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A quantum dot in germanium proximitized 
by a superconductor
 

Lazar Lakic    1,4, William I. L. Lawrie    1,4, David van Driel2, 
Lucas E. A. Stehouwer2, Yao Su1, Menno Veldhorst    2, Giordano Scappucci    2, 
Ferdinand Kuemmeth    1,3 & Anasua Chatterjee    1,2 

As one of the few group IV materials with the potential to host 
superconductor–semiconductor hybrid devices, planar germanium 
hosting proximitized quantum dots is a compelling platform to achieve 
and combine topological superconductivity with existing and new qubit 
modalities. We demonstrate a quantum dot in a Ge/SiGe heterostructure 
proximitized by a platinum germanosilicide (PtSiGe) superconducting 
lead, forming a superconducting lead–quantum dot–superconducting 
lead junction. We show tunability of the coupling strength between the 
quantum dot and the superconducting lead, and gate control of the ratio of 
charging energy and the induced gap, and we tune the ground state of the 
system between even and odd parity. Furthermore, we characterize critical 
magnetic field strengths, finding a critical out-of-plane field of 0.90 ± 0.04 T. 
Finally, we explore sub-gap spin splitting, observing rich physics in the 
resulting spectra, that we model using a zero-bandwidth model in the  
Yu–Shiba–Rusinov limit. Our findings open up the physics of alternative spin 
and superconducting qubits, and the physics of Josephson junction arrays, 
in germanium.

New and unexpected physical phenomena can emerge in superconduct-
ing–semiconducting hybrids, enabling engineered quantum materials1, 
circuit quantum electrodynamics with promising superconducting 
qubit modalities2,3 and topologically protected phases4–6. In particular, 
proximitized quantum dots (QDs) constitute key building blocks for 
devices such as Cooper pair splitters7, Kitaev chains5,6 and protected 
qubits8,9. However, to date the majority of these experiments have been 
performed in group III–V materials, where nuclear spins are unavoid-
able, critically hampering spin coherence, and where two-dimensional 
(2D) heterostructures exhibit piezoelectricity, deleterious for circuit 
quantum electrodynamics circuits10. Conversely, silicon and germa-
nium are established group IV material platforms that can integrate 
spin qubits hosted in gate defined QDs11,12, with isotopic purification 
having proved crucial for ultra-long spin qubit coherence13. Contrary 
to silicon14, germanium forms low resistance ohmic contacts due to 

instrinsic Fermi level pinning close to the valence band15,16. This has 
motivated a strong effort to induce superconductivity17–22, and very 
recently, signs of hard-gap superconductivity have been observed in 
mesoscopic devices implemented in a Ge/SiGe heterostructure21,22, in 
Ge/Si core/shell nanowires23–25 and in a circuit quantum electrodynam-
ics circuit26.

Here we present a superconducting–semiconducting hybrid QD, 
which is hosted in Ge, a group IV material uniquely allowing for both 
isotopic purification27 and a superconducting hard gap21,22. Our demon-
stration in a 2D heterostructure establishes a promising platform that 
exhibits enhanced scalability compared to nanowires, is compatible 
with radiofrequency reflectometry readout28 and is a highly successful 
spin qubit platform29,30. It may therefore be useful for extending the 
range of qubit interactions by using crossed Andreev reflection31,32 as 
well as heterogeneous quantum processors8,33 incorporating spin11,12 
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that it exceeds the expected zero-field superconducting gap energy 
of ~70 μeV (ref. 21). We set VLB close to its pinch-off value such that it 
acts as a tunnel probe, and we vary VRB to tune the coupling between 
SC and QD ΓS values (Fig. 1c). This limits current through the device to 
around 1 nA, which we estimate to be well within the critical current 
density of the SCs (Supplementary Fig. 6b). Figure 1e–g shows bias 
spectroscopy at different values of VRB. In the strong coupling regime 
(Fig. 1e), we observe a range in bias energy of 4Δ0 where transport is sup-
pressed, from which we extract a superconducting pairing amplitude of 
Δ0 = 71 ± 6 μeV, in its fully open state. The apparent reduction of the SC 
gap upon lowering the plunger gate voltage VPG is attributed to sub-gap 
transport phenomena due to increased junction transparency45. We 
furthermore note that the dark features outside of the SC gap likely 
result from the out-of-gap structure in the SCs46. Figure 1f shows that as 
ΓS is decreased (positive change in VRB), we observe tunnel-broadened 
Coloumb oscillations and sub-gap transport features, indicating a 
hybridized QD. At low coupling between the QD and SC (Fig. 1g) we 
observe sharp Coulomb diamonds outside a bias window of ±2Δ0. We 
conclude that we have versatile electrostatic control of the degree of 
hybridization of a QD with a superconductor, consistent with experi-
ments performed in InAs–Al nanowires47 and InSbAs–Al 2D electron 
gases (ref. 5).

