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QUANTUM COMPUTING High-fidelity single-qubit operations

Operating semiconductor quantum processors

with hopping spins

Chien-An Wang', Valentin John', Hanifa Tidjani', Cécile X. Yu', Alexander S. Ivlev}, Corentin Déprez’,
Floor van Riggelen-Doelman, Benjamin D. Woods?, Nico W. Hendrickx!, William I. L. Lawrie!,

Lucas E. A. Stehouwer’, Stefan D. Oosterhout®, Amir Sammak®, Mark Friesen?, Giordano Scappuccil,
Sander L. de Snoo?, Maximilian Rimbach-Russ’, Francesco Borsoi*t, Menno Veldhorst'*+

Qubits that can be efficiently controlled are essential for the development of scalable quantum
hardware. Although resonant control is used to execute high-fidelity quantum gates, the scalability is
challenged by the integration of high-frequency oscillating signals, qubit cross-talk, and heating.
Here, we show that by engineering the hopping of spins between quantum dots with a site-dependent
spin quantization axis, quantum control can be established with discrete signals. We demonstrate
hopping-based quantum logic and obtain single-qubit gate fidelities of 99.97%, coherent shuttling
fidelities of 99.992% per hop, and a two-qubit gate fidelity of 99.3%, corresponding to error

rates that have been predicted to allow for quantum error correction. We also show that hopping
spins constitute a tuning method by statistically mapping the coherence of a 10-quantum dot
system. Our results show that dense quantum dot arrays with sparse occupation could be

developed for efficient and high-connectivity qubit registers.

oss and DiVincenzo proposed hopping

of electrons between two quantum dots

as an efficient method for coherent spin

control (I). By applying discrete pulses to

the quantum dot gates, a single spin can
be transferred between qubit sites with differ-
ently oriented spin quantization axes, thereby
enabling two-axis control of the qubit. Univer-
sal quantum logic is then achieved through a
tunable exchange interaction between spins
residing in different quantum dots. That work
initiated the field of semiconductor spin qubits
and inspired more than two decades of exten-
sive research, but a successful implementation
of Loss and DiVincenzo’s initial proposal has
remained elusive because of experimental chal-
lenges (2).

Alternative methods for coherent single-spin
control have emerged, including electron spin
resonance (3, 4) and electric dipole spin reso-
nance using either micromagnets (5, 6) or spin-
orbit interaction (7-10) to enable a coupling
between the electric field and the spin degree
of freedom. However, all of these methods rely
on resonant Rabi driving and require high-
power, high-frequency analog control signals
that already limit qubit performance in small
quantum processors (11-13). The development
of local, efficient, low-power control mecha-
nisms of semiconductor spins is now a key
driver (14-16). To this end, qubits encoded in
multiple spins and in multiple quantum dots,
such as singlet-triplet, hybrid, and exchange-
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only qubits, have been investigated as possible
platforms (2). Although these qubit encodings
have enabled digital single-qubit control, they
also come with new challenges in coherence,
control, and creation of quantum links. For
example, the exchange-only qubits are suscep-
tible to leakage outside of their computational
subspace and require four exchange pulses
to execute an arbitrary single-qubit gate and
>12 exchange pulses for a single two-qubit
gate (17-19).

Here, we demonstrate that single-spin qubits
can be operated using baseband control sig-
nals, as envisaged in the original proposal for
quantum computation with quantum dots (7).
We used hole spins in germanium quantum
dots, in which the strong spin-orbit interac-
tion gives rise to an anisotropic g-tensor that is
strongly dependent on the electrostatic and
strain environment (20). We harnessed the re-
sulting differences in the spin quantization
axis between quantum dots (21, 22) to achieve
high-fidelity single-qubit control using discrete
pulses by shuttling the spin between quantum
dot sites. A key advantage in such a hopping-
based operation is that the spin rotation fre-
quency is given by the Larmor precession. The
latter remains sizeable even at small magnetic
fields where quantum coherence is substan-
tially improved (23, 24). This enabled us to
perform universal quantum control with error
rates exceeding the thresholds predicted for
practical quantum error correction (25) while
also operating with low-frequency baseband
signals. We then exploited the differences in
quantization axes to map the spin dephasing
times and g-factor distributions of an extended
10-quantum dot array, thereby efficiently ga-
thering statistics on relevant metrics in large
spin qubit systems.

