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Spinqubits in germaniumgate-definedquantumdots havemadeconsiderable progresswithin the last
few years, partially due to their strong spin-orbit coupling and site-dependent g-tensors. While this
characteristic of the g-factors removes the need for micromagnets and allows for the possibility of all-
electric qubit control, relying on these g-tensors necessitates the need to understand their sensitivity
to the confinement potential that defines the quantum dots. Here, we demonstrate a S − T_ qubit
whose frequency is a strong function of the voltage applied to the barrier gate shared by the quantum
dots. We find a g-factor that can be approximately increased by an order of magnitude adjusting the
barrier gate voltage only by 12mV. We show how this strong dependence could potentially be
attributed to the dots moving through a variable strain environment in our device. This work not only
reinforces previous findings that site-dependent g-tensors in germanium can be utilized for qubit
manipulation, but reveals the sensitivity and tunability these g-tensors have to the electrostatic
confinement of the quantum dot.

Utilizing hole spin states in strained germanium (Ge/SiGe) gate-defined
quantum dots for qubit operation has developed rapidly over the past
several years, as groups have demonstrated fast two-qubit logic1, singlet-
triplet encodings2. and a four-qubit quantum processor3. The success of
these experiments can partly be attributed to the various advantages of holes
for spin qubit encoding4. In stark contrast to electrons, the two topmost
valence bands in Ge are well separated in energy due to strain and 2D
confinement. The light effective mass (0.054me

5) of holes in the topmost
band and the absence of valley degeneracy allows us to easily access the two
highest hole states for spin encoding. Furthermore, Ge hole spin coherence
times benefit from their weak hyperfine interaction with surrounding
nuclear spins. Finally, because of their strong spin-orbit coupling and site-
dependent g-tensors,Gehole quantumdots donot require the fabricationof
micromagnets, advancing their potential for scalability and integration into
current industrial semiconductor facilities4.

Most double quantum dot singlet-triplet qubit studies have
focused on encodings between the singlet ∣Si and unpolarized triplet
∣T0

�
states2,6–8. In this work, we detail the dynamics of the S − T_

subspace, which has been less studied thus far9–11. Furthermore, we
explore the tunability of the hole g-tensors by varying the electrostatic
potential generated by the barrier gate bridging the two quantum dots.
As quantum computation with Ge hole spins critically depends on the
g-tensor, the ability tomanipulate the g-tensor becomes a valuable asset
for a spin qubit encoded in this system.

Results
Singlet-triplet evolution in a DQD
Ascanning electronmicroscope imageof thedevice studied is shown inFig. 1a
alongwith theGe/SiGeheterostructure andmetal gates inFig. 1b.The strained
Ge quantumwell is 16 nm in width and located 55 nm below the surface. For
more details regarding the heterostructure, see ref. 5. A two-dimensional hole
gas is first created in the Ge well by applying a negative voltage to a global top
gate situated above the heterostructure. The double quantum dot (DQD) is
then formed underneath plungers P1 and P2 by applying appropriate voltages
to the neighboring barrier gates, where themiddle barrier voltageVB controls
the coupling between the two dots. Varying the plunger voltages controls the
chemical potential of each dot, allowing us to reach the few-hole regime (Fig.
1c), where all experiments were performed at the (1,1)-(0,2) anticrossing (Fig.
1d). Thehole occupationof bothdotswas detectedby thenearbySET (left half
of the device) labeled in Fig. 1a. For convenience in describing this DQD
system, we define the relative energy of the two quantumdots as the detuning
ε= eα2VP2− eα1VP1 where αi converts the voltage applied to Pi to the change
in the energy levelsbetween the twodots. Figure1d illustrates thedetuningaxis
on the stability diagram, where we define ε= 0 at the (1,1)-(0,2) boundary.

