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Hole spin qubits are emerging as the workhorse of semiconducting quantum

processors because of their large spin-orbit interaction, enabling fast, low-
power, all-electric operations. However, this interaction also causes non-uni-
formities, resulting in site-dependent qubit energies and anisotropies.
Although these anisotropies enable single-spin control, if not properly har-
nessed, they can hinder scalability. Here, we report on microwave-driven
singlet-triplet qubits in planar germanium and use them to investigate spin
anisotropies. For in-plane magnetic fields, the spins are largely anisotropic and
electrically tunable, allowing access to all transitions and coherence times
exceeding 3 us are extracted. For out-of-plane fields they have an isotropic
response. Even in this field direction, where the qubit lifetime is strongly
affected by nuclear spins, we find 400 ns coherence times. Our work adds a
valuable tool to investigate and harness the spin anisotropies, applicable to
two-dimensional devices, facilitating the path towards scalable quantum

processors.

Semiconductor spin qubits are promising candidates for the realiza-
tion of compact integrated quantum circuits*?. Unlike electron spins,
hole spin qubits have a strong intrinsic spin-orbit interaction (SOI)
that permits fast electrical driving without the need for on-chip
micromagnets, simplifying scalability requirements. Four-qubit pro-
cessors have already been demonstrated®* and a 10-qubit device
presented®. However, the SOI also introduces a sensitivity of the g-
tensor®™ to variations in the strength of electric fields, the confinement
potential, and the strain in the heterostructure!®™. This sensitivity
results in site-dependent qubit properties, with each quantum dot
having a unique g-tensor, consequently tilting the quantization axis of
each qubit with respect to its neighbours. While this property has been
recently used for driving coherent spin rotations and demonstrating
hopping-based universal quantum logic>", it brings several challenges
as the g-tensor variability can affect the Pauli Spin Blockade read-out,
the energy spectrum, the efficiency of the driving mechanism and the
noise susceptibility'®".

To address this challenge, we take advantage of the large g-factor
anisotropy of heavy-holes states’. In particular, for planar (001) Ge/
SiGe heterostructures, the effective g-factor for out-of-plane fields is
more than ten times larger than the one for in-plane fields®”. There-
fore, for an out-of-plane field, the crystallographic and qubit axes are
very similar, minimising the g-tensor variability among different
qubits. However, so far all microwave-driven and most baseband-
controlled qubits in natural planar Ge have been realized for in-plane
magnetic fields in order to minimize the hyperfine interaction to ran-
domly distributed nuclear spins, as it is of Ising-type, pointing in the
direction of strongest confinement®*°%,

Here, we make use of a double quantum dot device formed in a
Ge/SiGe heterostructure to characterize the exchange anisotropy, a
key quantity for future scaling of semiconductor spin qubit quan-
tum processors. We develop a simple protocol that allows us to
systematically characterize all the relevant spectroscopic features
of two-hole systems at fixed magnetic field directions, including the
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angle between the quantization axes. For in-plane fields, we inves-
tigate microwave-driven singlet-triplet transitions****—including
the elusive T_to T. transition—and we show that such transitions are
driven via the modulation of the exchange interaction, and are just
possible because of g-tensor dissimilarities. We further demon-
strate that the quantization axes misalignment of the two spins can
be electrically tuned. For out-of-plane fields, we demonstrate spin
axes alignment and realize a S-To microwave-driven qubit, which
already for small fields has a large energy splitting and small tran-
sition matrix elements to the leakage states T_ and T.%. This solves
the problem of the non-orthogonal rotation axes, which have been
limiting their implementation.

Results

The schematics of the device used in the experiment is shown in Fig. 1a.
Electrostatic gates deplete the two-dimensional hole gas beneath,
creating a double quantum dot (DQD) on the bottom part of the device
to be operated as a qubit. A single quantum dot on the top part is used
as a charge sensor whose impedance is measured via radio-frequency
reflectometry®®?.

The double quantum dot is operated in the (3,1)-(2,2) charge
transition, where (n,, ng) correspond to the occupation of the left and
right dots, respectively. This transition is equivalent to the (1,1)-(0,2)
transition used for spin-selective readout via Pauli Spin Blockade,
however, no time-resolved singlet-triplet oscillations were observed in
the latter transition for unclear reasons. In Fig. 1b, a stability diagram
illustrates the charge transition of interest, featuring the characteristic
metastable triangle indicative of Pauli Spin Blockade®. This measure-
ment was taken while pulsing the gates PR and PL following the path
depicted by the points A, B and C along the detuning line, £ (red dashed
line). The system is initialized in a singlet state S(2,2) represented by A,
and then a fast pulse is applied to move to B, where the spins are
separated. At the measurement point C, the triplet states are blocked,
forming the characteristic metastable triangle. We adopt the conven-
tion of £> 0 for the (3,1) occupation and ¢ <0 for the (2,2) state.

