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Optimising germanium hole spin qubits
with a room-temperature magnet
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Cécile X. Yu® '3, Barnaby van Straaten'?, Alexander S. Ivlev®", Valentin John ®", Damien R. Crielaard’',
Stefan D. Oosterhout ®2, Lucas E. A. Stehouwer', Francesco Borsoi®', Giordano Scappucci®' &

Menno Veldhorst®'

Germanium spin qubits offer high-fidelity control via strong spin-orbit interaction, but their magnetic
field sensitivity typically requires bulky superconducting vector magnets that limit scalability. This
study investigates replacing these with an external permanent magnet located outside the cryostat to
reclaim internal sample space. By operating in a hybrid mode (internal and external magnets), we fine-
tuned the field to an in-plane orientation, achieving a dephasing time T; = 13 us and single-qubit
Clifford gate fidelities exceeding 99.9%. Remarkably, we demonstrate qubit operation even with the
internal superconducting magnet deactivated. In this regime, we observed extended coherence times
of T3 = 31 us and TH = 266 s, on a natural Germanium heterostructure. These results demonstrate
that room-temperature magnets allow for high qubit performance. This approach facilitates scaling by
freeing cryogenic space for essential control circuitry and wiring, paving the way for large-scale

guantum processors.

Spin qubits in semiconductor quantum dots are an attractive platform for
quantum computing, as they offer long coherence times, allow for high-
fidelity quantum gates, and have high compatibility with industrial semi-
conductor fabrication'. Germanium has emerged as a promising material
for hosting hole-based spin qubits, offering strong spin-orbit interaction and
all-electrical control*”. Despite these advantages, achieving precise control
over the qubit properties requires accurate alignment of the external mag-
netic field to the substrate plane to optimise coherence and fidelity due to the
strong g-tensor anisotropy"’”.

Even if the g-tensor plane is aligned with the sample crystallographic
axes, achieving sub-degree accuracy in magnetic field alignment is
challenging due to factors such as sample mounting variability and the
differential thermal contraction of materials within the cryostat. While
vector magnets can compensate for these misalignments to minimise
hyperfine-induced dephasing and enhance the efficiency of electric
dipole spin resonance (EDSR) operations*', their implementation
requires considerable space and thermal load within the cryostat, and
limits the available sample space'’.

This work explores an alternative approach using a movable perma-
nent magnet outside the dilution refrigerator to fine-tune the magnetic field
at the qubit location in addition to the uniaxial superconducting magnet in
the cryostat. This internal magnet provides a primary magnetic field of a few
tens of millitesla, chosen to be small enough that any misalignment can be
effectively corrected using the external magnet.

To characterise the feasibility of this approach, we perform EDSR drive
on the qubit to evaluate its resonance frequency as a function of the uniaxial
superconducting magnetic field strength, as well as the position of the
external magnet relative to the sample. This study is further extended by
characterising the qubit performance through Ramsey and Hahn echo
experiments, along with single-qubit gate randomised benchmarking (RB)
and gate set tomography. Our findings demonstrate that a qubit fine-tuned
by an external magnet can achieve high-quality qubit control, with fidelities
exceeding 99.9%. We then switch off the uniaxial superconducting magnet
to demonstrate that qubit operation is possible with the field produced by
the permanent magnet only. We characterise the qubit properties under this
field, finding long coherence times.

Results and discussion

Experimental set-up

In this experiment, we use a standard cryogen-free dilution refrigerator
equipped with a uniaxial superconducting magnet. To fine-tune the mag-
netic field, we move an NdFeB N45 block magnet of dimensions
110.6 x 89 x 19.5 mm, in three dimensions beneath the fridge (see Fig. 1a).
The motion of the external magnet is accomplished by suspending a Car-
tesian gantry system from the vacuum can of the dilution refrigerator, with
motion along the x, y, and z axes controlled remotely by linear actuators and
an Arduino board. A complete description of the system is provided in
Supplementary Note 1.

'QuTech and Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands. 2QuTech and Netherlands Organisation for Applied Scientific

Research, Delft, The Netherlands. *These authors contributed equally: Cécile X. Yu, Barnaby van Straaten.