When the system passes the ε = 0 detuning line into the (1,1) charge
configuration, the (0,2) singlet state hybridizes with the (1,1) singlet due to
the tunnel coupling between the quantum dots: ∣Si ¼ sin Ω=2

� �
∣S02

�
� cos Ω=2

� �
∣S11

�
. Here,Ω ¼ arctan 2

ffiffi
2

p
tc

ε

� �
is themixing angle between the
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two singlet states. In addition to ∣Si, Fig. 2cdepicts the three triplet states that
compose the four lowest energy levels in the (1,1) charge configuration. A
simple block magnet situated near the device’s PCB provided the field
necessary to lift the degeneracy of the three triplet states, generating an
estimated fixed global out-of-plane field of 1.2 mT and in-plane field of
4.4mT measured at the device’s position (∣B∣ = B = 4.6mT points θ = 15°
out of the x-y plane). This tilted field differs from previous qubit experi-
ments on this heterostructurewhereBwas completely in-plane, allowing for
a unique perspective into the hole spin states3,11. Importantly, this magnetic

field splits the polarized triplet ∣T i from ∣T0

�
by the average Zeeman

energy of the quantum dots Ez .

Beginning at M in Fig. 1d, the system is first initialized into the (0,2)
singlet state. A voltage pulse was then applied to P1 and P2 to quickly
separate the holes and create a small admixture between the (1,1) singlet
∣Si ¼ 1ffiffi

2
p ð∣ "#�� ∣ #"�Þ and polarized triplet ∣T i ¼ ∣ ##� states. Once

the holes were separated, the system was pulsed to various operation
detunings εP and allowed to evolve for a time tE between ∣Si and ∣T i

Fig. 1 | Device structure and stability diagrams.
a SEM image of lithographically defined gates
identical to the device used in this study.
b Heterostructure of the device showing the Ge
quantum well packed between two Ge rich SiGe
layers. Ti/Au depletion gates are deposited on top
along with an Al global accumulation gate. c A
typical stability diagram with the circle highlighting
the (1,1)-(0,2) anticrossing. d All experiments were
completed at the (1,1)-(0,2) anticrossing, where
(n,m) denotes the hole occupation for each dot.
Point R was used to reset the DQD, M for mea-
surement and initialization, and O for coherent
operation between the singlet and triplet states.

Fig. 2 | Coherent singlet-triplet evolution. a The
SET signal as a function of the detuning and evo-
lution time, illustrating coherent oscillations
between ∣Si and ∣T i. The chevron pattern located
near 1 meV arises from the S − T_ anticrossing
defined by the energy splitting ΔST_, while oscilla-
tions at large detunings are controlled by the average
Zeeman energy of the two dots: Ez . b Fourier
transform of the coherent oscillations in (a), illus-
trating the S − T_ energy splitting as a function of
detuning. c Energy levels (not to scale) of the singlet
and triplets as a function of detuning. The Ramsey
pulse used is shown below as a function of time and
detuning. d Bloch sphere depicting the two rotation
axes for the S − T_ subspace. When εP is at the S −
T_ anticrossing, the system undergoes X rotations
(red axis). For large detunings, a combination of X
and Z rotations are performed (blue).
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(Fig. 2a, c).We use εP to refer to the change in detuning applied by the pulse,
which is offset from ε by the readout position (εr) at pointM: ε= εP+ εr. The
qubit frequency (Fig. 2b) is given by the energy difference between these two
states at the operationdetuning:hf =ΔEST_,whichplateaus to roughlyEz for
large detunings.

For smaller operation detunings, the energy splitting reaches a
minimum at the S − T_ anticrossing, where it approximately equals
2ΔST_.We defineΔST_ as the coupling between ∣Si and ∣T i at the S−T_
anticrossing. By varying the operation detuning εP from 0.5 to 2.5 meV,
we sampled the energy splitting between the two lowest states for both
regimes. The existence of this minimum leads to the observed chevron
pattern at 1 meV in Fig. 2a, which has been seen in previous S − T_
works and absent from studies coherently manipulating the S − T0

states2,6–11.
To understand these dynamics, we utilize a Hamiltonian

describing the f∣Si; ∣T ig subspace that was derived in ref. 12 and is a
reduced form of the full model used in ref. 9. To leading order, it takes
the following form:

H ¼ �JðεÞ Δ

Δ �Ez

� 	
: ð1Þ

We define the exchange energy JðεÞ ¼ � ε
2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2
4 þ 2t2c

q
as the energy

difference between ∣Si and ∣T0

�
. The coupling of the S − T_ states (Δ)

emerges from two sources: a spin-flip tunneling process induced by the
spin-orbit interaction (Δso) and the anisotropy of the g-tensors (ga) that is
primarily determined by the difference of in-plane g-factors:
Δ ¼ jΔso sin