In order to drive the spin transitions, the DC voltages are fixed at C
and the system is first pulsed to the (2,2) singlet state (A), followed by a
pulse with a 600 ns ramp into the (3,1) state, initializing in the ground
state (B). Subsequently, a microwave burst is applied, inducing a
spin-flip transition if the energy difference between the system’s

2) b) Rau) ©
= 500
L 2325 700
X 600
Cp 80 nm — ~
—_ S 2320 N 500
= 3 Z 400
- P
By o 2315 E 300
H X 200
2310 100
PR BR A
z \ 0
AWG Microwave source 1650 1655 1660 1665
PL (mV)
@ Rau) € f)
—— 600
1= § To, T+ /
700 f 5 400 - Se I
_ : < § / )
T 500 L A < 200+ .
E ] & > 0 y\
$3004 2 VIR
o2 £ R . Q -200
k= d _
100 - e -400 4 V26b, =0/~ _
0 T T T T '600 T T
1 3 5 7 0 €ac
€ (meV)

Fig. 1| Spin blockade and microwave spectroscopy in a two-spin system.

a Device schematics showing the gate layout. The two bottom rightmost gates are
kept at O V. Fast pulses are applied to gates PL and PR to change the charge
occupation of the DQD, while microwave bursts are applied to the right barrier BR
to induce spin transitions. The in-plane magnetic field B, is applied perpendicular
to the axis of the DQD. b Stability diagram of the investigated transition. The dark
blue triangle in the (2,2) regime corresponds to the Pauli Spin Blockade region.
This colour code is maintained throughout the paper, where dark corresponds to
blocked states and light to unblocked. The red dashed line indicates the device’s
operational detuning line. ¢, d Charge sensor amplitude as a function of B, £ and
fuw- The increase in the signal corresponds to a higher triplet return probability,
reflecting a change in the system’s level population. In ¢ the dependence is shown
at detuning £=4.6 meV and in d at B,=0 mT. The solid lines are the transition
frequencies obtained when using the extracted parameters g, 6g; and 6g,. The

inset in ¢ shows a low-field high-resolution zoom-in. In both cases, the duration of
the microwave burst is 10 ps and the readout time 1 ps. From the transition fre-
quency in d we can extract the exchange interaction versus detuning by converting
the voltage amplitude of the pulse into energy with the lever arms (see Supple-
mentary Fig. 9a). By fitting (orange dotted line) to the expression
J=(—&++/&2+8t2)/2*, we obtain a tunnel coupling of t./h=6.6+ 0.1 GHz.

e Energy diagram of the four investigated states versus detuning. The anticrossing
between the |S) and |T_) states occurs at xc, having two consequences: the
ground state changes and defines the minimum energy difference between the two
lowest energy states, Ag; . f Schematic explaining the quantization axes (grey and
brown), the addition and difference of the Zeeman vectors (black) as well as the
projections 6b; and 6b, (orange), which enable spin driving via exchange
modulation.

Nature Communications | (2025)16:3862


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58969-y

eigenstates, AE, matches the burst energy hfuyw=AE, where h is
Planck’s constant and fyw the frequency of the burst. Finally, the sys-
tem is brought back to point C inside the Pauli Spin Blockade triangle
and the spin readout is performed.

In-plane magnetic field

We start by mapping out the amplitude of the signal at the Pauli Spin
Blockade point as a function of the in-plane magnetic field B, and
frequency of the microwave burst as seen in Fig. 1c. We observe the
appearance of three spin transitions, in contrast to the typically
observed two lines® . Those transitions are due to spin flips of
charges localized in the two QDs. The faint line at the lowest frequency
has half the frequency of the line indicated by the red arrow. This
subharmonic transition is a consequence of a non-linear driving
mechanism (see Supplementary Fig. 11)**%,

As the magnetic field is reduced below 30 mT, the 3 lines bend and
asymptotically merge at zero magnetic field. Similar features have
been observed for InSb and SiMOS devices at low magnetic fields, and
the observation was attributed to exchange interaction®*. As a first
step, and to characterize the strength of the exchange interaction, /, we
perform the spectroscopy as a function of detuning at B=0mT as
shown in Fig. 1d. When the magpnetic field is zero, the three triplets are
degenerate and the only relevant energy scale is J. Exchange can be
tuned from 800 MHz at low detuning to 25MHz at the highest
detuning we can experimentally reach.