A QD coupled to a SC at half-occupancy of charges can have two 
different ground states, depending on the degree of SC–QD coupling. 
At low coupling strengths and zero magnetic field strength, the ground 
state at half-filling, that is, ϵ0/U = 0.5, will be a spin-degenerate doublet 
state |D⟩ = {|↓⟩ , |↑⟩}. Here, ϵ0 is the electrochemical potential of the QD 
with respect to the SC and U is the charging energy of the QD. At high 
coupling, a preference for superconducting pairing will dominate, 
leading to a singlet ground state |S⟩ = u |0⟩ − v |2⟩, where u and v are 
complex constants. We stress that the labelling of these states is not 
representative of the localization of the charges between superconduc-
tor and QD, and rather a convenient pedagogical representation of the 
basis states of the system. As a result of U being the dominant energy 
scale, the system is firmly in the YSR limit. By using the control of ΓS 
demonstrated above, we show that we can tune between these ground 
states. We operate in a regime whereby VLB is very close to its pinch-off 
value, such that it acts as a tunnelling probe. We then vary VRB to tune 
the coupling ΓS. Figure 2a shows a charge stability diagram of the system 
with the QD plunger gate VPG on the horizontal axis, and the QD–SC 
barrier gate VRB on the vertical axis, at a bias energy of eVSD = 80 μeV, 
slightly above the SC order parameter, Δ. The vertical lines measured 
are Coulomb resonances indicating transitions between the N, N + 1 
and N + 2 occupations of the QD (from right to left). As we increase ΓS 
by making VRB more negative, we observe the merging of two levels at 
approximately VRB = –1.395 V.

We further investigate these transitions with bias spectroscopy 
as a function of plunger gate voltage at different values of VRB. In the 
bottom panel of Fig. 2b, we show bias spectroscopy at VRB = −1.3717 V 
(square in Fig. 2a) for varying VSD and VPG values. At VPG values of −1.812 V 
and −1.808 V, the state crosses Δ0, signalling the changes in ground state 
parity as seen from Fig. 2a.

In the bottom panel of Fig. 2c, we show spectroscopy at 
VRB = −1.3850 V (circle in Fig. 2a). We see an evolution of the state fea-
tures into a characteristic ‘eye’ shape, indicating the formation of 
YSR states38,48 on the hybridized QD. The negative differential con-
ductance is attributed to probing sub-gap features with a coherence 
peak49. In the bottom panel of Fig. 2d, we perform bias spectroscopy at 
VRB = −1.4025 V (triangle in Fig. 2a), showing no parity change, which we 
interpret as the QD remaining in a singlet ground state upon loading 
an additional hole.

In QD–SC systems, where the charging energy of the QD, U, is larger 
than the SC order parameter Δ, quasiparticles in the SC can bind to the 
QD by the exchange interaction and give rise to sub-gap excitations in 
the form of YSR states. Such systems can be modelled using a ZBW 

and superconducting circuits34. Isotopically purified, proximitized 
germanium may enable coherent Andreev spin qubits, protected super-
conducting qubits and QD-based Kitaev chains, and our demonstration 
of a QD with gate-tunable proximitization in a group IV heterostructure 
is a key ingredient.