Ω
2

� �þ gaμBB cos
Ω
2

� �j9,12. The anisotropy between the in- and
out-of-plane g-factors of a quantum dot has been previously observed,
where the in-plane g-factors (g∥)weremeasured to be a few tens to hundreds
of times smaller than their out-of-plane counterparts (g⊥) for holes in Ge/
SiGe substrates9,13. The ∣T i state splits from ∣T0

�
by the average Zeeman

energy, Ez ¼ gμBB, where g is the average g-factor of the two dots projected
onto the axis of B.

With this Hamiltonian, we can solve for the frequency of the S − T_

evolution: f ¼ 1
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðJ � EzÞ2 þ ð2ΔÞ2

q
. At the S − T_ anticrossing, J ¼ Ez ,

and f is controlled by Δ, where X rotations are performed around the Bloch
sphere (Fig. 2d). For large detunings, J→ 0, leaving f to be determined by the
average Zeeman energy and S−T_ coupling, and the qubit rotates near the z

axis. The larger the ratio Ez
Δ becomes, the closer this axis aligns with the z

direction.Wenote thatwith control over theorientationof themagneticfield,
it is possible forΔ→ 0 at specific detunings, resulting in perfect Z rotations12.

After manipulation, the separated holes were reunited in the (0,2)
charge configuration atM for spin readout of the final state using Pauli spin
blockade. The system is then reset at R before repeating the cycle again. For a
detailed explanation of each step of the pulse, see the Supplementary
Material.

Dephasing and relaxation
We first analyzed the dephasing and relaxation of this qubit by measuring
T�
2 and T1. For each εP in Fig. 2a, the S− T_ evolution was fit to a Gaussian

damped sinusoid P ¼ Ae�ðt=T�
2 Þ2 cosðωt þ BÞ þ Ce�t=D þ E, where T�

2 is
the inhomogeneous dephasing time. For example traces and details relating
to this fit, see the SupplementaryMaterial. After extracting T�

2 as a function
of εP (Fig. 3a), a clear dependence on the pulse height is seen. This behavior
can be understood with a simple model describing the influence of charge
andmagnetic noise on the fluctuations in the energy difference between the
two states2,6:

ffiffiffi
2

p
_T��1

2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
hδE2i

p
: ð2Þ

At the S − T_ anticrossing where the qubit frequency reaches a
minimum, the system is insensitive to first-order to fluctuations in ε due to
charge noise. This protection leads to the maximum in T�

2 seen at 1meV in
Fig. 3a. However, the qubit is still susceptible to electrical noise affecting the
dot g-factors and tunnel coupling as well as magnetic noise afflicting B. We
can estimate the magnitude of this noise combination from Eqn. (2) using
the fact that J ¼ Ez at this detuning. Under this condition δE = 2δΔrms,
where we define δΔrms to include the noise sources pertinent to tc, ga, and B,
leading to

δΔrms �
ffiffiffi
2

p
_

2
ðT�

2 ¼ 600nsÞ�1 ¼ 0:8neV:

For large operation detunings, the energy separation between the S−
T_ states reaches a parallel regime (Fig. 2b), which diminishes the charge
noise contribution to δE. In this regime, ΔEST_ approximately equals Ez ,
where the combined electrical andmagnetic “Zeeman" noise affecting g and
B limits T�

2. We estimate this parameter using Eqn. (2) again:

δE � δEz;rms;

δEz;rms � ffiffiffi
2

p
_ðT�

2 ¼ 317nsÞ�1 ¼ 3neV:

In general, theT1 spin relaxation time is known tobe ordersmagnitude
longer than T�

2 in Ge-based semiconductor QDs at the operation point1,3,14,
andwe believe this system is similarly limited byT�

2. However, to determine
adequate integration times for the projective measurement at the (2,0)
readout point εr, the system’sT1 at εrwasmeasured by varying thewait time
at εr (Fig. 3b). For these measurements, the system was allowed to com-
pletely dephase at the operation detuning εP before being pulsed back to the
readout window for a variable amount of time (see inset of Fig. 3b). We fit
the resulting exponential decaying curve shown in Fig. 3b to P ¼
Ae�ðt=T1Þ þ B and find T1 to be 17.2 ± 3.2 μs, which is comparable to
experiments done in S − T0 qubits

2.