To understand the bending of the transition frequencies as a
function of applied magnetic field and their physical implications, we
introduce the following Hamiltonian suitable for hole spin qubits in the
(1,1) charge occupation expressed in the {|S), |T . ), |T_), |To)} basis. Its
eigenenergies and eigenstates are shown in Fig. 1e”°*” (see the
“Methods” section for details).

H=—JIS)(SI+b(T )T .| = T_}T_)

. [6b @
+sin@ 7;(|5><T,| — ST 1) +6b,IS)(Tol| + hc.
where 6= — arctan2(s,v/2t.)/2 is the mixing angle,

J=(—e+Ve2+8¢t%)/2 is the exchange interaction, with ¢ the tunnel
coupling. b (6b) is the addition (difference) of the Zeeman vectors
Hpg:°B/2 of the two dots (i =1, 2), where ug is the Bohr magneton and B
is the magnetic field. The parallel and perpendicular projections of 6b
on b are denoted 6b, and 6b,, respectively (see Fig. 1f). For con-
venience, we introduce the corresponding dimensionless g-factors as
b=pg|(8}° +85°)BI/2=ppg|B|, 6by=pp6g)|B| and &b, = ppbg.|Bl. It is
important to note that g, g and 6g, are effective g-factors, which also
incorporate the spin—flip tunnelling effects”>**.

We determine all the parameters of the Hamiltonian which
describe Fig. 1c, using the following systematic protocol. First, we
extract J from the transition frequency at zero magnetic field for a
given &. From the S-T_ anticrossing at magnetic field B, we obtain the
value of g as g =//(uB') and from the amplitude of the anticrossing we
obtain 8g, as it is given by Agr =+/2u6g, B . Finally, &g is extracted
from the slope of the transitions at high fields (see the “Methods”
section). From this procedure, the values obtained for in-plane mag-
netic fields are g=0.325, 6g;=0.045 and 6g, =0.135.

As 8g,#0, we conclude that the quantization axes of both
quantum dots are not aligned, in analogy to similar experiments for
hole spins confined in quantum wells operated in accumulation
mode4,5,8,15.

We emphasize that an equivalent description appropriate for
large B field comprises two aligned spins coupled by an anisotropic
exchange interaction matrix JR,(-66). The rotation angle is given by
60= arctan [6g, /(g +6g))] + arctan [6g, /(& — bg,)] (see the “Meth-
ods” section). This angle is the misalignement between both
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Fig. 2 | Electrical tunability of g, 6g, 6g; and the quantization axes tilt.

a, b Magnetic field spectroscopy for two different voltage configurations of the
electrostatic gates. The coloured solid lines are the transitions corresponding to
the parameters written in the legend. Panels c, d show the voltage differences of
each configuration with respect to the voltage configuration 1 (Fig. 1c). e Extracted
parameters for each electrostatic configuration, including the misalignment 66,
demonstrating electrical tunability.

quantization axes (see Fig. 1f and Supplementary Fig. 2). From the
above experimentally extracted values we find 66 =45°, highlighting
the large degree of exchange anisotropy in our system. We note that
large anisotropy is expected to be useful for resonant two-qubit gates
in Loss-DiVincenzo qubits and for leakage protected two-qubit gates in
ST qubits. Therefore, the ability to electrically tune this anisotropy
could serve as a crucial control knob for qubit operation.

Previous studies have independently demonstrated the electrical
tunability of the g-tensor®*®, and the site-dependent properties
between neighbouring dots for a fixed electrostatic potential®”. To
investigate the electrical tunability of the anisotropy of the dots, we
tuned the DQD into two additional voltage configurations and repe-
ated the measurement shown Fig. 1c. Figure 2a, b shows the magnetic
field spectroscopy at those two different electrostatic potentials; the
TS, T-To and T_-T. are again observed. As a consequence of
the change in the electrostatic configuration (Fig. 2c, d), the slopes
of the transitions are different, implying that the tilt between the
quantization axes changes. In voltage configuration 2 (Fig. 2a), the
transitions 7_-S and T_-T, are almost parallel, indicating that the
Zeeman energy difference 6b, is small and that the S-T, splitting is
dominated by exchange. On the other hand, the slopes in voltage
configuration 3 (Fig. 2b) are smaller and dissimilar. Figure 2e compares
the extracted parameters for the different voltage configurations. By
calculating the relative tilt, we show the tunability of the misalignment
by 10 degrees with gate voltage. This finding illustrates not only the
utility of this protocol in quickly characterizing the site-dependent
anisotropies, without extracting each g-tensor, but also the ability to
control these anisotropies electrically.
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Fig. 3 | Detuning spectroscopy and Rabi frequency dependences. a Plot showing
the transition frequency fuw versus detuning at an in-plane magnetic field of 70 mT.
The anticrossing (black arrow) occurs at gxc =1.8 meV and has an amplitude of
Agr =175 MHz. We note that after the avoided crossing, the green transition cor-
responds to a double spin-flip from 7_- T, which usually is not observed in spin
qubit systems. At low &, we observe subharmonic transitions from 7_-S and 7T,
indicated by the red and purple arrows, respectively. This indicates that the non-
linearities of the driving mechanism are non-negligible. b and ¢ Rabi frequency
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versus magnetic field and detuning, respectively, following the same colour code as
in Fig. le. The solid lines in b, ¢ represent the exact solution for the Rabi frequencies
with the parameters extracted from the Hamiltonian. The analytical expressions in
the limits / < |6b| and / > |6b| can be found in the “Methods” section. In b and for
higher fields, we note a discrepancy between the experimental data and the
numerical solution as the field increases, which can be at least partially attributed to
the larger cable attenuation, i.e. smaller power arriving at the device, at higher
frequencies.
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Fig. 4 | Out-of-plane magnetic field spectroscopy and Rabi frequency depen-
dences. a Out-of-plane magnetic field spectroscopy at £ =2.3 meV. The solid lines
show the spin transitions from the singlet state to the triplets. The dashed lines
correspond to the subharmonic transitions with half and a third of the frequency of