and long qubit coherence times at low
magnetic field

A large difference in the orientation of the spin
quantization axes between quantum dots is
essential for hopping-based qubit operations.
Holes in planar germanium heterostructures
manifest a pronounced anisotropic g-tensor,
with an out-of-plane g-factor, g, that can be
two orders of magnitude larger than the in-
plane component, g, (20, 24, 26, 27). Conse-
quently, a small tilt of the applied magnetic
field from the in-plane g-tensor will lead to a
strong reorientation of the spin quantization
axis in the out-of-plane direction. Subsequent-
ly, when an in-plane magnetic field is applied,
the orientation of the spin quantization axis
is highly sensitive to the local g-tensor, and
thus to confinement, strain, and electric fields,
thus becoming a site-dependent property
(21, 24, 28, 29). Here, we exploited this aspect
to establish hopping-based quantum opera-
tions in two different devices: a four-quantum
dot array (30) arranged in a 2 x 2 configu-
ration and a 10-quantum dot system arranged
in a 3-4-3 configuration.

We populated the four-quantum dot array
with quantum dots Dm with m € [(1, 4)] with
two hole spins, Q4 and Qg, which can be shut-
tled between quantum dots by electrical pulses
on the gate electrodes (Fig. 1A). A magnetic
field up to 40 mT was applied to split the spin
states and positioned in-plane up to sample-
alignment accuracy [see the materials and
methods (31)]. The relatively small magnetic
fields ensured that the maximum qubit fre-
quency (140 MHz) and its corresponding pre-
cession period (7 ns) were within the bandwidth
of the arbitrary waveform generators used.
In combination with engineered voltage pulses
with subnanosecond resolution (21) [(31), sec-
tion 1], we were able to shuttle a spin qubit
to an empty quantum dot and thereby ac-
curately change the qubit precession direction
several times within one precession period.
Altogether, this enables efficient single-qubit
control through discrete voltage pulses (Fig. 1B).

The net effect of a multiple-shuttle protocol
is a rotation R(7,0) of the spin state around
an axis 72 and with an angle 6. To implement a
specific rotation such as the quantum gate X,
the number of required shuttling steps depends
on the angle between the two quantization
axes. Because of the large angle between the
axes of D1 and D4, 6,4 > 90°/4 = 22.5° a pulse
consisting of four shuttling steps is sufficient
to realize a precise quantum gate X; /o o [(31),
sections 2 and 3]. As outlined on the top
right panel of Fig. 1C, such a four-shuttle
pulse moves the spin between D1 and D4 four
times with waiting periods ¢; and t,, respec-
tively. By measuring the spin-flip probability
of Qa, Pa4, after two consecutive rotations
R(#,0)%, we could determine the values of ¢;
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Fig. 1. High-fidelity hopping-based single-qubit operations and long qubit
coherence times at low magnetic field. (A) Left: scanning electron microscopy
image of the 2 x 2 quantum dot array device (30), including gate-defined charge
sensors at two corners. Scale bar, 100 nm. Right: schematic of the two spin
qubits, Qa and Qg. The black dashed lines mark the relative quantization axis
direction in the quantum dot pair D1-D4 (D2-D3), with the angle 614 (83).

(B) Example of a baseband pulse £14(t) used to manipulate qubit Qa by shuttling
the spin back and forth between quantum dots D1 and D4 and allowing the spin
to precess in the individual quantum dots for the time t4 and t;. (C) Tune-up
procedure of a four-shuttle pulse for the X, gate of Qa at 20 mT. Top: pulse
sequence of the experiment. Bottom left: measured spin-up probability Paq(t1.ts).

