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Quantum computers promise to execute complex tasks exponentially faster than any possible classical computer, and thus
spur breakthroughs in quantum chemistry, material science and machine learning. However, quantum computers require
fast and selective control of large numbers of individual qubits while maintaining coherence. Qubits based on hole spins in
one-dimensional germanium/silicon nanostructures are predicted to experience an exceptionally strong yet electrically tunable
spin-orbit interaction, which allows us to optimize qubit performance by switching between distinct modes of ultrafast manipu-
lation, long coherence and individual addressability. Here we used millivolt gate voltage changes to tune the Rabi frequency of
a hole spin qubit in a germanium/silicon nanowire from 31 to 219 MHz, its driven coherence time between 7 and 59 ns, and its
Landé g-factor from 0.83 to 1.27. We thus demonstrated spin-orbit switch functionality, with on/off ratios of roughly seven,
which could be further increased through improved gate design. Finally, we used this control to optimize our qubit further and
approach the strong driving regime, with spin-flipping times as short as ~1ns.

interest for scaling-up quantum circuits due to their small size,

speed of operation and compatibility with the semiconduc-
tor industry'~". Both materials feature a low natural abundance of
non-zero nuclear spins, which has led to the demonstration of long
qubit coherence times"**, as well as single-qubit®~* and two-qubit’*?
operations with high fidelity. Most of this research has been per-
formed using electron spin states to define the qubit””. Hole spin
qubits*'*~' have recently gained attention as they potentially enable
faster quantum operations and a higher level of control over the
qubit parameters'’~°. In addition, hole spins in Ge and Si may have
improved relaxation and decoherence times, as they do not exhibit
a valley degeneracy and their wavefunction has reduced overlap
with nuclear spins**>. Importantly, spin-orbit interaction (SOI)
can be exceptionally strong for hole spins in low-dimensional nano-
structures””!, particularly in Ge- or Si-based nanowires'”*. This
enables very fast spin control through electric dipole spin resonance
(EDSR)**, in which a time-varying electric field periodically dis-
places the hole wave function, and thus creates an effective periodic
magnetic field through the SOL In this way, EDSR can be used for
all-electrical spin manipulation without requiring micromagnets®
or coplanar striplines™, which add to the device complexity.

Rabi frequencies of around 100 MHz have been measured for
hole spins'>*', but predictions for one-dimensional systems range
even up to 5GHz, made possible by the particularly strong direct
Rashba SOI'”". Conversely, this strong SOI may lead to an unde-
sired enhancement of qubit relaxation and dephasing rates via cou-
pling to phonons or charge noise. However, the direct Rashba SOI is
also predicted to be tunable to a large extent through local electric
fields'”'**, which enables electrical control over the SOI strength
and the Landé g-factor. Such electrical tunability provides a path
towards a spin qubit with a switchable interaction strength, using
what we term a spin-orbit switch. The spin-orbit switch can be
used to selectively idle a qubit in an isolated configuration of weak
SOI and low decoherence (idle state), whereas for fast manipulation

S pin qubits defined in Si and Ge quantum dots are of particular

it is tuned into a regime of strong SOI (control state) and is selec-
tively coupled to an EDSR driving field or microwave resonator by
controlling the qubit Zeeman energy'”*>. Here we experimentally
realized the key components of this approach, through the dem-
onstration of an ultrafast and electrically tunable hole spin qubit in
a Ge/Si core/shell nanowire. We used SOI-mediated EDSR to per-
form fast two-axis qubit control and implement Ramsey and Hahn
echo pulsing techniques to compare the qubit’s coherence times.
We then demonstrated a high degree of electrical control over the
Rabi frequency, g-factor and driven qubit decay time by tuning the
voltage on one of the dot-defining gates, which illustrates the basic
ingredients of a spin-orbit switch. The spin-orbit switch function-
ality that we demonstrate here shows moderate on/off ratios of
about seven for both Rabi frequency and coherence times, which
in future devices could be increased through improved gate design.
We extracted a spin-orbit length () that was extraordinarily short
and electrically tunable over a large range down to 3nm for holes
of heavy-hole mass. This control allowed us to optimize our qubit
for speed of operation, which resulted in Rabi frequencies as large
as 435 MHz.