Fig. 3 | Dephasing and relaxation measurements.
aT�

2 asa functionofdetuning.Linecuts inFig.2aarefit to
the curve P ¼ Ae�ðt=T�

2 Þ2 cosðωt þ BÞ þ Ce�t=D þ E,
where the dephasing time T�

2 is extracted and plotted in
(a). Error bars equal one standard deviation of the
uncertainty in T�

2 from this fit. This decoherence can be
understood as a contribution from two noise terms with
the simplemodel shown inEqn. (2).Fromthismodel,we
estimate δΔrms = 0.8 and δEz;rms ¼ 3 neV. b A T1
measurement where the change in SET current is
recorded as a function of wait time at the measurement
pointM.We extract T1 from the fit P ¼ Ae �t=T1ð Þ þ B
(solid line) and calculate T1 = 17.2 ± 3.2 μs. Inset: the
pulse used to observe this decay.
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Gate modulation of the singlet-triplet frequency
Wenow focus onmodulating the coherent evolution of the S−T_ states by
adjusting the voltage applied to the barrier separating the twoquantumdots.
Over a 22mVrange in voltage, Fig. 4 illustrates the dramatic transformation
the S − T_ oscillations undergo. As the middle barrier voltage VB is
increased, the S − T_ oscillation frequencies undergo an interesting shift
seen in Fig. 4. The frequencies in the entire detuning span decrease from
VB =−60 mV to −48mV before oscillations are no longer visible at
VB =−46mV. However, as VB is continuously pushed to more positive
values pastVB =−46mV, the oscillations return and now increase withVB.
From the Fourier transform of these oscillations, we can isolate two quan-
tities of interest, namely g from the frequency at large detuning following
f � Ez=h and ΔST_ from the minimum frequency near εP = 1meV, where
f = 2ΔST_/h.

Wewould like to note that the location of the frequencyminimum ε* is
determined by the tunnel coupling tc and Ez from the condition J ¼ Ez

9:

ε� ¼
2t2c � E

2
z

Ez

; ð3Þ

Because ε* remains approximately constant throughout this range of
VB, a decrease in tc must be accompanied by a decrease in Ez . While it is

evident from the sharper rises seen in the FFTs of Fig. 4 that tc changes with
VB, a similar change in Ez , and therefore g, is necessarily present. The
existence of this minimum frequencymarking where J ¼ Ez also serves the
purpose of justifying J<Ez at larger detunings. In this regime, the average
Zeeman energy plays the major role in determining the S − T_ evolution
frequency. Therefore, we can use the frequency at large εP in Fig. 4 to extract
the dependence of g on VB.

Discussion
Figure 5 captures the main experimental findings of the paper. From the
analysis describedabove,wefindbothΔST_ and g stronglydependon thegate
voltage of the barrier gateVB. Both quantities can be variednearly an order of
magnitude with a modest voltage adjustment of around 12mV. In addition,
interestingly enough, bothΔST_ and g can either increase (forVB >−48mV)
or decrease (for VB >−48mV) as a function of VB. The observations show
that the qubit frequency can be modulated considerably by a single gate. On
the one hand, it provides an effectivemeans to electrically control the singlet-
triplet qubit frequencies, on the other hand, it shows that the qubit is sus-
ceptible to a small variation of the gate-voltage. In either case, it would be
useful to understand the mechanism of such gate voltage modulation.

In the literature, a leading mechanism for g-factor changes in Ge
quantum dots are accomplished through altering the admixture of light-

Fig. 4 | Evolution of the S−T_ oscillations as themiddle barrier gate voltageVB is
varied. a–nThe upper panel depicts S−T_ oscillations, while the lower panel shows
their corresponding FFTs. Applying a more positive barrier gate voltage decreases

the frequency of the oscillations throughout the entire detuning range until
VB =−46 mV. Afterwards, the frequencies reverse direction and increase. The
minimum and maximum frequencies correspond to ΔST_ and g.
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hole (LH) states into the predominantly heavy-hole (HH) ground state of
the Ge quantum dot.While it is well known the upper valence bands in Ge/
SiGe heterostructures are composed primarily of HH states due to a large
HH-LH splitting ΔHL