In this work, superconducting polycrystalline platinum–germa-
nium–silicide (PtSiGe) leads are formed by a controlled thermally 
activated solid phase reaction between deposited platinum (Pt) and 
the heterostructure (Ge/SiGe)21. Importantly, the PtSiGe leads allevi-
ate the need to etch into the heterostructure to deposit or pattern the 
superconductor, a potential source of damage exposing the quantum 
well and interface to oxygen and processing. This method of achiev-
ing a transparent interface to a superconductor, via a reaction with a 
deposited noble metal, constitutes a general technique that has been 
exploited in other materials35–37. The leads act as charge reservoirs and 
as a source of proximitization for the QD. We first demonstrate Cou-
lomb blockade physics of a QD coupled to two superconducting leads 
(SCs) forming a SC–QD–SC junction. We identify a superconducting 
gap energy window of 4Δ0 = 284 μeV, where Δ0 is the superconducting 
pairing amplitude, inside of which transport is suppressed, and outside 
of which standard Coulomb diamonds are recovered. The charging 
energy of the system is typically larger than 1 meV, making it the domi-
nating energy scale. Consequentially, Yu–Shiba–Rusinov (YSR) physics 
is expected to describe the observed phenomena. We observe sub-gap 
states in transport upon increasing the QD–SC coupling ΓS, which 
is consistent with the formation of YSR states in the system38,39. We 
demonstrate gate control of ΓS by tuning the ground state at half-filling 
from a singlet state to a doublet state40. We then study the critical 
magnetic field of the hybrid device, finding an out-of-plane critical 
magnetic field Bc,⟂ = 0.90 ± 0.04 T. Finally, we investigate spin split-
ting in the SC–QD–SC system, finding a g-factor of 1.5 ± 0.2 for an 
out-of-plane magnetic field, and also characterize the g-tensor ani-
sotropy. To explain the energy splitting observed in the SC–QD–SC 
system, we use a zero-bandwidth (ZBW) Anderson impurity model41,42 
with the possibility of Zeeman splitting on the SC. Our observation of 
controllable sub-gap states and sub-gap spin splitting, magnetic field 
resilience and the high tunability of the QD–SC coupling establishes 
Ge/SiGe and PtSiGe as an attractive platform for hybrid quantum infor-
mation processing.

We use established fabrication protocols for QD fabrication43 and 
the superconducting contacts21 in Ge/SiGe quantum wells44, to create 
a QD coupled to two SCs formed by rapid thermal annealing of Pt at 
400 °C in an Ar atmosphere for 15 min. Figure 1a shows a false-coloured 
scanning electron micrograph of the device, consisting of one litho-
graphically defined layer for the SCs (cyan) and two layers of elec-
trostatic gates (yellow and orange; Methods and section I for further 
details). Figure 1b shows a schematic of the cross-section of the device 
heterostructure and gate stack. Layers are electrically isolated from one 
another by 7 nm of Al2O3 deposited by atomic layer deposition at 150 °C. 
Barrier gates (left, LB and right, RB) control ΓS, while the plunger gate 
(PG) controls the relative electrochemical potential of the QD levels 
with respect to the SCs (ϵ0) as seen in Fig. 1c. Two gates (helper gate, HG 
and cut-off gate, CO) are also used to confine (HG) the QD and prevent 
unwanted accumulation (CO). We use standard d.c. transport and 
low-frequency lock-in techniques to measure source–drain current ISD 
and differential conductance G in units of conductance quanta (2e2/h), 
where e is the elementary charge and h is Planck's constant, across 
the QD. Notably, our device is also connected to a radiofrequency 
reflectometry circuit via the source SC; both techniques are described 
in Supplementary Section I. Additional datasets in the low-coupling 
regime measured using this radiofrequency probe are presented in 
Supplementary Section II.