Set-up and measurement techniques
Figure la shows a scanning electron micrograph of the device,
which comprises five gates beneath a Ge/Si core/shell nanowire~°.
A depletion-mode few-hole double quantum dot was formed
inside the nanowire by positively biasing the five bottom gates.
Throughout this work, we performed measurements of electronic
transport through the double quantum dot, using the source and
drain contacts indicated in Fig. 1a (for more details about the device
and measurement set-up, see Methods). We operated the device at
a transition that exhibited Pauli spin blockade*®, which we used for
spin readout in the transport measurements.

In our set-up, gates L and LP were connected via bias tees to
high-frequency lines, as indicated in Fig. 1a, which allowed us to
apply square voltage pulses and microwave bursts to these gates.
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Fig. 1| Experimental set-up and EDSR. a, Scanning electron micrograph
of a cofabricated device showing the source (S) and drain (D) contacts
and gates. Scale bar, 100 nm. Inset: illustration of the pulse scheme. The
points R, | and M indicate the locations of the readout, initialization and
manipulation stages, respectively, of the pulsing scheme (see b). The
depth of the square pulse is AV,. b, Measurement of a set of bias triangles
taken with a source-drain voltage (Vsp) of —6 mV showing Pauli spin
blockade, which is partially lifted at the finite magnetic field B,=—-182mT.
c,d, Spin-blockade leakage current, which shows EDSR as a function of fy
and magnetic field magnitude in the x (¢) and y (d) directions. Horizontal
bands of decreased intensity are due to microwave resonances in the
high-frequency circuitry. For detailed measurement parameters and
description of the data analysis, see Methods.

The measurements were performed with a two-stage pulse scheme
(Fig. 1a, inset). First, the system was initialized at point I (Fig. 1b)
in a spin-blockaded triplet state. Then, with a square pulse of depth
AV, it was pulsed into Coulomb blockade to point M, where a
microwave burst of duration #,,,, was applied. Finally, back at the
readout point R, a current signal was measured if the spins were in
a singlet configuration after manipulation.

Figures 1c,d show typical EDSR measurements, in which the
microwave frequency (fy,) was swept versus the applied magnetic
field B,,, along the x and y axes, respectively. On resonance, the spin
was rotated, which lifted the spin blockade and led to an increased
current. From Fig. 1c,d, we extracted g,=1.06 and g,=1.02, for the
g-factor with B, oriented along the x or y axis, respectively. With
B, aligned along the z direction, no EDSR signal could be observed,
as discussed later.

Coherent manipulation and two-axis control

To demonstrate coherent control, we varied the pulse duration
and observed Rabi oscillations in the form of a typical chevron pat-
tern (Fig. 2a). Figure 2b shows the dependence on the microwave
power (Py,). From line cuts, we extracted the Rabi frequency fy.,;
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(Methods), which is shown in Fig. 2¢ as a function of the microwave
amplitude (Ay,,). The data at low amplitudes are in good agree-
ment with a linear fit (black dashed line in Fig. 2¢), as expected
theoretically. The saturation behaviour at higher amplitudes prob-
ably originated from a smaller effective displacement due to anhar-
monicity”** in the dot confinement for the particular gate voltage
configuration used here, leading to a sublinear dependence on the
amplitude A, of the microwave driving field. Additionally, the
strong and tunable SOI in our system could potentially lead to such
non-linearities.

In the presence of SOI, the oscillating electric field on gate Vi,
due to the microwaves gives rise to an oscillating effective magnetic
field B,(t), with magnitude®:

Lyot €E o
Beff(t) = 2Bex'r%MALb)dt (1)

where e is the elementary charge, Eyw (¢) the a.c. electric field in the
dot generated by the microwaves, I, the dot length, Ao, o< Iz m}
with m, the effective hole mass, the orbital level splitting, and I,
which we define here as setting the distance a hole has to travel
along the nanowire to have its spin flipped due to SOI. This effec-
tive field B, drives the Rabi oscillations, with Rabi frequency
frabi = &1 MeBerr (t)/2h, with g, the g-factor along the direction of
B, and thus perpendicular to B, and h Plancks constant. From
equation (1), we see that B scales linearly with Bey,. We measured
the Rabi frequency for different By and plotted the result (Fig. 2d).
Despite the relatively large error bars at higher fields due to the
inaccuracy of the frequency-dependent microwave power calibra-
tion (Supplementary Section 1), the measurement agrees well with
a linear dependence of the Rabi frequency on Bey, as expected for
SOI-mediated EDSR**.

