is linear in the driving
field amplitudes. We emphasize that in contrast to nonlinear
driving, where the Δ ¼ 0 resonance does not disappear and
sidebands oscillations appear at fixed frequencies ωx ¼
ωq=m with m∈Nþ, by operating our qubit at Z ¼ 1.2 we
remove the Δ ¼ 0 oscillations and still fully control the
sideband frequencies Δ ¼ �mωz ¼ �mλz=1.2 by varying
the amplitude λz of the radio-frequency pulse. Operating at

FIG. 2. Sideband Rabi oscillations in qubit 2 (Q2). (a)–(c) Spin precession for simultaneous microwave Rabi driving and radio-
frequency phase-driving against burst time tb and detuning Δ. We show results for Z ¼ 0, Z ¼ 0.3, and Z ¼ 1.2. The typical chevron
pattern centred at Δ ¼ 0 in (a) is modified in (b),(c) by additional sidebands at Δ=2π ¼ �n · ωz=2π ¼ �n · 40 MHz and�n · 20 MHz,
respectively. TheΔ ¼ 0 oscillations are slower in (b) and completely vanish in (c). (d)–(f) Simulations of the time evolution governed by
Eq. (1), showing excellent agreement with experiments. We use ωq=2π ¼ 4.95 GHz, λx=2π ¼ 10 MHz for the three Z values and
λz ¼ 0, λz=2π ¼ 0.3ωz=2π ¼ 12 MHz, λz=2π ¼ 1.2ωz=2π ¼ 24 MHz for (d)–(f), respectively.
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larger λz substantially improves the fidelity of the sidebands
oscillations; see the SM [72].
Our two-tone driving scheme dynamically shifts the

qubit frequency to higher harmonics without critically
altering the static properties of the qubit. This can reduce
frequency-crowding issues in dense large-scale quantum
processors and enable individual qubit addressability in
global microwave fields by MHz circuits.
Effects of noise.—The coupling to the environment

causes decoherence and damps Rabi oscillations in a time
TR
2 . Because of the limited time window of the transport

readout, we cannot measure TR
2 in our current devices.

However, we estimate that TR
2 is dominated by random

fields coupled to λx, yielding TR
2 ∼ 25 μs [72]. These slow-

dynamics fields originate from different microscopic
sources [24,25,34,62,74–76]. We model them by the
noise Hamiltonian HN ¼ cosðωxtÞh · σ, with a quasistatic,
Gaussian-distributed stochastic vector h modulated by the
Rabi drive having zero mean and covariance matrix
Σij ¼ δijσ̄

2. Variants of this model originating from the
1=ω tail, typical of charge noise, are discussed in [72].
After ensemble averaging and at resonance Δ ¼ 0, we

find that for conventional Rabi driving HN suppresses the
Rabi oscillations as [72]

PRðtÞ ¼
1

2

h
1 − e−ðt=TR

2
Þ2 cosðωRtÞ

i
; ð3Þ

with TR
2 ¼

ffiffiffi
2

p
ℏ=σ̄. To better illustrate this decay in Fig. 3(a)

(black curve) we consider a TR
2 shorter than in our device

but typical e.g., of Ge=Si nanowires [6]. The decay time TR
2

is larger than the dephasing time T�
2 and determines the

lifetime of dressed spin qubits [55–58] utilizing nearly
resonant always-on global microwave fields. However,
when the SOI is large TR

2 is significantly shortened and
can become comparable to T�

2 [5–7].
Protection of Rabi oscillations from noise.—We simulate

the effect of an additional phase pulse with λz ≪ λx at
frequency ωz ≈ λx. In this regime, the higher harmonics in
Eq. (2) have a significant effect even at Δ ¼ 0. As shown in
Fig. 3(a), even a small phase-driving (red curve) decouples
Rabi oscillations from noise and substantially enhances TR

2 .
The persistent oscillations can be understood in terms of

Floquet modes j0Fi, j1Fi [72,77–79]. These are eigenstates
of the Floquet operator UðTÞ¼UrðTÞT e½−iR T

0 H̃ðτÞdτ=ℏ�
with eigenvalues e−iω

0
FT , e−iω

1
FT , respectively. Here, T e is

the time-ordered exponential T ¼ 2π=ωz, and Ur trans-
forms the system back to the lab frame.
The eigenvalues and eigenvectors of UðTÞ are shown in