the transitions. b and ¢ show the measured Rabi frequencies as a function of B, and
&, respectively. The solid lines are the predicted frani considering only exchange
modulation. The error bars representing the standard deviation are smaller than
the markers.

Driving mechanism

After the characterization of the spectroscopic features, we return
to the voltage configuration 1 and focus on extracting the
mechanism which permits to drive these transitions. We study the
dependence of the spin transitions as a function of detuning at a
fixed magnetic field in Fig. 3a. As the system is initialized in the
ground state, the three observed lines correspond to the transitions
indicated by the three arrows depicted in Fig. le. From the 7_-S
transition, we can experimentally determine the position,
eac=1.8 meV, and size, A;; =175 MHz, of the S-T_ anticrossing. As
this point sets the turnover of the ground state, we identify two
regimes. When ¢ <¢guc, the ground state is a singlet state and we
drive the transitions S > (T_, T, T.); when £ > g5¢ the transitions are
T-> (S, Ty, T+). When £<egxc, the Larmor frequency and the line-
width of the three transitions rapidly increases when reducing ¢.
When > g,c, the shifts in Larmor frequencies for the three transi-
tions exhibit a diminishing trend due to the reduction of / with €. We

also observe that the line-widths of all the transitions also become
smaller with larger detuning (smaller exchange).

We next study the evolution of the Rabi frequencies as a function
of detuning and magnetic field for each transition. Coherent Rabi
oscillations between the ground state and the three excited states at
£=2.3meV are measured and shown in Supplementary Figs. 3 and 5
allowing us to estimate the gate fidelities (see Fig. 4). From the fast
Fourier transform of those measurements, we extract the Rabi fre-
quencies versus magnetic field, which are shown in Fig. 3b. While the
transitions to the Ty and the T. states do not show any strong magnetic
field dependence above 60 mT, this is strikingly different for the 7_-S
transition, which exhibits a non-monotonic behaviour with the highest
Rabi frequency observed close to the position of the anticrossing,
indicated by the dashed black line in Fig. 3b. This behaviour contrasts
with what is typically observed in systems with strong SOI, where the
Rabi frequency scales linearly with the magnetic field®****°. By fixing
the magnetic field to B,=90mT and plotting the Rabi frequency
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versus detuning, we observe that now all transitions show a decreasing
Rabi frequency as the exchange interaction is reduced. This last
observation indicates that exchange plays a vital role in the driving
mechanism.

This exchange driving originates from the coupling of the ac-
electric field applied on the BR gate, which predominantly affects the
detuning of the DQD. The change in detuning produced by BR is
6&,.(6)=apgAV cos(2nf ywt), where AV is the voltage amplitude of the
microwave burst arriving at the sample and agg the lever arm of BR on
the right QD (see Supplementary Fig. 9). As a consequence, a time-
dependent modulation of exchange shifts the energy of the singlet
state with respect to the triplets, as represented by the following lin-
earized Hamiltonian in the ST basis: H yying = S£(t)cos?(0)|S) (S| (see the
“Methods” section for more details).

As the microwaves only couples to the system by modulating the
frequency of the singlet state, only states that are hybridized with the
singlet states are affected by the drive. By looking at the Hamiltonian,
we realize that the mixing between states depend on 6b; and 6b,,
therefore the more dissimilar the quantum dots are, the stronger the
hybridization and consequentially the faster the Rabi frequency. Due
to the large anisotropy of spins in our system, we observe transitions
between all the states.