Next, to characterize the free induction decay, we applied a
Ramsey pulse sequence, as depicted in Fig. 2e. A fit to a Gaussian
decay yielded the dephasing time T3 = 11 + 1ns. This value is one
order of magnitude smaller than that in comparable hole spin qubit
systems'>*>**. This may be attributed to low-frequency noise, which
could, for instance, be due to gate voltage fluctuations, frequency
jitter of the microwave source, charge fluctuators or residual nuclear
spin noise. Nevertheless, we could mitigate this to a large extent
using a Hahn echo sequence to prolong coherence by a factor of
~25, thus demonstrating an efficient decoupling of the qubit from
low-frequency noise. In our measurements, we found no clear indi-
cation of decay due to spin relaxation. Indeed, previous experimen-
tal** and theoretical'® works found spin relaxation times in Ge/Si
nanowires to be in the milliseconds to seconds regime, much longer
than can be probed using our pulsing and read-out scheme.

Finally, we used a modified Hahn echo pulse sequence to dem-
onstrate two-axis control. We employed either a &, or a &, pulse and
varied the phase of the second /2 pulse (see schematics in Fig. 2e).
This resulted in two sets of Ramsey fringes, as shown in Fig. 2f,
which are phase-shifted by n. These measurements demonstrate
universal, two-axis control of the hole spin qubit.

Spin-orbit switch functionality
The measurements of Fig. 2 establish Ge/Si nanowires as a platform
for hole spin qubits. The particular direct Rashba SOI'”* provides a
unique way to electrically control the qubit via the SOI strength and
qubit Zeeman energy'®". This tunability can be exploited to opti-
mize qubit relaxation and dephasing times, as well as the selective
coupling of the qubit to EDSR drive fields or microwave resona-
tors'”*"*2, Here we demonstrated this distinct gate tunability of hole
spin qubits in Ge/Si core/shell nanowires by investigating electrical
control over the g-factor, Rabi frequency and coherence time.

The gate voltages not only provided the electrostatic confine-
ment, but also constitute a static electric field on the order of tens of
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Fig. 2 | Coherent qubit control. a, Measurement of the current as a function of microwave burst duration and magnetic field (Py,,, =10 dBm). We observed
a Rabi frequency of 72 MHz. b, Power dependence of Rabi oscillations in the same configuration as in a (B,,,=181mT). ¢, Extracted Rabi frequency as a

function of Ay, from fits of the data in b (see Methods for details). The black

dashed line is a linear fit to the extracted Rabi frequencies. d, Rabi frequency

as a function of the magnitude of the external magnetic field. The black dashed line is a linear fit to the data over the whole range with zero offset. The

error bars correspond to the inaccuracy of the frequency-dependent power ca

libration (Supplementary Section 1). e, Decay of Ramsey fringes (blue

points) and Hahn echo (green points) as a function of the waiting time z,,, between the two n/2 pulses. Here Al is the difference in current between
Ramsey measurements with the second pulse having either ¢ =0 or ¢ =m. Insets: pulse sequences used for Ramsey fringes (bottom left) and Hahn echo
(top right). Black dotted lines are fits of the data to an exponential decay, from which we infer the decay time constants T2 and T—E'ah”, for the Ramsey
fringes and Hahn echo, respectively. f, Demonstration of two-axis qubit control by applying a Hahn echo sequence with two orthogonal & pulses.

The amplitudes of the fringes of the two datasets differ due to an offset in the

volts per micrometre inside the quantum dots, which has a notable
effect on the strength of the SOI'”*. Figure 3a shows examples of
Rabi oscillations for four different gate voltages V). Here, fi;y and
P, are kept fixed, while By is adjusted to compensate for changes
in the g;, the g-factor along B,,,, keeping the qubit on resonance with
the microwave drive. As shown in Fig. 3b, we found that the Rabi
frequency depended strongly on Vy;, and a gate voltage change of
30mV resulted in a sevenfold increase of the Rabi frequency.