All data are taken at a lock-in frequency of 119 Hz and amplitude 
of 2.5 μV. Figure 1d shows ISD as a function of the tunnel barriers VLB and 
VRB. Here, the source–drain bias energy is set to eVSD = 300 μeV such 
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model that describes a QD coupled to a single superconducting 
orbital41,50, which predicts which ground state the system prefers 
depending on the degree of hybridization between the SC and the QD. 
By solving the ZBW model for the location where the energy of the 
singlet equals that of the doublet, a singlet–doublet phase transition 
diagram can be realized. In the top panels of Fig. 2b–d such a phase 

transition has been computed using a ZBW model with a charging 
energy of U = 1.6 meV and a superconducting gap of Δ = 71 μeV; the 
dashed lines have been inserted at ΓS values based on extracted cou-
pling values (70 μeV, 110 μeV and 150 μeV, respectively) divided by U, 
also using the aforementioned minimal ZBW model (Supplementary 
Section V). As the hybridization energy ΓS increases, it becomes less 
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Fig. 1 | Hybrid superconducting PtSiGe–Ge/SiGe device. a, False-coloured 
scanning electron micrograph of a nominally identical device. The device 
comprises three lithographically defined metallic layers, separated by a 
dielectric of Al2O3 grown using atomic layer deposition. A plunger gate PG 
(orange) controls the electrochemical potential of the QD. The coupling of 
the QD to the PtSiGe SCs (S and D) is controlled by two barrier gates, LB and RB 
(yellow). A cut-off gate CO prevents accumulation beneath the gate fan-out of PG, 
and a helper gate HG provides further control of the QD confinement.  
b, Heterostructure and gate stack schematic corresponding to the cross-section 
indicated by the black dashed line in a. c, Energy schematic depicting the physical 
system in a. Here, Δ is the SC gap energy, U is the charging energy of the QD, 

ΓS is the hybridization energy of the SC and QD and ϵ0 is the electrochemical 
potential of the QD with respect to the SC Fermi energy. The inset axis depicts 
energy (E) versus space (x) along the line-cut in a. d, Source–drain current ISD as 
a function of barrier gates VLB and VRB at bias voltage VSD = 300 μV, VPG = −2.22 V 
and VHG = −1.00V. The square, circle and triangle correspond to the indicated 
gate voltage setting in e, f and g. Horizontal features likely correspond to charge 
instabilities in the environment surrounding the QD. e–g, Bias spectroscopy for 
the three gate voltages indicated in d, with high, moderate and low coupling of 
the QD to the SCs, respectively, showing a transition between strongly coupled 
lead (e) and weakly coupled lead (g). Negative differential conductance observed 
may indicate Coulomb diamonds of odd occupancy64.
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Fig. 2 | Singlet–doublet phase transitions. a, Charge stability diagram of VRB 
versus VPG at VSD = 80 μV, VLB = −1.108 V and VHG = −1.000 V. A cross-capacitance 
between the electrostatic gate VRB and the QD results in simultaneous tuning of ΓS 
and ϵ0. We note that we expect the QD system to be in the multi-hole regime. b–d, 
Bottom panels show bias spectroscopy at decreasing values of VRB corresponding 
to the square, circle and triangle icons in a. Upper panels portray phase diagrams 
for the singlet and doublet phases, computed using a minimal ZBW model of the 
expected ground state character of the hybrid system. Here,  

ϵ0 is the electrochemical potential of the QD with respect to the grounded 
SCs, and U is the charging energy of the QD; the phase diagram was computed 
assuming U = 1.6 meV and Δ = 71 μeV. As the SC–QD coupling ΓS is increased, the 
doublet state becomes energetically unfavourable, as seen by the merging of 
charge transitions (magenta dashed lines). ΓS is roughly estimated, by modelling 
the sub-gap spectrum in the bottom panels (Supplementary Section V), to be 
70 μeV, 110 μeV and 150 μeV from b–d, respectively, as indicated by the red 
dashed lines.
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favourable to maintain the |D⟩ ground state. The horizontal dashed 
lines thus indicate a qualitative correspondence between the experi-
mental barrier gate RB controlling ΓS, and the calculated ΓS in the phase 
diagram. The magenta dashed lines in the bottom panels serve as 
guides to the eye to indicate where the phase transitions occur.