The Rabi frequencies are estimated from the transition ampli-
tudes ( f|Hyvingli) between initial state i and final state f using the
spectroscopy parameters extracted from Fig. 1c. This model shows
excellent agreement with the experimental Rabi frequencies for the
three transitions (see Supplementary Fig. 8 for additional data),
demonstrating that the primary driving mechanism is the modulation
of exchange instead of the conventional driving methods.

Out-of-plane magnetic field

We now spectroscopically investigate the out-of-plane magnetic field
direction, Fig. 4a, in which the two quantization axes should be almost
co-linear®. Similar to the previous case, we observe three lines and
several subharmonic transitions, indicated by solid and dashed lines,
respectively. However, in this case, the line with the lowest frequency
does not show a clear anticrossing as in the in-plane case, with v/26b
being smaller than 30 MHz. With such a small 6b, value, the system is
always initialized in the singlet state for all implemented ramps, and
therefore, the observed transitions are S > (7_, Ty, T-). By applying the
same protocol as in the in-plane case, we obtain g =6.6, 6g;=0.5 and
6g,<0.3 (see Supplementary Fig. 10c for more details). This small
value of 6g, compared to g indicates that both spins are almost co-
linear*, however the finite value of &g provides the necessary Zeeman
energy difference to address the S-T, qubit.

We focus on the S-T;, transition, which has been investigated in
both Si and Ge without the use of a microwave drive’*”. Indeed,
coherent Rabi oscillations, whose frequency depends on the detuning
are observed (see Supplementary Fig. 7). Figures 4b, c summarize the
dependence of fr.pi as a function of magnetic field and detuning of the
S-To qubit. The solid lines show the expected Rabi frequencies by
considering only an exchange modulation driving as in the in-plane
case. A very good agreement is also observed for the out-of-plane
magnetic field direction. We note that the other two transitions only
show a change in population but no coherent oscillations. We attribute
this to the fact that b, is small, leading to Rabi frequencies much
smaller than the decoherence rate.

Comparison

Next, we characterise the inhomogeneous dephasing time T, for the
measured spin transitions. We begin with an in-plane magnetic field of
30 mT and measure T, as a function of detuning for the three transi-
tions (see Fig. 5a). At low detunings, all three transitions exhibit T;
values around 200 ns. However, with increasing detuning, the 7_-S
transition (red) shows a coherence increase up to 600 ns, whereas the
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Fig. 5 | Inhomogeneous dephasing times. a Inhomogeneous dephasing time for
the three transitions at in-plane field as a function of detuning. The colour code of
each transition remains the same as previously described. Solid lines represent the
fitted T, values for each transition, while the dashed lines indicate the dephasing
time expected if only the detuning noise contribution is considered. The purple and
green dashed lines overlap and the peak predicted by the red fit (corresponding to
the anticrossing) is not observed experimentally. Each measurement for extracting
T, has been integrated for 20 min. The fitting parameters can be found in the
Supplementary Note 9. b Detuning susceptibility extracted from the derivative of
the Larmor frequency of each transition with respect to €. The orange colour refers
to the out-of-plane S-Ty transition at 12.5 mT. The inset shows a zoom-in at large
detunings. c Inhomogeneous dephasing time for the S—T transition at out-of-plane
field as a function of detuning, highlighting that the dephasing time is limited either
by Zeeman or detuning noise. d Inhomogeneous dephasing time for the ST,
transition at £=7.4 meV as a function of B,, demonstrating an insensitivity to the
magnetic field value. The error bars correspond to the standard deviation of the fit.

T_-To and T_-T, transitions extend their dephasing times to the order
of several ps. This variation in trends and values can be attributed to
fluctuations in the Larmor frequency relative to &, i.e. electrical sus-
ceptibility d£/de. As depicted in Fig. 5b, the susceptibility for the T_-T,
(purple) and T_-T, (green) transitions remains close to zero from 5 to
8 meV. In contrast, the susceptibility for the 7_-S transition (red) only
approaches zero at higher detunings. This indicates that the 7_-S
transition is primarily limited by charge noise, while the T_-T, and
T_-T. transitions experience two distinct regimes: one dominated by
noise in € (at low detunings) and another by magnetic fluctuations (at
high detunings)*>*,

Using a simple noise mode we fit the three curves in
Fig. 5a (solid lines) and verify this hypothesis. In this model,

T5=+/2h/1/ (6E?), where the energy fluctuations 6F depend on three
fitting parameters: 8&ims, 6E 57, , and 6E;__, which represent the root-
mean-square (r.m.s.) of the noise on detuning, the Zeeman energy
difference, and the total Zeeman energy, respectively (see Supple-
mentary Note 8 for more details). By considering only the noise con-
tribution from detuning (dashed lines), we confirm that the 7_-S
dephasing is predominantly caused by detuning noise, while 7_-T and
T_-T. exhibit two distinct regimes of noise contribution.