For SOI-mediated spin rotations, the Rabi frequency is propor-
tional to the effective magnetic field given by equation (1) and the
g-factor g,. Therefore, the Rabi frequency depends on [, the a.c.
electric field amplitude Enw (t) created through the periodic gate
voltage modulation, B,,,, the quantum dot confinement A_; and the
g-factor. Despite an observed change of g, with Vy (refs. '**) by a
factor of 1.5 (Fig. 3¢), the effect on the Rabi frequency was small: ata
constant Zeeman energy, we can write fg.,; & fuw £./g;- Hence, if the
g-factor anisotropy g,/g; is only weakly affected by gate voltages, as
observed here (Supplementary Fig. 3d,e), then the Rabi frequency
change is correspondingly small.

We carefully analysed each of the contributions to the change of
the Rabi frequency (Supplementary Section 2.2). In particular, we
found that the orbital level splitting A, showed only a weak depen-
dence on gate voltage V,, and that the electric field amplitude E,,
stayed roughly constant. These effects are not sufficient to explain
the large change in f;,.; and therefore the large change must mostly be
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calibration of the nt/2 pulse duration between the two measurements.

attributed to a gate tunability of .. Using equation (1), we extracted
upper bounds of I, (Supplementary Section 2.2.1). We found
remarkably short values of [, that were tuned from 28 nm down to
3nm. Here we assumed a heavy-hole effective mass, as suggested
by independent transport measurements at high magnetic field*.
Such a strong SOI has been predicted for the direct Rashba SOI'"*.
This range of I, overlaps with values found in antilocalization and
spin-blockade experiments*. Finally, although the direct Rashba SOI
term is predicted to be very strong in this system, additional weaker
SOI terms may also be present, but cannot be distinguished here.

Besides the Rabi frequency, the coherence was also strongly
affected by V), as shown in Fig. 3d. We plotted the characteristic
driven decay time T (Fig. 3d), and found that it scaled roughly
inversely with f,; and g;: a short decay time coincides with a high
Rabi frequency, and vice versa. Together with the tunability of the
Rabi frequency, this control over the qubit coherence time allowed
us to define (Fig. 3b,d, insets) a fast qubit manipulation point (con-
trol) and a qubit idling point that featured a considerably improved
coherence (idle). This demonstrates the functionality of a spin-orbit
switch, although here with modest on/off ratios for the switching of
fras and TR between the control and idle points.

Moreover, the variation of g, in Fig. 3c effectively adds a third
mode of operation to the spin-orbit switch, in which individual
qubits can be selectively tuned, for instance, in and out of resonance
with a microwave cavity, which enables a switch for qubit-resonator
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Fig. 3 | Electrical tunability of qubit parameters. a, Rabi oscillations for four different gate voltage values V,,. b-d, Rabi frequency (b), g-factor (f,,w=3.4 GHz)
() and TZRatﬂ (d) as a function of the gate voltage V,,, as extracted from fits to line cuts, such as those shown in a. Error bars correspond to the standard
deviations that result from the fitting. Insets (b,d): possible idling and control points. These points define a spin-orbit switch with on/off ratios of 7.1 and 8.3
for fgay and TzRab", respectively. Note that the measurement that corresponds to the point at V,,=1,425mV (light grey) suffers from a low signal-to-noise
ratio, due to a reduced interdot tunnel coupling, which results in a large uncertainty in the analysis of the data at this point.

coupling**?. Finally, we found that the pulse depth AV}, can also be
used to tune fy,,; and g; (Supplementary Section 2.1), which indi-
cates that dynamically pulsing these quantities is feasible.