We now turn to the magnetic field dependence of the supercon-
ducting parent gap. Figure 3a shows bias spectroscopy of the QD in the 
few-hole and low-ΓS regime, as a function of out-of-plane magnetic field 
strength B⊥. We fit the closing of the superconducting gap according 

to ∆(B) = 2∆0√1 − (B/Bc)
2  (ref. 51), where B is the magnetic field, Δ0 

is the superconducting gap at zero magnetic field and Bc is the critical 
magnetic field. We extract a critical field of Bc,⊥ = 0.90 ± 0.04 T. This 
greatly exceeds the critical field measured in prior studies, where the 
critical out-of-plane magnetic field was measured to be approximately 
50 mT (ref. 21). This disparity could be due to the smaller size of the 
superconducting junctions and leads52 measured in the present experi-
ment compared to those in the literature21, which may alleviate vortex 
formation (Supplementary Section IV.). We also characterize the critical 
magnetic field strengths for the two in-plane axes in Supplementary 
Section III. Figure 3b,c shows bias spectroscopy of the QD in the 
low-coupling limit, taken at 1 T and 0 T, respectively. At 0 T the super-
conducting gap is present within the Coulomb diamonds (Fig. 3b), 
while normal Coulomb diamonds are recovered at 1 T due to the break-
ing down of superconductivity (Fig. 3c). In both cases we find an even–
odd oscillation in the filling structure at both low and high field 
strengths as seen in the top panels of Fig. 3b,c, depicting the addition 
energy of each Coulomb diamond below, consistent with that observed 
previously in germanium53 and InAs (ref. 48) QDs. The charging energy 
of the QD varies between even and odd periodicity, indicating that the 
QD is in the low hole occupancy state. The charging energy is typically 
between 1 and 1.8 meV, more than ten times the superconducting gap, 
supporting our interpretation that we are in the YSR regime.

Finally we study the transport spectrum under the influence of a 
magnetic field in the same electrostatic regime as Fig. 2b,c. Figure 4a–c 

shows bias spectroscopy measurements as a function of VPG portrayed 
in logarithmic scale for enhanced visibility, taken at a perpendicular 
magnetic field, at strengths of 50 mT, 250 mT and 350 mT, respectively 
(Supplementary Fig. 7a–c for data in non-logarithmic scale). At 50 mT, 
a |S⟩–|D⟩–|S⟩ transition spectrum is observed, as seen in Fig. 2b,c. A 
qualitative ZBW model of the system is plotted on top of the data 
(dashed white line), as described previously (Supplementary Section 
V for details of the model), using a SC pairing energy of Δ0 = 71 μeV, a 
hybridization energy of ΓS = 110 μeV and a QD charging energy of 
U = 1.6 meV. As we increase the perpendicular field, an energy splitting 
of the sub-gap states is observed in the singlet ground-state sectors 
(Fig. 4b,c). Interestingly, the energy splittings seen in the even-parity 
ground states have a flat energy dispersion, indicating a spin splitting 
either of the parent gap itself, or of a strongly coupled sub-gap state, 
which we attribute to spinful excited quasiparticles. To qualitatively 
model the data, we introduce a Zeeman splitting term into the ZBW 
model for both the SC and QD. We find that setting the g-factors of the 
QD and superconducting orbitals to be equal in magnitude is sufficient 
to phenomenologically model the data, potentially due to a g-factor 
renormalization as a result of hybridization54,55. Additional data at lower 
magnetic field strength and lower coupling, supporting our hypothesis 
of g-factor renormalization, are reported in Supplementary Section II, 
as well as results from our ZBW model with varying system parameters 
in Supplementary Section V.