4, an accurate understanding of the g-tensor in many
Ge materials requires the consideration of the LH bands9,15–21. To under-
stand the consequences of this mixing, it is beneficial to first examine the g-
factor components of both bands in the case of 2d confined holes in Ge. As
described in refs. 16,20,22,23, for the pure HH state, the out-of-plane g-
factor is g? ¼ 6κþ 27q

2 and the in-plane component is g∥ = 3q, where
κ = 3.41 and q = 0.07 are themagnetic Luttinger parameters.Note this κ and
q result in the large anisotropy of the g-tensor: g⊥≫ g∥. Conversely, for pure
LH states, g⊥ = 2κ and g∥ = 4κ. Comparing these two bands, the LH state has
a smaller g⊥ but greater g∥ relative to the HH state. Therefore, when
increasing the LH admixture in the ground state of the quantum dot, we
expect a decrease in g⊥ and an increase in g∥, which has been experimentally
observed for various mixing mechanisms9,16,17,23.

As discussed, ΔST_ can be altered either by the spin-flip tunneling
strength (Δso) or the anisotropy term (ga) that primarily relies on the dif-
ferenceof in-plane g-factors between the twoquantumdots.One expects the
spin-flip tunneling process to continuously decrease as the dots are pushed
further apart by VB

24,25. Since we observe that ΔST_ can either increase or
decrease as a function of VB, we assert ga is responsible for the change in
ΔST_. Additionally, ΔST_ following the same trend as g points to a common
mechanism underlying both behaviors.

Due to the large anisotropy between g⊥ and g∥, g is dominated by its out-
of-plane component g?.With an increase inHH-LHmixing,we then expect a
decrease ing throughareduction ing⊥ for eitherdot.Ontheotherhand, the in-
plane g-factors are the leading order terms defining ga, where amore similar g∥
between the two dots diminishes ga. That is, when jgLk � gRk j reduces, so does
ga. This can be accomplished when the mixture of LH states for the left and
rightdot changebydifferent amounts tobring gLk closer tog

R
k . Importantly, this

mixing of the HH and LH states can explain both trends we observe in Fig. 5.
How can a small gate-voltage change in our structure alter theHH-LH

mixing and consequently the g-factors? Here we would like to discuss one
possible cause where a non-uniform strain profile in our device can lead to
the change of HH-LHmixing asVB is varied. This proposal is motivated by
the recent experimental work of Corley-Wiciak et al.26 on a strained Ge
quantum well heterostructure, similar to that used in the current experi-
ment. Strain originates from the differences in thermal contraction between
the gate electrodes defining the quantum dots and the substrate. This strain
can both alter ΔHL and directly mix the HH and LH states, where these
effects are greatest along the edges of the confinement gates20,26–28. In the
scanning x-ray experiment, the strain profile of a gate-defined quantum dot
device was mapped out in nanoscales, and a subsequent simulation shows
thatΔHL and strain along the dot channel can vary asmuch as 4%and0.03%
respectively Although this percentage seems small at first glance, even
increases in LH admixtures of 1% significantly reduce g⊥

16.

Can such inhomogeneous strain profile produce the large g-factor
modulation observed in our experiments? The recent work by Abadillo-
Uriel et al.20 provides an excellent, rigorous descriptionof the effects of strain
on the g-tensor of a quantum dot. As the off-diagonal elements of the strain
tensor (e.g., εzx and εzy) change, the g-factor corrections described in ref. 20
dictate how the g-tensor magnitude and orientation shift. Because the
magneticfield remainedfixed in this experiment, themeasured g-factor will
then change accordingly. Given that the magnetic field in our experiment
was tiltedonly~15° fromthe sampleplane combinedwith the large g-tensor
anisotropy of this system, these strain variations can significantly influence
the effective g-factor. We then arrive at a reasonable qualitative picture
shown in Fig. 5c: the dependence of ΔST_ and g on VB can be explained by
adjusting the dots througha variable strain landscape,wherewe estimate the
right dot shifts ~36 nm laterally between −60mV and −48mV (see the
SupplementaryMaterial). Thefluctuating strain introduces variations in the
light-hole admixture, which is modulated by the strain profile beneath the
gate electrodes. Consequently, the measured g-factors are also affected by
this modulation.