e-mail: M.Veldhorst@tudelft.nl

Communications Physics| (2026) 9:272


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-026-02634-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-026-02634-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-026-02634-3&domain=pdf
http://orcid.org/0000-0002-9981-5685
http://orcid.org/0000-0002-9981-5685
http://orcid.org/0000-0002-9981-5685
http://orcid.org/0000-0002-9981-5685
http://orcid.org/0000-0002-9981-5685
http://orcid.org/0009-0007-3773-6336
http://orcid.org/0009-0007-3773-6336
http://orcid.org/0009-0007-3773-6336
http://orcid.org/0009-0007-3773-6336
http://orcid.org/0009-0007-3773-6336
http://orcid.org/0000-0002-5157-8932
http://orcid.org/0000-0002-5157-8932
http://orcid.org/0000-0002-5157-8932
http://orcid.org/0000-0002-5157-8932
http://orcid.org/0000-0002-5157-8932
http://orcid.org/0000-0001-9648-5206
http://orcid.org/0000-0001-9648-5206
http://orcid.org/0000-0001-9648-5206
http://orcid.org/0000-0001-9648-5206
http://orcid.org/0000-0001-9648-5206
http://orcid.org/0000-0001-9398-7614
http://orcid.org/0000-0001-9398-7614
http://orcid.org/0000-0001-9398-7614
http://orcid.org/0000-0001-9398-7614
http://orcid.org/0000-0001-9398-7614
http://orcid.org/0000-0003-2512-0079
http://orcid.org/0000-0003-2512-0079
http://orcid.org/0000-0003-2512-0079
http://orcid.org/0000-0003-2512-0079
http://orcid.org/0000-0003-2512-0079
http://orcid.org/0000-0001-9730-3523
http://orcid.org/0000-0001-9730-3523
http://orcid.org/0000-0001-9730-3523
http://orcid.org/0000-0001-9730-3523
http://orcid.org/0000-0001-9730-3523
mailto:M.Veldhorst@tudelft.nl
www.nature.com/commsphys

https://doi.org/10.1038/s42005-026-02634-3

Article

Fig. 1 | Experimental set-up. a Diagram showing
the XYZ stage used to position the permanent
magnet (grey block). The stage is attached to the
vacuum can of the fridge. b Diagram showing a
simulation of the magnetic field lines produced by
the superconducting solenoid magnet (red) and the [
permanent magnet (black). The sample board is !
shown in green, mounted in the centre of the sole-
noid magnet. The colourbar represents the strength
of the magnetic field. ¢ Device layout indicating the
qubits investigated in the experiments. The scale bar
corresponds to 400 nm.
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For our coordinate system, we take the z axis as parallel to the vertical
axis of the dilution refrigerator. If the sample were mounted perfectly, fields
applied in this direction correspond to the [110] crystallographic direction
and therefore are in-plane. In previous work on this device'’, we estimate
there is a 2-3 degree misalignment, meaning that the magnetic field of the
internal superconducting solenoid has a small out-of-plane component. We
define the x axis close to parallel to the heterostructures [001] growth
direction; therefore, fields applied in this direction are out of plane. The
permanent magnet was oriented with its magnetisation axis along the z axis,
so that at x, y = 0, its field is parallel to that of the solenoid, see Fig. 1b for a
Magpylib simulation of the field lines”. By moving the magnet in the x
direction, we expect to be able to compensate and cancel out the orthogonal
field component, provided the external magnetic field is sufficiently strong.

We perform our qubit experiments on a 10-quantum dot device on a
Ge/SiGe heterostructure as detailed in ref. 9,12, and investigate the effect of
the magnetic field. We focus on qubits Q8 and Q3, which are initialised and
read out using ancilla qubits Q4 and Q7, respectively, see Fig. 1c. The
coordinate system is defined relative to the sample, meaning that
(%, ¥, 2) = (0, 0, 0) corresponds to the sample. We will refer to the magnetic
field applied by the superconducting uniaxial solenoid inside the fridge as
Bi,, and B, as the magnetic field generated by the external magnet.

Qubit frequency tunability

We begin by assessing the effect of the external magnet on the total magnetic
field sensed by the spin qubit. The total field sensed by the qubit is
B; = Bew + By, which gives rise to a qubit Larmor frequency of
hf, = uglgB1l, where g is the germanium hole-spin g-tensor’. Relative to
gyromagnetic axes of the spins, we anticipate this g-tensor to take the form
g=diag(g.. g,» g) with significant anisotropy such that g, > g, g, We expect
the axis corresponding to g, to be aligned to within a few degrees with the
crystallographic [001] axis and therefore also to within a few degrees of the x
axis. We will label this axis g,.

To probe the effect of By, we perform EDSR on qubit Q8 while varying
the external magnet position along the x axis from 0 to —250 mm, with the
magnet held at (y, z) = (0, —200) mm. For each position, we map the qubit
Larmor frequency at different amplitudes of the internal field By,. As the
external magnet is displaced, both B and B vary, leading to a change in
the orientation of the total field By relative to g,. Because of the large
anisotropy in g, even small components of By parallel to g, strongly affect
the enhanced g-factor and hence the Larmor frequency.

At low |By,| (see Fig. 2a, b), the resonance frequency exhibits both a
minimum and a local maximum as a function of magnet position. The
minimum corresponds to the point where BS cancels the out-of-plane
contribution parallel to g, of B;, and thereby minimising the effective g-
factor. Moving the magnet further off-axis, B begins to overcompensate
the internal field while the magnitude of By at the qubit decreases with
distance. This competition produces a local maximum in the Larmor fre-
quency before it falls off again.