We finally perform a similar analysis for the out-of-plane T, as a
function of ¢, as well as for the magnetic field dependence (see Figs. 5c,
d). As in the in-plane case, dephasing times at low detunings (large
exchange) are limited by detuning noise and by magnetic noise at high

43,44
124,
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detunings (see Fig. 5c). In this direction, the qubit quantization axes
should be almost co-linear with the hyperfine interaction for heavy-
hole qubits, which might explain the larger out-of-plane 6£,, _com-
pared with the in-plane direction (see Supplementary Table 1).
Nevertheless, T, times reach values of about 400 ns and are unaf-
fected by the magnitude of the magnetic field.

Discussion

In this work, we exhaustively characterized two hole spins and
demonstrated a fully operational microwave-driven singlet-triplet
qubit in a planar germanium heterostructure. Our ac-driving approach
enables us to overcome the problem of non-orthogonal control
axes, which limits alternative baseband-pulsed singlet-triplet
architectures*****, At the same time, low-frequency driving in the
MHz regime, renders our qubit less prone to microwave cross-talk, a
key issue in the typically GHz-range Loss-DiVincenzo qubit encodings.

A simple protocol, applicable to various geometries and materials
—including those with synthetic SOI due to the presence of micro-
magnets—is developed to efficiently characterize all relevant para-
meters using spectroscopic methods at fixed magnetic field direction.
This approach determines the tilt of quantization axes, predicts Rabi
frequencies, and identifies different regimes based on the direction of
the external magnetic field. Our protocol elucidates the fundamental
physics of hole spins while providing insightful information about
qubit operation.

In the in-plane regime, we obtain a larger T, and faster ac-driving
due to a large SOl-induced tilt of quantization axes of the two spins.
This large value enables us to probe all possible transitions between
different states, and produce the large exchange anisotropy of 6=
45°. In addition, we show that 60 is electrically tunable and therefore
optimizing g, by controlling the quantum dots shapes and thus g-
tensors, e.g. viamachine learning algorithms*®, will open up the path to
leakage-protected two-qubit gates between ST-qubits**"*%, as well as
to more efficient protocols for improving two-qubit gate fidelity
between Loss-DiVincenzo qubits’.

In the out-of-plane regime, we also demonstrate a much more
uniform quantization axis between the two dots and 66 < 5°, implying
an almost isotropic exchange interaction. The properties of this
regime enable a larger separation between the computational (S, To)
and non-computational states (7.) at low magnetic fields. This
separation strongly suppresses leakage, allows uniform readout using
conventional Pauli Spin Blockade, and maintains individual qubit
addressability. Despite the use of natural germanium, which limits the
dephasing time due to the larger effect of hyperfine noise in out-of-
plane magnetic fields, we achieve a T, time of 400 ns. Importantly, this
issue can be straightforwardly resolved in future devices by enrich-
ment of isotopes with zero-spin, a method already common practice
for silicon-based qubits. The coherence time is expected to increase
one order of magnitude in enriched germanium and become com-
parable to state-of-the-art hole qubits in silicon*. These features along
with the ac-driving demonstrated in this work will provide the key
elements to scale up ST-based quantum processors*,

Methods

Heterostructure details and device fabrication

The Ge/SiGe heterostructure used in this work is a =20 nm-thick
strained Ge quantum well capped by a 20 nm layer of Sip3Geo ;. More
details can be found in a previous work**.

The fabrication procedure starts by patterning the ohmic
contacts using an electron beam lithography system, followed by
argon milling to remove the native SiO, layer and establish an
ohmic contact. Next, 60 nm of Pt is evaporated at a 5° angle using
an electron beam evaporator. A mesa is then defined by etching
away 100 nm in a reactive ion etching process. Subsequently, 15 nm
of aluminium oxide is deposited via atomic layer deposition at

300 °C, which anneals the ohmic contacts over ~-30 min. Prior to
this, the native SiO, oxide is removed with a 10-s dip in buffered
hydrofluoric acid. Electrostatic gates are patterned on the mesa
using electron beam lithography, followed by the deposition of
3nm of Ti and 20 nm of Pd. The plunger and barrier gates are
fabricated in separate steps. Finally, a thick layer of Ti (3 nm) and Pd
(127 nm) is used for the bonding pads, which also climb up the mesa
to contact the previously defined gates.