We would like to caution the reader that our arguments here are
primarily qualitative, providing a potential explanation for the experimental
observations. To achieve a quantitative comparison between our experi-
mental data and theoretical predictions, finite-element simulations would
be required to model the thermal contraction-induced strain profiles and
their effects on the g-factor in the specific device used for this experiment.
Additionally, experimental determination of material parameters related to
thermal contraction and the original g-tensor-prior to accounting for the
inhomogeneous strain-would be necessary.

Wewould like to note that in addition to strain, we have considered the
deformation of the quantum dot in-plane confinement potentials as a
source for the observed g-factor variation. As described in refs. 9,18,
asymmetry in this potential can lead tomixingbetween theheavy- and light-
hole states, resulting in g-factor corrections that scale with the asymmetry of
the confinement strength: δgx,y ~ ∣ωx − ωy∣ and δgz ~ ∣ωx − ωy∣2≲ 10−2 9.
While this explanation is plausible for thebehavior ofΔST_ due to the already
small values of the in-plane g-factors, it does not capture the large variation
in g, which is dominated by g⊥ and insensitive to elliptical confinements.
Furthermore, the observation that both ΔST_ and g follow the same trend
(decreasing until VB =−48mV) suggests the same mechanism is respon-
sible for both. However, wewould like to stress that our intent with focusing
on strain is not to rule out this and other explanations of HH-LH mixing.
We rather wish to illustrate a reasonable picture that encourages the com-
munity to consider the strong variation in g-factors present.

In summary, we have explored the coherent oscillations in a Ge hole
double dot between the singlet, ∣Si, and polarized triplet state, ∣T i. The
dephasing time of this manipulation strongly depends on the operation
detuningwith amaximumofT�

2 ¼ 600 ns, while the spin relaxation time at
the readout point was measured to be T1 = 17.2 μs. The maximum in T�

2

Fig. 5 | The behavior ofΔST_ and g are extracted fromFig. 4. aΔST_ as a function of
barrier voltage. Values are extracted from the minimum frequency of the FFTs
shown in Fig. 4. b g is extracted from frequency at large detunings in Fig. 4 and
plotted versus the barrier voltage. Both parameters show a strong dependence on the
barrier gate voltage. This behavior can be explained by the dots moving through a

non-uniform strain environment, which directly impacts the g-factors of each dot.
Error bars for (a) and (b) are calculated from the linewidth of the Fourier transform
data. c Cartoon depicting the ΔHL profile underneath the confinement gates due to
the effects of strain.
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coincides with the minimum in the S − T_ energy splitting, where the
system is insensitive to the noise disturbing J and Ez . Furthermore, we
observe the frequency of evolution between these spin states can be heavily
modulated through the voltage of themiddle barrier separating the twodots.
We show a dynamic dot position over a variable strain profile is a possible
explanation for the qubit’s frequency dependence on VB. These results
suggest strain can be exploited to fine-tune qubit frequencies in Ge. Fur-
thermore, if a variable frequency profile is not desired, the sensitivity of the
g-tensor to the quantum dot position can bemitigated by reducing strain in
the system, such as by defining gate electrodes with palladium instead of
gold to closer match the thermal response of Ge29.

Methods
Device preparation
The device was fabricated on top of a Ge/SiGe heterostructure with the
strainedGe quantumwell buried55 nmbeneath the surface.Ohmic regions
were patternedwith photolithography and thewaferwas dipped in buffered
HF (BOE) to remove the thin capping layerof SiO2. These regionswere then
metallized with 60 nm of Pt through e-beam evaporation. We used e-beam
lithography to pattern all device leads and a second e-beam evaporation to
deposit 5/45 nm of Ti/Au. A 100 nm insulating layer of Al2O3 was grown
through atomic layer deposition, and a subsequent global top gate was
patterned with photolithography. This was followed by a final e-beam
evaporation of 100 nm of Al to form the global accumulation gate. The
device thenunderwent a forming gas anneal at 420C for 1 h to repair defects
in the oxide and anneal the Pt Ohmic regions into the substrate.