Bottom right: simulation results. The red markers identify the timings for
implementing an X2 gate and correspond to the maximal spin-up probability.
The markers are periodic in t; and t4, but for clarity we only plot a few of them.
(D) Calibrated pulse for X, gate with unequal wait time t, and t,. (E) Free
induction decay obtained from Ramsey experiments at 25 mT. (F) Coherence times
7% To and T,.OME512 of hoth qubits at 25 mT. (G) T,* as a function of magnetic
field. The data points are fitted with an effective model including electric noise

and nuclear noise [(3I), section 5]. (H) Spin-up probability after applying a varying
number of X/, gates on each qubit. (I) Example of a pulse sequence in Qa
single-qubit randomized benchmarking and the measurement results of both qubits.
The uncertainties are obtained from bootstrapping with 95% confidence intervals.

and £, where Py; is maximal, which occurs
when R(#,0) = X;/o .

Although this method allows calibration of
the pulse timing to compose an X, 5 gate, it is
not necessarily the optimal trajectory. Differ-
ent choices of (¢,t,) are possible (Fig. 1C), in-
cluding a composition of four-shuttle pulses
with different waiting times in D4. The latter
implementation allows for the construction
of gates with a rotation angle 6 less sensitive to
Larmor frequency fluctuations in D4. We con-
structed such a gate by fitting the data in Fig.
1C to an effective model and determined the
quantization axes angle 6, between the quan-
tum dots D1 and D4, the individual Larmor
frequencies, and the effective precession time
during the ramp. Through simulation of the
qubit dynamics, we designed a more noise-
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resilient X;/» o gate based on four shuttling
steps with unequal wait times ¢, and ¢, in D4
(Fig. 1D). Following the same approach, we
designed an X/, g gate for Qg that only re-
quires a two-shuttle protocol because the angle
of the difference in quantization axes of D2 and
D3, 0,3, is very close to 45° [(31), section 3].
We further calibrated the pulse timing using
repetition sequences, as shown in Fig. 1H, and
in AlIXY sequences (32) [(3I), section 3]. The
Y,/» gate in the AIIXY sequences was realized
by Yrjo = ZnjoXr/oZsno, and the Z; /o gate was
implemented by idling the qubit for the time
defined by its precession in the lab frame. The
calibrated X, gates had a total gate time of 98
(35) ns for QA(Qg), corresponding to effective
qubit rotation frequencies of 2.6 (7.1) MHz,
considerable compared with the Larmor fre-

26 July 2024

quencies fag) = 42.6 (89.5) MHz at the in-plane
magnetic field of 25 mT.

The high ratio between qubit rotation and
Larmor frequency results in low power dissi-
pation, which is a critical aspect for scaling
up quantum processors (33). To compare the
power consumption of the hopping-based
single-qubit control with the electric dipole
spin resonance technique, we defined the re-
quired number of voltage oscillations to flip
a qubit, Neyces, and the derived energy effi-
ciency, 1 = 1/Neyees, Which we found largely
determines the power dissipation under
the assumption that dielectric losses are dom-
inant over other dissipation mechanisms
[(31), section 4]. For our system, we estimate
an efficiency of n = 25(50)% for Q,(Qg). By
comparison, previous demonstrations of
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Fig. 2. High-fidelity two-qubit gate in germanium. (A) Schematics of two-
qubit initialization, manipulation, and individual readout. Q4Qg was initialized by
relaxing to the singlet ground state in D2 and then adiabatically moving one
spin to D1. Quantum circuits consisting of single-qubit gates (spin hoppings) and
two-qubit gates [exchange pulse J(t)] were performed. The final quantum state was
read out by preparing ancillary spins and then performing two PSB readouts. In
each readout, the chemical potentials of the quantum dots were pulsed such that
the spin can either move to the neighboring dot (indicated by arrows) or stay in the
original dot (indicated by arrows with x markers), with probabilities depending on
the spin state Qas). (B) Two-dimensional histograms of the sensor signals
formed by 500 single-shot measurements for four different two-qubit states
prepared by applying X2 as) gates. (C) Exchange coupling as a function of

virtual barrier gate vB,, measured by Ramsey (Hahn echo) experiments in the
large (small) coupling regime. The idle position corresponds to the barrier
voltage where single qubit gates were performed, but at slightly different plunger
gate voltage. The empirical formula for mapping vBy, and J is detailed in (31),
section 12. The bending on the left side of the plot results from the energy level
anticrossing when J ~ fa. (D) The voltage pulse of the CZ gate was shaped to
have exchange J(t) in the form of a Hamming window, as illustrated on the
bottom left. The CZ gate calibration circuit for single-qubit phases is on the top,
with the measurement outcome plotted on the bottom right. The target qubit
(Qa) phase depends on the control qubit Qg being in the state | in blue (1 in
purple). The red dashed line marks the required single-qubit phase of Q4 for the
CZ gate. (E) Gate sequence and measurement result of two-qubit interleaved RB.