Experimental setup

All measurements are performed in a Leiden cryogenics dry dilution
cryostat with a base temperature of 50 mK. The fridge is equipped with
a two-axis magnet along the Y and Z directions indicated in Fig. 1a. A
detailed sketch of the experimental setup is shown in Supplemen-
tary Fig. L.

Theory
General model. We model the double quantum dot close to
the transition (1, 1)>(0, 2) at detuning £=0 by a 5x5

extended Fermi-Hubbard Hamiltonian spanning the states
(1S02), 1510 1T+ ), 1T_) ITg))""*
£ -2t 0 0 0
by +i6b,  6b,—i6b
—2t 0 e = 6b,
6b,—i6b, z by—ib
H=| 0 -——5F* b U )
&b, +i6b z b, +ib
0 . 0 -b, 25
by +ib by—ib
0] 6b, 75 R 0

including spin-orbit interactions via spin-flip tunnelling and aniso-
tropies of g tensors. Following’, we use the spin-orbit frame, where the
spin-flip tunnelling contribution into a local redefinition of the Zee-
man energy such that the tunnelling amplitude ¢=, /t%. +l‘2f com-
prises both spin-conserving t,. and spin—flip t;; components. Wse define
the difference and total Zeeman energy vectors produced by a
magnetic field B as

_Hp
6b="LB g, R(—60/2) — g, R(6,/2)], 3)
P _H
b="2B[g,R-0,,/2)+8,R(0./2)| “

where g, . are the symmetric g tensors of the left and right dots, Ris a
rotation matrix around the SOI axis by the spin-flip angle
0,0 =2arctan2(tss, tsc) = 2d/ls,, with d being the distance between the
dots and [, is the spin-orbit length. In the main text, the definitions of
g, and g, g;° and g5° refer to g, R(—0,,/2) and g R(+0,/2), respec-
tively (see Supplementary Fig. 2a).

We also consider the microwave driving term coupling to the
detuning of the two dots

Hdriving = 68‘502 > <502

, ©)

where 8¢ =V, & € depends on the susceptibility of the detuning to the
potential applied to the gate and on the applied microwave field V..

We now introduce a more convenient singlet-triplet frame by first
diagonalising the singlet sector by including the tunnelling ¢ via a
rotation of an angle 8= — arctan2 (¢, v/2t.)/2. We also fix the direction
of the spin quantization axis such that the triplet subsector is diagonal
by performing a rotation R, that maps b to the z-direction, i.e.

Ryn,=b/b, b=|b| (6)
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By introducing the exchange energy J=(—c+/£2+8t?)/2 and the
convenient parametrisation of the rotated vector éb in terms of its
components perpendicular b, and parallel 6b; to b and azimuthal

angle g

6b, cos(pp)
6bRy=| 6b sin(py) |, 7)
6b,
we find
J+e 0 —%cose %ccse 6b, cos 6
0 - —%sine %sine 6b,sinf
H= 7%C059 7%sin9 b 0 0
% cos@ % sin @ 0 -b 0
6b, cos 6 6b sinf 0 0 0
8)
and
sin() —sin26)/2 0 0 O
—sin(20)/2  cos*@® O 0 O
Hdriving = —0¢ 0 0 0 0O (9)
0 0 0 0O
0 0 0 0O

These equations correspond to Eq. (1) and Hgriving in the main text,
where the state |S,,) was not included as its energy contribution can be
neglected. As the azimuthal angle @g has no impact on the spectrum
and amplitudes to the lowest order, there we set it to ¢g=0.

For convenience of notation, we introduce also the dimensionless
g-factors associated to these Zeeman vector components as

g:[}/ﬂBB:
6g,,,=6b, /B

We use the model in Eq. (8) to extract the main spectroscopic
features in this experiment. Full numerical diagonalisation is straight-
forward and produces the energy diagram in Fig. le. In addition, we
simulate amplitudes of the transitions between the different states
shown in the main text by projecting the driving term in Eq. (9) onto
the eigenstates of Eq. (8).

To interpret these results more intuitively, we consider here a few
limiting cases. We note that in the (1,1) sector, one can neglect the
effect of the singlet at high energy / + ¢ in Eq. (8), and we neglect this
state in the simplified theory discussed below.

10)

Large J. At large / and low B field, there is an anticrossing of S-T_ states
at J=b, with amplitude Ag; =+/26b, sin(f) ~ +/26b, . The approxima-
tion sin(f) ~ 1 is valid deep in the (1,1) sector (positive values of &)
for t<|e|.

By accounting for the hybridisation of S-7_ states, we find that to
first order in the remaining &b’s the transition energies from the
ground state to the excited states are

e =\/( — by +26b°,
_j+l3+\/(/—13)2+26bi
- - )

5+j+[3+‘/(/*[3)2+2‘5b2l
5 .