At larger |B;,| (see Fig. 2¢, d), the external field is no longer strong
enough to fully cancel the out-of-plane component of B, and the
resonance frequency evolves smoothly with a parabolic dependence on
the magnet position. Finally, we note that in the low-field regime of
Fig. 2a, b, the qubit initialisation and readout fidelity decrease as the total
field rotates from out-of-plane to in-plane. We attribute this to reduced
initialisation of the |T¢> state: in-plane fields enhance the quantisation-
axis mismatch between the two qubits, which increases the probability of
preparing the [T_) = || |) state'.

Now we set |B;,| =25 mT and fully characterise the tunability of the
Larmor frequency in the xz- and xy-planes as shown in Fig. 3. The Larmor
frequency, f;, varies from 50 MHz to 150 MHz, with the x axis playing the
dominant role by determining the out-of-plane component of the total
magnetic field, and thus causing the strongest tunability on the qubit fre-
quency. In the xz-plane, the qubit resonance frequency exhibits a minimum
corresponding to the optimal field orientation where the external magnet
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Fig. 2 | Effect of the internal magnetic field mag-
nitude. Microwave spectroscopy of qubit frequency
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Fig. 3 | Experimentally measured Larmor frequencies of the qubit as a function of
magnet position at |B;,| = 25 mT. a Larmor frequency in the xz-plane of the
permanent magnet at y =0 mm. b Larmor frequency in the xy-plane of the per-
manent magnet at z = —200 mm. The colourbar represents the measured Larmor
frequency for each magnet position. The contour lines are defined by connecting the
corresponding experimental data points.

compensates the internal magnetic field, resulting in a fully in-plane con-
figuration. In contrast, in the xy-plane, variations in magnet position pri-
marily tune the in-plane magnetic field orientation.

Qubit coherence times

We now focus on the qubit performance at the magnetic field sweet spot to
enhance the qubit dephasing times. We fix the z-position to —200 mm and
the y-position to zero, while the x-position is varied around the point cor-
responding to the minimum Larmor frequency. At this position, the mag-
netic field is expected to be aligned within the plane of the sample, where
dephasing noise is minimised due to the hyperfine interactions with nuclear
spins being minimal®". Thus, to enhance the qubit dephasing times, the
magnetic field has to be aligned perpendicular to the growth direction,
where the anisotropic hyperfine interaction between heavy hole states and
nuclear spins is expected to be negligible".

We measure the coherence times of Q8 by means of Ramsey and Hahn
echo experiments to probe the impact of field tuning on spin coherence, as
shown in Fig. 4. We find that when the Larmor frequency reaches its
minimum value, T3 and TIZ'I are simultaneously maximised, indicating an
in-plane magnetic field orientation. By orienting the magnetic field fully in-

plane at the hyperfine noise sweet spot, the dephasing time of the qubit
reaches T = 13.41 + 0.53 s while the echo time T =88.77 £9.99 ps. This is
comparable with coherence times measured at the magnetic field sweet spot
in a vector magnet’. Qubit Q3 also exhibits the same trend as a function of
the external magnet position along the x direction, see Supplementary
Note 2. For comparison, without the external magnet, the Ramsey and
Hahn echo experiments on Q8 (see Supplementary Note 3) indicate
coherence times of T3 = 1.70 +0.12 ps and TH = 4.23 + 0.11 ps, respectively,
revealing a hyperfine noise-limited regime'’. In Supplementary Note 4, we
also show the Rabi drive efficiency of Q8 as a function of the magnet x-
position. It reveals a peak in drive efficiency that coincides with the max-
imum coherence time, indicating that, for this qubit, an in-plane magnetic
field is beneficial for both long coherence times and fast driving®’.

We furthermore evaluate the single-qubit gate fidelity using both RB
and gate set tomography (GST). We perform RB using the Clifford set
detailed in Supplementary Note 4, giving us an average Clifford fidelity of
Fc =99.936 + 0.005%. Detailed methods and results for the GST are pro-
vided in Supplementary Note 5. By dividing the average gate fidelity by the
number of native gates per Clifford operation, we obtain a single-qubit gate
fidelity of 99.980 + 0.002%, comparable to the highest reported values for
qubits and measured using vector magnets®'®. GST, which is more sensitive
to systematic errors, reports average fidelities of 99.95 + 0.02% for the X90
gate and 99.88 + 0.02% for the Y90 gate (see Supplementary Note 5). The
lower fidelities reported by GST are expected to come from dynamical
decoupling effects present in the RB sequence'. Supplementary Note 7
displays additional qubit coherence and fidelity data as a function of the
magnet position with the device in a different electrostatic configuration.