Measurement setup
The device was cooled in a Triton dilution refrigerator with a base tem-
perature of 48mK. All SET current measurements were performed with an
SR 830 Lock-in amplifier. When measuring stability diagrams, the lock-in
excitation voltage was applied to both plungers and the current through the
SET was fed back into the lock-in for integration and demodulation. A
voltage pulse to each plungerwas supplied by aTektronixAWG610with its
pulse frequencymodulated by the lock-in.With the lock-in integration time
set to100ms, 5000pulse sequenceswere averaged for eachdatapointduring
the spin manipulation measurements. All measurements using the AWG
pulse were made with no lock-in excitation voltage applied to the plungers.
The magnet used was the model B444-N52 produced by K&J Magnetics,
Inc. and attached directly next to the device’s PCB. A Hall probe measured
the magnetic field at the device’s position on the PCB.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.

Received: 5 January 2024; Accepted: 24 December 2024;

References
1. Hendrickx, N. W., Franke, D. P., Sammak, A., Scappucci, G. &

Veldhorst, M. Fast two-qubit logic with holes in germanium. Nature
577, 487 (2020).

2. Jirovec, D. et al. A singlet-triplet hole spin qubit in planar ge. Nat.
Mater. 20, 1106 (2021).

3. Hendrickx, N. W. et al. A four-qubit germanium quantum processor.
Nature 591, 580 (2021).

4. Scappucci, G. et al. The germanium quantum information route. Nat.
Rev. Mater. 6, 926 (2021).

5. Lodari,M. et al. Lowpercolationdensity andchargenoisewith holes in
germanium.Mater. Quantum Technol. 1, 011002 (2021).

6. Wu, X. et al. Two-axis control of a singlet-triplet qubit with an
integrated micromagnet. PNAS 111, 11938 (2014).

7. Petta, J. R. et al. Coherent manipulation of coupled electron spins in
semiconductor quantum dots. Science 309, 2180 (2005).

8. Maune, B. M. et al. Coherent singlet-triplet oscillations in a silicon-
based double quantum dot. Nature 481, 344 (2012).

9. Jirovec, D. et al. Dynamics of hole singlet-triplet qubits with large g
-factor differences. Phys. Rev. Lett. 128, 126803 (2022).

10. Wang, C.-A., Scappucci, G., Veldhorst, M. & Russ, M. Modelling of
planar germanium hole qubits in electric and magnetic fields. arXiv
http://arxiv.org/abs/2208.04795 (2022).

11. Wang,C.-A. et al. Probing resonatingvalencebondsonaprogrammable
germanium quantum simulator. npj Quant. Inf. 9, 1–8 (2023).

12. Mutter, P. M. & Burkard, G. All-electrical control of hole singlet-triplet
spin qubits at low-leakage points. Phys. Rev. B 104, 195421 (2021).

13. Hendrickx,N.W. et al. Sweet-spotoperationof a germaniumhole spin
qubit with highly anisotropic noise sensitivity. arXiv http://arxiv.org/
abs/2305.13150 (2023).

14. Lawrie, W. I. L. et al. Spin relaxation benchmarks and individual qubit
addressability for holes in quantum dots. Nano Lett. 20, 7237 (2020).

15. Drichko, I. L. et al. In-plane magnetic field effect on hole cyclotron
mass and gz factor in high-mobility sige/ge/sige structures. Phys.
Rev. B Condens. Matter Mater. Phys. 90, 125436 (2014).

16. Watzinger, H. et al. Heavy-hole states in germanium hut wires. Nano
Lett. 16, 6879 (2016).

17. Ares, N. et al. Nature of tunable hole g factors in quantum dots. Phys.
Rev. Lett. 110, 046602 (2013).

18. Michal, V. P., Venitucci, B. & Niquet, Y.-M. Longitudinal and
transverse electric field manipulation of hole spin-orbit qubits in one-
dimensional channels. Phys. Rev. B 103, 045305 (2021).

19. Martinez, B., Abadillo-Uriel, J. C., Rodríguez-Mena, E. A. &Niquet, Y.-M.
Hole spin manipulation in inhomogeneous and nonseparable electric
fields. Phys. Rev. B 106, 235426 (2022).