Fig. 3(b). First, in contrast to the usual Rabi driving, when a
phase-driving pulse is applied at frequencies comparable to
λx and is in-phase with the Rabi drive, the spin states in the
lab frame coincide with the Floquet modes, i.e., j↑i ¼ j0Fi,
j↓i ¼ j1Fi (magenta line). Second, phase-driving opens a

gap of size ω1
F − ω0

F ≈ λz in the Floquet spectrum (black
and red lines) that protects the system from moderate noise
sources with σ̄ ≲ λz. For λz ≪ λx ∼ ωz, the Floquet eige-
nenergies are [72]

ω0;1
F ¼�1

2

2
4ωzþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλx−ωzÞ2þ

λ2x
ω2
z
λ2z

s 3
5 mod ðωzÞ: ð4Þ

The long-lived Rabi oscillations depend on the gapped
Floquet spectrum and the possibility of preparing Floquet
eigenmodes. In our devices, TR

2 is determined by the
dephasing of Floquet modes. Thus by initializing the system
in a Floquet eigenstate, we filter out the dominant noise
source. In this case, TR

2 depends only on relaxation of Floquet
eigenmodes. However, in analogy to disorder potentials in

FIG. 3. (a) Simulated phase-driving-induced undamped Rabi
oscillations at ωz ¼ λx. Black (red) dots denote Rabi probability
averaged over N ¼ 103 realizations of the noise Hamiltonian HN
for λz ¼ 0 (λz ¼ 0.3ωz) picked from a Gaussian distribution with
zero mean and standard deviation σ̄ ¼ 0.05ℏωz. (c) Noisy Rabi
oscillation at Z ¼ 1.2 and various λx=ωz ratios. For reference, we
show the gray dashed line, corresponding to the red line in (a).
(b),(d) Floquet spectra against λx=ωz. (b) Solid black (red) dots
show numerically computed Floquet energies ωF at λz ¼ 0
(λz ¼ 0.3ωz); the lines denote the approximation in Eq. (4).
Magenta (cyan) circles exhibit the probability jc↓j2 ¼ jh↓j0Fij2
for a two-tone relative phase φ ¼ 0 (φ ¼ π=2). Dashed lines
show Eq. (5). (d) Blue dots show the Floquet spectrum at
Z ¼ 1.2, while the lines display the fitting formula
ω0;1
F ¼ �ωz½0.084ðλx=ωzÞ3 − 0.022ðλx=ωzÞ4� mod ðωzÞ. We use

ωq ¼ 103ωz.
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Bloch bands, transitions to other eigenstates are suppressed
provided that the standard deviation of the disorder be smaller
than the energy band gap. This parallel allows us to interpret
the oscillations shown by red curves in Fig. 3(a) as the
temporal evolution of individual Floquet modes. We estimate
that relaxation yields a slow power-law decay of the
oscillations, with time constant ∼10TR

2 , see the SM [72].
In Fig. 3(b), we show that a relative, experimentally

tunable phase φ between the Rabi and phase tones can
select arbitrary superpositions of Floquet states (magenta
and cyan curves). The amplitudes cs ¼ hsj0Fi between spin
js ¼ ↑↓i and Floquet states j0Fi are [72]

c↑↓ðφÞ≈
cosðθÞ�sinðθÞeiφffiffiffi

2
p ; tanð2θÞ¼ λxλz

ωzjλx−ωzj
: ð5Þ

For strong phase-drivings, where λz ∼ λx, Eqs. (4)
and (5) are inaccurate, but simulations still predict long-
lived oscillations and gapped Floquet spectrum. For exam-
ple, in Figs. 3(c) and 3(d) we examine the oscillations and
the Floquet spectrum at Z ¼ 1.2. The Floquet bands touch
at λx ¼ 0 mod ðωzÞ; at λx ≳ ωz, the gap becomes signifi-
cant and long-lived oscillations persist for a wide range
of parameters. Because of the strong phase-driving the
oscillations are not sinusoidal. Their peculiar shape probes
the temporal structure of Floquet modes and is shown in
Fig. 3(d) for different λx’s.
We envision that the phase-driving-induced stabilization

of Floquet modes will open a wide range of opportunities to
optimize dressed qubits and prepare exotic states in Floquet
metamaterials.
Conclusion.—We demonstrated that radio-frequency

phase-driving of hole spin qubits induces collapse and
revival of Rabi oscillations, yielding oscillations at side-
bands of the qubit frequency. We show theoretically that
phase-driving also leads to long-lived Rabi oscillations in
noisy qubits. Phase-driving provides an alternative way of
implementing individual addressability in global micro-
wave fields in future large-scale qubit architectures and
Floquet engineering high-fidelity gates.