In Fig. 4d, we set the plunger gate voltage to VPG = −1.8027 V such 
that the QD is in a singlet ground state as indicated by the red notch in 
Fig. 4a, and perform bias spectroscopy as a function of B⊥ from 0 T to 
0.7 T. We observe the magnetic field splitting of the superconducting 
coherence peaks, and extract an out-of-plane g-factor, g⊥ = 1.5 ± 0.2. 
This value is several times larger than the g-factor measured for 
magnetic fields close to being in plane, in planar germanium quan-
tum wells56,57, and several times smaller than the value reported in 
the literature58 for out-of-plane g-factors. Furthermore, in a regime 
of lower coupling for the YSR states, we measured an out-of-plane 
g-factor of g⊥ = 4.5 ± 0.6 (Supplementary Fig. 2) and a g⊥ = 5.3 ± 0.8 in 
out-of-gap Coulomb diamond spectroscopy (Supplementary Fig. 3). 
These observations support the hypothesis that the g-factor g⊥ either 
describes the quasiparticle coherence peaks, or is due to renormaliza-
tion of the Ge/SiGe hole g-factor as a result of hybridization with the 
superconductor54,55.

Finally, we investigate anisotropy of the g-factor by performing bias 
spectroscopy as a function of magnetic field orientation. Figure 4e–g 
shows bias spectroscopy at a magnetic field strength of ∣B∣ = 420 mT. 
The splitting is then investigated as a function of rotation angles. Here, 
the rotation angles θ, ϕ and α are defined as shown in Fig. 4e–g. A large 
anisotropy is measured; while g-tensor anisotropy is ubiquitous for 
heavy holes in strained planar Ge/SiGe wells, it is seldom observed for 
a superconducting gap edge. On the other hand, anisotropic g-tensors 
have been observed in heavy fermion bulk superconductors, which 
could additionally explain the non-dispersive splitting in Fig. 4b,c (ref. 
59). We stress that our use of the annealed polycrystalline superconduc-
tor PtSiGe is a recent material development in itself, and the physics of 
superconductivity in these nanoscale thin films is not fully understood. 
However, this anisotropy could also be explained by a sub-gap state in 
the QD that is strongly coupled to the superconductor.

We have demonstrated a QD in Ge/SiGe proximitized by a SC and 
exhibiting clear YSR states. We find that the coupling between QD 
and SC is highly tunable, as evidenced by the tunnel barrier control-
lability of the singlet or doublet nature of the YSR ground state at half 
filling. Additionally, we have characterized the critical magnetic field 
strength, finding an out-of-plane critical field of ~0.90 T. Finally, we 
observe Zeeman splitting of sub-gap states, which we explain using 
a modified ZBW Anderson impurity model. The ability to tune and 
strongly couple a superconductor to a QD, in combination with a critical 
magnetic field, demonstrates the feasibility of our platform for hybrid 
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germanium quantum information processing, including Andreev spin 
qubits and topological quantum computing, as well as the exploration 
of fundamental physics with superconductor–semiconductor devices. 
While the in-plane g-tensor component of holes in germanium planar 
wells is lower than in established group III–V platforms, it could be 
enhanced by confinement-induced g-factor engineering60, and the 
out-of-plane g-factor could provide an alternative route to engineering 
topologically protected qubits using QD–SC chains61. Further work on 
radiofrequency-reflectometry-based measurements (as described in 
Supplementary Sections I and II) could help achieve charge sensing and 
parity readout. Additionally, studying the dependence of the parent gap 
and induced gap as a function of temperature and coupling strength 
would elucidate the nature of the superconducting proximitization of 
PtSiGe on Ge/SiGe QDs45. Finally, our work motivates the exploration of 
alternative materials beyond platinum that also form superconducting 
germanide phases, such as iridium, rhodium62 and niobium63, with the 
goal of identifying a germanosilicide capable of hosting large super-
conducting gap energies while being compatible with the fabrication 
process of Ge/SiGe heterostructures43. Our demonstration in a group IV 
material, amenable to isotopic purification, constitutes a crucial build-
ing block for superconducting–semiconducting hybrid technologies 
and opens up previously inaccessible experimental directions.