high-fidelity universal qubit logic in sili-
con exhibited n in the range of 0.04 to 0.07%
(11, 12, 15). Moreover, despite applying size-
able amplitudes to move the spins between
localized orbitals of adjacent quantum dots,
we still obtained a factor of 20 reduction in
power dissipation with respect to the electric
dipole spin resonance technique [(31), section
4]. Engineering lower required pulse ampli-
tudes and increasing the orthogonality of the
spin quantization axes will enable a further
reduction of the dissipated power. Further-
more, the hopping-based approach can sim-
plify the signal delivery and required control
electronics and thus alleviate the detrimen-
tal heating effects.

Having established universal single-qubit
control, we used the set of gates {X;/5,Y;/»} to
investigate the qubit coherence times at low
magnetic fields. By using a Ramsey sequence
(Fig. 1E), we obtained a dephasing time 75,*
of 7.0 (4.5) us at 25 mT for QA(Qg), an order
of magnitude larger than that measured at 1T
in the same sample (23, 30). We were able to

Wang et al., Science 385, 447-452 (2024)

further extend the coherence times using Hahn
and Carr-Purcell-Meiboom-Gill (CMPG) tech-
niques, obtaining 75" = 32(24) us and 7, TMEo12 =
1.9(1.7) ms, respectively (Fig. 1F). The depen-
dence of the dephasing times as a function of
magnetic field (Fig. 1G) indicates that charge
noise remains the main cause for decoher-
ence for magnetic fields as low as 5 mT [(31),
section 5].

‘We characterized the single-qubit gate fidel-
ity using randomized benchmarking (RB) and
gate set tomography (GST) (34-36) [(31), sec-
tions 6 and 7]. The results of RB with average
Clifford fidelity (Fig. 1I) set the lower bounds
of the X,,, average gate fidelity at Fx,, a2
99.967(4)% and FXK/2 8= 99.960(6)%, consistent
with the error modeling [(31), section 8]. Using
GST, we benchmarked the X/, and Y7, gates,
obtaining an average gate fidelity >99.9%.
From the GST analysis, we infer that dephas-
ing is the dominant contribution to the aver-
age gate infidelity. Taking into account the
multiple shuttling steps to execute a single

gate, we estimate a coherent shuttling fidelity

26 July 2024

per hop as high as Fy,ye =
tion 9].

99.992% [(31), sec-

High-fidelity two-qubit exchange gate

We now focus on assessing the single-qubit
and two-qubit gate performance in the two-
qubit space. We implemented a two-qubit
state preparation and measurement (SPAM)
protocol (Fig. 2, A and B). For the state pre-
paration, we adiabatically converted the two-
spin singlet in D2 to the triplet Q,Qg = | |. For
the state measurement, we performed sequen-
tial Pauli spin blockade (PSB) readouts on Q,
and Qg by loading ancillary spins from the
reservoir and adiabatic conversion to the state
1| in quantum dots D3 and D4. The difference
in the effective g-factor between the quantum
dots D1 and D2 allows for the construction of a
controlled-Z (CZ) gate even at low magnetic
fields. We did so by pulsing the virtual barrier
gate voltage vBj,, which controls the exchange
coupling J between Q4 and Qg from 10 kHz to
40 MHz (Fig. 2C) [(31), sections 10 and 11].
Because the maximum exchange coupling
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Fig. 3. Hopping spins to benchmark large and high-connectivity quantum
dot architectures. (A) Our vision of a semiconductor quantum computing
architecture comprising hopping Loss-DiVincenzo (LD) spin qubits (black
arrows), readout units (eyes), and empty quantum dot sites for shuttling
operations. (B) Layout of the 10-quantum dot array, with gate-defined charge
sensors labeled in analogy to the four cardinal points (NS, ES, WS, and SS).
(C) Control sequence used to characterize the array. A spin originally in D4 was
shuttled across the whole array, allowed to evolve at a certain quantum dot, and read

strength is non-negligible compared with the
Zeeman energy difference AE, and the qubit
frequency f,, pulse shaping is essential to miti-
gate coherent errors (12, 37). We implemented
exchange pulses with a Hamming window and
performed the CZ gate calibration (Fig. 2D)
[(31), section 12].