Ultrafast Rabi oscillations
In a next step, we used the electrical tunability to optimize the gate
voltages for a high Rabi frequency and furthermore increased the
applied Py, In Fig. 4, we show a measurement of ultrafast Rabi
oscillations, in which the maximum Rabi frequency reaches a value
of ~435 MHz (Fig. 4b), which allows for spin-flip times of the qubit
as short as 1.15ns. As can be seen in Fig. 4c, the Rabi frequency
scales linearly with applied A, in this regime of ultrafast qubit
operation and shows no signs of saturation for the gate configura-
tion used here, in contrast to that in Fig. 2b. This indicates that even
higher Rabi frequencies may be possible through the application of
a higher P,;,,. Note that pulse imperfections play a larger role for a
shorter pulse duration and higher amplitudes, which probably par-
tially explains the decrease in TR with increasing A,y

Notably, the observed Rabi frequencies of over 400 MHz are
roughly one-eighth of the Larmor precession frequency of 3.4 GHz.
The system thus approaches the strong driving regime in which
the rotating wave approximation is not applicable anymore, which
opens the possibility for ultrafast, non-sinusoidal spin flipping'**’
that has not been realized before with conventional spin qubits. We
note that in our experiment, the effects of strong driving*” could
contribute to the reduced visibility of Rabi oscillations at the high
Rabi frequencies shown in Fig. 4.

Conclusions

We have demonstrated ultrafast two-axis control via EDSR of a
hole spin qubit in a Ge/Si core/shell nanowire. Our measurements
firmly demonstrate the feasibility of single-spin qubit operations
on nanosecond timescales. Ideally, such fast operations would be
combined with long qubit coherence times. We observed a relatively
short inhomogeneous dephasing time, which is probably related to
technical pulsing challenges at such short timescales. This may be
resolved with improved instrument control. Also, we measured a
much larger spin echo decay time, which indicates the presence
of low-frequency noise that affects our qubit. Finally, the use of a
charge sensor will allow us to decouple the quantum dots from the
neighbouring Fermi reservoirs, which could lead to a substantial
further enhancement of the coherence time.

a b
10 -
=10 - | |
@ 10 15 20
£
B tburs( (ns)

3

C

400 -

200 - R3are)

Faapi (MHZ)
%Q%

30
Pyw (dBm)

33 0 4 8
Agw (@.u.)

Fig. 4 | Ultrafast coherent control. a, Power dependence of ultrafast Rabi
oscillations (fyw=3.4 GHz, B,=206mT). b, Line cut of data shown ina at
a Py of 34 dBm (frsi =435 +5MHz). The data are fitted (blue solid curve)
as in Fig. 2, after subtraction of a linear background. ¢, Rabi frequency as a
function of Ay, extracted from fits to line cuts in a. The dashed black line
is a linear fit to the data. a.u., arbitrary units.

We have demonstrated a sevenfold increase of the Rabi frequency
for a relatively small change in gate voltage. Similarly, we found that
the driven decay time of our qubit can be tuned by the same gate
voltage, which demonstrates the working principle of a spin-orbit
switch. Thus far, the spin-orbit switch is limited to moderate on/
off ratios of fy,,; and TX®'. However, improved devices with gates
designed for precise engineering of the electric field profile could,
in future experiments, lead to a higher level of control over the
SOI, and result in higher on/off ratios as suggested by theoretical
work". Our measurements indicate the presence of an exceptionally
strong SOI in Ge/Si core/shell nanowires, in qualitative agreement
with predictions of a direct Rashba SOI'*’. A more quantitative
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comparison with theory, as well as improved gate switching,
requires precise engineering of the electric field and single-hole dot
occupation, both of which can be achieved through optimization of
the gate design.

The high tunability of the qubit demonstrates the suitability
of the platform for the implementation of a qubit with switchable
interaction strengths. The effect of the gate voltages and the pulse
depth on the qubit resonance frequency and the Rabi frequency
have the potential to dynamically pulse the characteristic qubit
parameters and interaction strengths from a qubit manipulation to
an idling point. Furthermore, the spin-orbit switch could allow tun-
ing to ‘sweet spots’ of operation, where the SOI strength is to first
order insensitive to charge noise, leading to enhancement of qubit
coherence”. Finally, the strong SOI holds potential to realize fast
entangling operations between distant spin qubits, mediated by a
microwave resonator'®?>* 4>,
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Methods

Device fabrication. The device featured a set of five gates with a width of 20nm and a
pitch of 50 nm defined by electron beam lithography on a p**-doped Si chip covered
with 290 nm of thermal oxide. The gates were covered by a 20-nm-thick layer of ALO,
grown by atomic layer deposition to electrically insulate them from the nanowire.