Zero internal field operation

A key challenge in scaling towards large-scale quantum processors is
represented by the limited space available at the base temperature in a
cryostat '*. By removing the superconducting magnet inside the cryostat, the
available sample space can be increased substantially, allowing for more
control lines and improved prospects of scalability.

Here, we simulate this scenario by switching off the internal magnetic
field, such that the qubit only senses the magnetic field of the permanent
magnet. In this configuration, we measure the Larmor frequency as a
function of the external magnet’s position along the x axis. By tuning the
magnet position to the point where the qubit Larmor frequency reaches its
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Fig. 4 | Qubit coherence times at the magnetic field's sweet spot. a, b Larmor

frequency f; as a function of the x-position of the permanent magnet extracted from
the microwave spectroscopy. The colour bars represent the probability of Pauli spin
blockade upon measurement. ¢, d Dephasing times T’ as a function of the magnet

position in x measured with a Ramsey sequence. e, f T%' measured with a Hahn echo
sequence. The dashed grey lines indicate the optimal field spot at the minimum of the
Larmor frequency, where the magnetic field points in-plane. The error bars repre-
sent the precision of the fit.
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minimum, ~9.5 MHz, we identify the optimal operating field (see Fig. 5a, b).
This process was slightly complicated by a small hysteretic effect in the
magnet position, discussed in supplementary note 8. At this working point,
we re-optimise the initialisation and readout pulse sequence using an
optimiser based on ref. 19. We then observe long coherence times of T =
31.4ps and TH = 266.0 ps for hole-spin qubits in germanium (see Fig. 5c,
d). We attribute these long coherence times to the suppression of charge
noise at low magnetic fields, as well as to the reduced hyperfine interactions
achieved by aligning the magnetic field in the plane.

However, operating at low magnetic fields also reduces the
achievable Rabi frequency. Under these conditions, we obtain a Rabi

frequency of fg = 52 kHz using a drive amplitude of A = 8.4mV at
the sample. Consistent with the slow Rabi frequency, we measure
single-qubit Clifford gate fidelities of 99.7% using EDSR, confirmed
through RB, see Supplementary Note 9.

By contrast, hopping-based gates are expected to operate at rates orders
of magnitude faster than EDSR, with characteristic frequencies that reach a
substantial fraction of the qubit Larmor frequency”. Incorporating such
hopping gates could therefore dramatically accelerate qubit control in the
low-field regime, enabling fast, high-fidelity spin manipulation without
requiring large magnetic fields. Should EDSR be required, higher magnetic
fields at the device level up to 1 T could be achieved using a block magnet
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that can be placed inside the cryostat near the qubit chip***'. This can be
combined with a room-temperature permanent magnet to fine-tune the
magnetic field orientation for optimal qubit operations.

Conclusion

Superconducting magnets inside dilution refrigerators require con-
siderable space and can introduce current noise or ground loops into the
qubit system. We demonstrate that a room-temperature permanent
magnet offers an effective alternative to fine-tune the magnetic field
experienced by germanium spin qubits. Our versatile room-temperature
magnet set-up enables in-plane magnetic field alignment, allowing nat-
ural germanium devices to operate in regimes less affected by hyperfine
noise, thereby enhancing qubit coherence and gate fidelity. Even qubits
hosted in isotopically purified materials’*’ will need to be tuned to
optimal operating conditions’, which can similarly be done with the
external magnet approach presented here. The cryostat space may then
be used to integrate control wiring and cryo electronics for the con-
struction of large-scale quantum hardware.

Methods

The spin qubit device is fabricated on a Ge/SiGe heterostructure as detailed
in ref. 12. The device is cooled down in a Bluefors LD400 dilution fridge
equipped with an uniaxial solenoid magnet up to 3 T in the z axis at a base
temperature of 10 mK. The uniaxial magnet is operated in the driven mode
except when it is turned off. The NdFeB N45 block magnet is commercially
available under article ID Q-111-89-20-E, its dimensions are
110.6 x 89 x 19.5 mm, and it has an adhesive force of 200 kg. Its magnetic
field strength is probed using 3D magnetic Hall sensors integrated on a
printed circuit board (ref. TLE493D-P3XX-MS2GO).

In the experiments, we initialise the qubit by pulsing from the (0,2)
singlet state to the centre of the (1,1) state adiabatically to prepare a |1, |)
state. We then perform qubit manipulation via EDSR before reading out the
spin state using Pauli spin blockade readout. The DC voltages are set to the
device via an in-house built SPI rack (https:/qtwork.tudelft.nl/
~mtiggelman/spi-rack/chassis.html), and AC controls are generated using
a Keysight M3202A arbitrary waveform generator.

Data availability

The data and analysis code supporting the findings of this study are openly
available in the 4TU.ResearchData repository under https://doi.org/10.
4121/eb6053c1-e70c-401c-914e-576e612869a5.
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