20. Abadillo-Uriel, J. C., Rodríguez-Mena, E. A.,Martinez, B. &Niquet, Y.-M.
Hole-spin driving by strain-induced spin-orbit interactions. Phys. Rev.
Lett. 131, 097002 (2023).

21. Terrazos, L. A. et al. Theory of hole-spin qubits in strained germanium
quantum dots. Phys. Rev. B 103, 125201 (2021).

22. Kiselev, A. A., Kim, K. W. & Yablonovitch, E. In-plane light-hole
(formula presented) factor in strained cubic heterostructures. Phys.
Rev. B. Condens. Matter Mater. Phys. 64, 125303 (2001).

23. Nenashev, A. V., Dvurechenskii, A. V. & Zinovieva, A. F. Wave
functions and g factor of holes in ge/si quantum dots. Phys. Rev. B.
Condens. Matter Mater. Phys. 67, 205301 (2003).

24. Stepanenko, D., Rudner, M., Halperin, B. I. & Loss, D. Singlet-triplet
splitting in double quantum dots due to spin-orbit and hyperfine
interactions. Phys. Rev. B. 85, 075416 (2012).

25. Liu, H. et al. Gate-tunable spin-orbit coupling in a germanium hole
double quantum dot. Phys. Rev. Appl. 17, 044052 (2022).

26. Corley-Wiciak, C. et al. Nanoscalemapping of the 3d strain tensor in a
germanium quantumwell hosting a functional spin qubit device. ACS
Appl. Mater. Interfaces 15, 3119 (2023).

27. Nakaoka, T., Saito, T., Tatebayashi, J. & Arakawa, Y. Size, shape, and
strain dependence of the g factor in self-assembled in(ga)as quantum
dots. Phys. Rev. B. 70, 235337 (2004).

28. Liles, S. D. et al. Electrical control of the g tensor of the first hole in a
silicon mos quantum dot. Phys. Rev. B 104, 235303 (2021).

29. Mooy, B. C. H. & Lai, N. S. Strain effects in a double dot quantum dot
system. In International Conference on Edge Computing and
Applications (ICECAA) 1635–1640 (IEEE, 2022).

Acknowledgements
Research was sponsored by the Army Research Office (ARO) and was
accomplishedunderGrantNo.W911NF-23-1-0016 (atUCLA)andGrantNo.
W911NF-22-S-0006 (at TU Delft), and by the Air Force Office of Scientific
Research (AFOSR) under award number FA9550-23-1-0710 (at UCLA). The
views and conclusions contained in this document are those of the authors
and should not be interpreted as representing the official policies, either
expressedor implied,of theArmyResearchOffice (ARO), theAir ForceOffice

https://doi.org/10.1038/s41534-024-00953-3 Article

npj Quantum Information |           (2025) 11:15 6

http://arxiv.org/abs/2208.04795
http://arxiv.org/abs/2208.04795
http://arxiv.org/abs/2305.13150
http://arxiv.org/abs/2305.13150
http://arxiv.org/abs/2305.13150
www.nature.com/npjqi


of Scientific Research (AFOSR), or the U.S. Government. The U.S. Gov-
ernment is authorized to reproduce and distribute reprints for Government
purposes notwithstanding any copyright notation herein. G.S. also
acknowledges support through two “Projectruimte”, associated with the
Netherlands Organization of Scientific Research (NWO).

Author contributions
J.R. and H.W.J. performed measurements. J.R. carried out data analysis
with assistance from Z.L. L.S. grew the Ge/SiGe wafer and J.R. fabricated
the device. H.W.J. supervised the project. J.R. wrote the manuscript with
discussion and contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
Supplementary Material available at
https://doi.org/10.1038/s41534-024-00953-3.

Correspondence and requests for materials should be addressed to
John Rooney.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41534-024-00953-3 Article

npj Quantum Information |           (2025) 11:15 7

https://doi.org/10.1038/s41534-024-00953-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjqi

	Gate modulation of the hole singlet-triplet qubit frequency in germanium
	Results
	Singlet-triplet evolution in a DQD
	Dephasing and relaxation
	Gate modulation of the singlet-triplet frequency

	Discussion
	Methods
	Device preparation
	Measurement setup

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