A single Ge/Si core/shell nanowire with a core radius of about 10nm and a shell
thickness of 2.5nm (ref. **) was placed deterministically across the set of gates using

a micromanipulator. The nanowire was roughly aligned with the coordinate system
in Fig. 1b, but the exact angle in the x-z plane is unknown. Finally, ohmic contacts
were fabricated by electron beam lithography and metallized with Ti/Pd following

a short dip in hydrofluoric acid to remove the native oxide. The scanning electron
micrograph shown in Fig. 1a is from a similarly fabricated device as described here.

Experimental set-up. The sample was wire bonded to a printed-circuit board that
provided d.c. wiring and radiofrequency lines, coupled via bias tees. The circuit board
was mounted in a Bluefors dilution refrigerator with a base temperature around
10mK, at which temperature all the measurements were taken. Each high-frequency
line included attenuators with combined values of ~30 dB. A Basel Precision
Instruments LNHR DAC was used to supply the d.c. voltages, and a Basel Precision
Instruments LNHS I/V converter was used for the readout of the qubit in transport.
A Tektronix 7122C or AWG5208 arbitrary waveform generator was used to
generate the square voltage pulses applied to gate V. To drive the qubit, either an
analogue Keysight E8257D signal generator or an E8267D vector signal generator
supplied the microwave tone. For measurements at high Py, an RF-Lambda
model RFQ132070 amplifier was used. Two different configurations of the set-up
were used for the microwave burst generation. For the measurements shown in
Figs. 1c,d, 2d, 3 and 4, the amplitude of the microwaves was modulated by means
of an RF switch (ZASWA-2-50DRA+; MiniCircuits), triggered by the arbitrary
waveform generator. The RF switch has a minimum pulse width of 10 ns. For
the measurements shown in Figs. 1b and 2a-c,e,f, the microwave bursts were
generated by IQ modulation of the vector signal generator’s microwave tone. Here,
the minimum pulse width was 6 ns. In either configuration, a lock-in amplifier
was used to chop the bursted microwaves at a frequency of 89.75Hz and the I/V
converter output was demodulated at this frequency. This allowed us to separate
the current signal due to the applied microwaves from the background.

Data analysis. Rabi frequencies were extracted from fits to

I(tpurst) = Io + Csin (znfRabithl’Sl + ¢) exp(—tburst/Tl;abi ) Here, I, is an

offset, C the amplitude, ¢ a phase shift and T2 the characteristic decay time.
Furthermore, we post-processed raw datasets in the following ways. The data in
Fig. 1c (1d) was offset by 10mT (20 mT) to compensate for the trapped magnetic
flux. Furthermore, the average value was subtracted from each column and row of
the raw data. Then, each row was divided by the average row value. Similarly, for
the data in Figs. 2b and 4a, the average value was subtracted from each column
and row of the raw data. In Fig. 4a, the data for microwave burst times below the
minimum pulse width achievable by our electronics are omitted.

Measurement details. In the following we list the relevant parameters that were
used for the various measurements. For the measurements in Fig. 1¢,d, a fixed
pulse amplitude AV,=0.55V and a burst duration t,,,,=15ns were used. In
Fig. 2a—¢, B,,, was oriented along the -y axis. For Fig. 2d, f,,y =3.4 GHz was used
and B,,, was oriented in the x—y plane, at an angle of 40° to the y axis. In Fig. 2e,
the duration of the m pulse was ¢, =13 ns, P, =3dBm, f,;,y =2.6 GHz, and
Bexe = 181 mT along the —x axis. For Fig. 2f, we used Py, =14dBm, fi;,,=3.4GHz
and Bey = 292mT, along the same direction as used for Fig. 2d. Finally, for the
measurements of Fig. 3, we used Py, =25dBm and the orientation of By was the
same as that in Fig. 2d.

For completeness, we also mention the other gate voltages used for the
measurements in Fig. 3: V; =3,710mV and V;=1,495mV; V}, and V};, depend on
V,» but are similar to the values used for Fig. 1b.

Data availability
The data supporting the plots of this paper are available at the Zenodo repository at
https://doi.org/10.5281/zenodo.4290131.
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