The data in the figures of this paper are available at the
Zenodo repository at [80].

We thank T. Berger for the rendering of our FinFET
device.We acknowledge support by the cleanroomoperation
team, particularly U. Drechsler, A. Olziersky, and D. D.
Pineda, at the IBM Binnig and Rohrer Nanotechnology
Center, and technical support at the University of Basel by
S. Martin andM. Steinacher. L. C. C. acknowledges support
by a Swiss NSF mobility fellowship (P2BSP2200127). This
work was supported by the Swiss National Science
Foundation (NCCR SPIN) Grant No. 51NF40-180604, by
the EUH2020 EuropeanMicrokelvin Platform (EMP)Grant
No. 824109, and by the Conselho Nacional de Pesquisas
(CNPq) Grant No. 301595/2022-4.

*stefano.bosco@unibas.ch
†Present address: RIKEN, Center for Emergent Matter
Science (CEMS), Wako-shi, Saitama 351-0198, Japan.

[1] C. Kloeffel and D. Loss, Prospects for spin-based quantum
computing in quantum dots, Annu. Rev. Condens. Matter
Phys. 4, 51 (2013).

[2] G. Scappucci, C. Kloeffel, F. A. Zwanenburg, D. Loss, M.
Myronov, J.-J. Zhang, S. De Franceschi, G. Katsaros, and
M. Veldhorst, The germanium quantum information route,
Nat. Rev. Mater. 6, 926 (2021).

[3] Y. Fang, P. Philippopoulos, D. Culcer, W. A. Coish, and S.
Chesi, Recent advances in hole-spin qubits, Mater. Quantum
Technol. 3, 012003 (2023).

[4] N.W. Hendrickx, W. I. L. Lawrie, M. Russ, F. van Riggelen,
S. L. de Snoo, R. N. Schouten, A. Sammak, G. Scappucci,
and M. Veldhorst, A four-qubit germanium quantum proc-
essor, Nature (London) 591, 580 (2021).

[5] K. Wang, G. Xu, F. Gao, H. Liu, R.-L. Ma, X. Zhang, Z.
Wang, G. Cao, T. Wang, J.-J. Zhang, D. Culcer, X. Hu,
H.-W. Jiang, H.-O. Li, G.-C. Guo, and G.-P. Guo, Ultrafast
coherent control of a hole spin qubit in a germanium
quantum dot, Nat. Commun. 13, 206 (2022).

[6] F. N. M. Froning, L. C. Camenzind, O. A. H. van der Molen,
A. Li, E. P. A. M. Bakkers, D. M. Zumbühl, and F. R.
Braakman, Ultrafast hole spin qubit with gate-tunable
spin-orbit switch functionality, Nat. Nanotechnol. 16, 308
(2021).

[7] H. Liu, K.Wang, F. Gao, J. Leng, Y. Liu, Y.-C. Zhou, G. Cao,
T. Wang, J. Zhang, P. Huang, H.-O. Li, and G.-P. Guo,
Ultrafast and electrically tunable rabi frequency in a germa-
nium hut wire hole spin qubit, Nano Lett. 23, 3810 (2023).

[8] H. Watzinger, J. Kukučka, L. Vukušić, F. Gao, T. Wang, F.
Schäffler, J.-J. Zhang, and G. Katsaros, A germanium hole
spin qubit, Nat. Commun. 9, 3902 (2018).

[9] N.W. Hendrickx, W. I. L. Lawrie, L. Petit, A. Sammak, G.
Scappucci, and M. Veldhorst, A single-hole spin qubit, Nat.
Commun. 11, 3478 (2020).

[10] N. Hendrickx, D. Franke, A. Sammak, G. Scappucci, and
M. Veldhorst, Fast two-qubit logic with holes in germanium,
Nature (London) 577, 487 (2020).

[11] R. Maurand, X. Jehl, D. Kotekar-Patil, A. Corna, H.
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