We note that in this regime, 6b only corrects these transitions energies
to the second order with respect to/ b.

& an

&=

Including the driving Hamiltonian Hgriving in EQ.(9), and by stan-
dard perturbation theory in éb, we also find the amplitudes from the
transition matrix elements A; = (i|H 4ying Ig) Of the ground state to the i-
th state in the (1,1) sector as

_6e6b, J b
1N s
E1V2 g~ b+ 2602 2
6e6b J-b
/RSl B h S S
2 |g|ﬁJ /(/—177)2+26b7l 13)
6 6b J-b
Ay~ — L 1+ .
3 |£|2(1+b/j)$ /U—B)z+—25bi (14)

We note the second order coupling terms 6e6b, and 66b, drive
the Rabi oscillations despite the diagonal structure of the triplet sector
in the Hamiltonian.

Small J. When the magnetic field is large, it is convenient to change
frame. Following’, we move to the qubit frame, defined by diag-
onalizing the individual qubits. In this frame, we find the two-qubit
Hamiltonian with anisotropic exchange interaction

Ho=%00+%0?+/ [o(hgy(—é@)a(z) — cos(66)

bi+b, /sin6 —/sin 60 —Jsin? &2
2 % Y
Isin68  by—b,—Jcos 6 Jeos? &) Jsin60 15)
_ 3 2 2 1
—Jsingg ~ Jeos*% b,—b,—Jcos80 —jsingg |’
: 2 2 4
—Jsin* 2 Jsin50 —Jsin 60 —by—b,
1 1 2
where the qubits energies are
by~ pyB/ (€ +6g))° + 682, (16)
by ~ uB\/(g — 6g)* + 682 . a7
The exchange matrix
cos(66) 0 —sin(66)
JR(-60)=J) 0o 1 0o |, 1s)
sin(6f) 0 cos(66)

comprises a rotation with respect to the y-direction of the angle 66,
that is directly extracted from the parameters measured in our work as

60 = arctan M + arctan M 19)
b+6b;sinf b—6b,sin6
o8, g,
A arctan |— + arctan |= ‘ 20
{g+ 6g|] L‘T — 6g, (20)

The approximate signs here indicate that we neglected the
sin(@) ~ 1 correction that weights the éb’s, and introduce a weak
detuning dependence in these parameters.

From the parameters extracted in this work, we find that the
anisotropic angle of the exchange is 45 degree in-plane and 5 degrees
in the out-of-plane direction. We note that the isotropic exchange case
reached at 660 = O is the native interaction for SWAP operations, while
the completely anisotropic case 66 = 90° is optimal for resonant CNOT
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gates between two Loss-DiVincenzo gates’ as well as for suppressing
leakage in CZ gates between ST qubits®’.

In this limit, the triplet 7_is the ground state and when the 6b’s are
sufficiently large the transitions energies are

&g=b, —écos60,

&=b —écos 60, @D

53 = bl + bz .
Moreover, focusing on the transitions generated by the Hyriving from

the 7_ ground state to the excited states and keeping only the lowest
order terms, we find the amplitudes

3 2 3
A, ~ e cos?(6) sin(66) <1 +J by cos 69+ 2bib, — bZ)

2b,b,(b; — b3)
b3 cos 56+2b,b3 — b; 22)
2b,by(bF —b3) )’

A, ~ 6 cos*(0) sin(66) (1 -J

A, ~ 26¢ cos?(0)sin? (?) .
Protocol to extract relevant parameters. We now discuss a protocol
to identify the relevant experimental parameters from the magnetic
field sweep in Figs. 1c and 4a. Here, we consider a fixed value of
detuning £ and of magnetic field direction, and vary only the amplitude
of B.

We first extract / by considering that at B =0, the ground state is
the low energy singlet and is split from the three degenerate triplets
by /.

We then extract g and 6g, by focusing on the S-T_ anticrossing.
For small values of &g, , the anticrossing occurs at the magnetic field
B where b=/, from which we find

g=//uB . (23)
To the lowest order 6b, the amplitude of the anticrossing is
Asr ~V26b, — 6g, = A/ 2pB’, 24)

where we neglected the small correction sin(6) ~ 1 deep in the (1,1)
sector where t < |g|.

Finally, we extract g, from spectroscopic features at large B
fields. For example in particular, the slope dge; , of the first two low
energy transitions from 7_ to the first and second excited states with
respect to B is related to 6g; as

5g\| = ’ \V (ale,Z/ﬂB)z - 6g2L _g' .

Data availability

All data included in this work is available at the Institute of Science
and Technology Austria repository: https://doi.org/10.15479/AT:
ISTA:194009.
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