Online content
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Methods
The device is fabricated on a Ge/SiGe heterostructure, which is grown 
on an n-type Si(001) substrate using a reduced pressure chemical 
vapour deposition reactor. The stack comprises a reverse-graded 
Si0.2Ge0.8 virtual substrate, a 16 nm Ge quantum well, a 27 nm Si0.2Ge0.8 
barrier and a <1 nm Si sacrificial cap44. The device is fabricated in three 
defined electron-beam lithography layers separated by two oxide layers 
of ~7 nm Al2O3 grown with a Savannah Ultratech atomic layer deposition 
system at 150 °C, using unheated trimethyl aluminium percursor and 
unheated H2O thermal co-reactant. The first layer forms the PtSiGe 
contacts defined by electron-beam lithography using Kayaku 495 
polymethyl methacrylate A2 polymer resist and AR 600-55 1:3 MIBK/
IPA developer (MIBK, methyl isobutyl ketone; IPA, isopropyl alcohol). 
Development is directly followed by a 60 s, 100 °C post bake on a hot 
plate before a wet etch is performed using buffered HF (~6%) solu-
tion to remove the sacrificial cap before a 15 nm Pt layer is deposited 
via electron-gun evaporation at a pressure of 1 × 10−7 mbar. Lift-off is 
done in N-methyl-2-pyrrolidone, followed by 1,2-dioxolane and then 
propan-2-ol (IPA) cleaning. The Pt contacts then undergo rapid thermal 
annealing at 400 °C for 15 min in an argon atmosphere. Barrier gates 
and plunger gates are defined by electron-beam lithography using AR-P 
6200.04 polymer resist and N-amyl acetate developer, followed by an 
oxygen plasma ash. The barrier and plunger gates are deposited using 
electron-gun evaporation and consist of a Ti (5 nm) sticking layer and 
a Pd layer (25 nm and 29 nm for the barrier and plunger layers, respec-
tively). Lift-off is done in 1,2-dioxolane, followed by 1,2-dioxolane, 
propan-2-ol (IPA) and oxygen plasma ash cleaning.

The device is measured inside a sample puck loaded into a Bluefors 
XLD dilution refrigerator, at a mixing chamber temperature of ~9 mK. 
The dilution refrigerator is equipped with a 1 T–1 T–6 T vector mag-
net, the sample chip being placed such that the 6 T direction is in the 
plane. We expect the main source of magnetic field misalignment to 
result from misalignment of the sample board inside the puck (QDevil 
QBoard sample holder) during sample loading. We estimate this error 
to be less than 5°.

Differential conductance measurements are taken using a Stan-
ford Research Systems SR860 lock-in amplifier at a frequency of 119 Hz 
and an excitation amplitude (VAC) of 2.5 μV for all figures, except Fig. 2a 
(VAC = 10 μV) and Fig. 4 (VAC = 3.2 μV). A line resistance of ~5.8 kΩ is sub-
tracted in all measurements.

Bias spectroscopy measurements contain small thermally induced 
bias offsets on the order of 20 μeV, which have been calibrated for and 
subtracted from all relevant datasets. The d.c. gate voltages are applied 
via a QDevil QDAC-II voltage source. Additonal information on the d.c. 
set-up and components used can be found in Supplementary Section I.

In addition to lock-in measurements, radiofrequency reflectom-
etry was performed as described in Supplementary Section I, using a 
field-programmable gate array with a built-in microwave signal genera-
tor as well as signal demodulator (Quantum Machines OPX+). A tank 
circuit with a resonance frequency of 192.3 MHz was used, connected 
to the drain contact. The incident radiofrequency signal is attenuated 
by 40 dB at various plates of the cryostat, and undergoes an additional 
attenuation of 20 dB from a directional coupler at the mixing chamber 
plate (Supplementary Fig. 1). The reflected signal undergoes 40 dB of 
amplification at the 4 K stage via a high electron mobility transistor 

(HEMT) amplifier, and passes through a d.c. block and bias tee at the 
input of the demodulation circuit. A 50 Ω terminator is connected to 
the d.c. side of the bias tee.
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