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Abstract

Spin qubits are considered to be among the most promising candidates for building a quantum processor1. Just
recently, a four qubit device, operating at 1 tesla, was demonstrated2. The, so far hindered, operation at very low
fields would further improve their prospects in terms of scalability and high fidelity fast readout, as it will facilitate
their integration with superconducting circuits such as Josephson parametric amplifiers, superconducting resonators
and superconducting quantum interference devices3;4;5;6. Here we demonstrate a hole spin qubit operating already at
500 µT, within the range of magnetic fields currently used for on-chip biasing of superconducting circuits7. This is
achieved by exploiting the large out-of-plane Ge heavy hole g-factors and by encoding the qubit into the singlet-triplet
states of a double quantum dot8;9. We observe electrically controlled X and Z-rotations with tunable frequencies
exceeding 100 MHz and dephasing times of 1 µs which we extend beyond 10 µs with echo techniques. Strikingly, the
X-rotation frequency can be increased without shortening the dephasing time of the qubit. The reported results,
together with the already demonstrated proximity induced superconductivity10;11, show that the planar Ge platform
can merge semiconductor qubits with superconducting technologies.

Holes in Ge have emerged as one of the most promis-1

ing spin qubit candidates13 because of their particu-2

larly strong spin orbit coupling (SOC)14, which leads3

to record manipulation speeds15;16, and low dephas-4

ing rates16. In addition, the SOC together with the5

low effective mass17 relax fabrication constrains, and6

larger quantum dots can be operated as qubits with-7

out the need for microstrips and micromagnets. In only8

three years a single Loss-DiVincenzo qubit18, 2-qubit9

and most recently even 4-qubit devices have been demon-10
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Figure 1: Heterostructure and gate layout. a) Atomic resolution HAADF-STEM image of the heterostructure showing sharp interfaces at
the top and bottom of the quantum well. The stoichiometry of the three layers has been determined by electron energy-loss spectroscopy
(see Supplementary). The heavy hole (solid blue line) and light hole (dashed blue line) band energies as a function of growth direction are
superimposed to the picture. The red dashed line represents the fermi energy. Heavy holes are accumulated at the upper QW interface
as shown by the bright green line representing the heavy hole wave function density (simulations were performed in NextNano). b) X-ray
diffraction (XRD) reciprocal space map (RSM) around the Si (224) Bragg peak, present at the top right of the map. The graded buffer is
visible as a diffuse intensity between the Si peak and the Si0:3Ge0:7 peak, while the Si0:3Ge0:7 peak itself corresponds to the 2 µm constant
composition layer at the top of the buffer. The Ge QW peak is aligned vertically below the Si0:3Ge0:7 VS, as shown by the dotted line,
indicating that it has the same in-plane lattice parameter, i.e. that the Ge QW is lattice-matched to the VS. The intensity just below the
VS peak indicates that the true Ge content in the barriers on either side of the Ge QW is about 73%. c) Scanning electron microscope
(SEM) image of the gate layout used for this experiment. We note that without the application of any negative accumulation voltage
we measure a charge carrier density of 9.7 � 1011cm�2. Secondary ion mass spectroscopy (SIMS) rules out boron doping as a source for
this carrier density. We thus attribute the measured hole density to the fixed negative charges in the deposited oxide which can act as an
accumulation gate12.

strated2;19;20. Here we show that by implementing Ge11

hole spin qubits in a double quantum dot (DQD) device12

they have the further appealing feature that operation13

below the critical field of aluminium becomes possible.14

In order to realize such a qubit a strained Ge quan-15

tum well (QW) structure, with a hole mobility of 1.0 �16

105cm2/Vs at a density of 9.7 � 1011cm�2, was grown17

by low-energy plasma-enhanced chemical vapor depo-18

sition (LEPECVD). Starting from a Si wafer a 10 µm19

thick strain-relaxed Si0:3Ge0:7 virtual substrate (VS) is20

obtained by linearly increasing the Ge content during21

the epitaxial growth. The � 20 nm thick strained Ge22

QW is then deposited and capped by 20 nm of Si0:3Ge0:7.23

In Fig. 1a we show the aberration corrected (AC) high-24

angle annular dark-field scanning transmission electron25

microscopy (HAADF-STEM) image of our heterostruc-26

ture. The HAADF Z-contrast clearly draws the sharp27

interfaces between the QW and the top and bottom bar-28

riers. In addition, x-ray diffraction (XRD) measurements29

highlight the lattice matching between the virtual sub-30

strate and the QW (Fig. 1b). Holes confined in such a31

QW are of heavy-hole (HH) type because compressive32

strain and confinement move light-holes (LHs) to higher33

hole energies21. The related Kramers doublet of the spin34

Sz = �3/2 states therefore resembles an effective spin-35

1/2 system, j"i and j#i.36

In a singlet-triplet qubit the logical quantum states37

are defined in a 2-spin 1/2 system with total spin along38

the quantization axis SZ = 08;9. This is achieved by con-39

fining one spin in each of two tunnel coupled quantum40

dots, formed by depletion gates (Fig. 1c). We tune our41

device into the single hole transport regime, as shown42

by the stability diagram in Fig. 2 where the sensor dot43

reflected phase signal (�refl) is displayed as a function of44

the voltage on L and R (see Methods and Supplemen-45

tary). Each Coulomb blocked region corresponds to a46

fixed hole occupancy, and is labeled by (NL, NR), with47

NL (NR) being the equivalent number of holes in the48

left (right) quantum dot; interdot and dot-lead charge49

transitions appear as steep changes in the sensor sig-50
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