We now advance to benchmarking a two-
qubit gate in germanium by executing two-
qubit randomized benchmarking [see (31),
section 6, for further details, and section 7 for
two-qubit GST]. Individual Clifford gates were
implemented by sequentially a })lying one or
more of the gates CZ, X:/(QB), Z:/ZB ,and I. From
the fit of the decay constants of the reference
and interleaved sequence in Fig. 2E, we deter-
mined the average Clifford gate fidelity as

Wang et al., Science 385, 447-452 (2024)
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O.OOO.O

1.70 029 1.49

Faiitforaz = 98.60(6)% and the average CZ gate
fidelity as Fo, = 99.33(10)%, consistent with
the results of error modeling [(31), section 13].
For the single-qubit gate performance in the
two-qubit space, we estimate the lower bound
of fidelity, averaged between both qubits, as
3 (Fx,,a +Fx,,8)> 99.90(5)%. We believe
that these high fidelities result from the high
driving efficiency and relatively long 7,* at
low magnetic field.

Hopping spins to benchmark large and
high-connectivity quantum dot architectures

The presented sparse occupation of a quan-
tum dot array allows the construction of high-
fidelity hopping-based quantum logic, but it
may also facilitate the implementation of quan-

T T T T T
600 800 1400

1000 1200 1600
toe (ns)
1700 0.10
n
0 _0_0O s
850 = O @ @ O [toosg
K ON MO 5
0 0.00

out. (D) Qubit rotations induced by the difference in quantization axes as a function
of idling time in quantum dot D6 and magnetic field. (E) D6 Larmor frequency,
extracted from the Fourier analysis of (D) versus magnetic field. Linear fit yields an
estimated g-factor of 0.062. Inset shows the shuttling trajectory of the spin qubit
from D4 to D6. (F) Extended time evolution in D6 at B = 41.4 mT, yielding a qubit
frequency of 34.51 MHz and a dephasing time of T,* = 1.12 us. The experimental
trace was fitted (dashed lines) as described in (31), section 17. (G and H) Table and
visualization of the extracted parameters g-factors and T, respectively.

tum circuits with high connectivity. Although
two-dimensional quantum circuits with nearest-
neighbor connectivity can already tolerate high
error rates (25, 38, 39), an increased connec-
tivity may substantially lower the physical qubit
overhead and lower the logical qubit error rate
(40). We therefore envision a qubit architec-
ture with sparse occupation (Fig. 3A) to be a
potential platform. Here, qubits may be shuttled
to remote sites for distant two-qubit logic, and
single-qubit logic can be executed during this
trajectory.

As a first step toward such architectures,
we developed and characterized an extended
system comprising 10 quantum dots. The sys-
tem (Fig. 3B) consists of a multilayer gate
architecture with quantum dots, Dn with n €

4 0of 6
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[[1,101], and peripheral charge sensors, which
may be integrated within the array through
development of vertical interconnects such as
in (41). By exploiting dedicated (virtual) barrier
and plunger gate voltages, we prepared the quan-
tum dots D1 and D4 in the single-hole regime,
leaving the others empty [(3I), sections 14:and 15].

The hopping-based qubit gates were used
to rapidly characterize the different quantum
dot g-factors and coherence times. After ini-
tializing the associated qubit pair Q1,Q4 into
its 1| eigenstate, we diabatically shuttled the
Q4 spin to another quantum dot site, Dn. We
let it precess for a time #p,,, after which the spin
was shuttled back and read out. The misalign-
ment between the spin quantization axes gives
rise to spin rotations with the Larmor frequency
Jfon (2I). The resulting oscillations are shown
as a function of waiting time in D6, tpg, and
magnetic field (Fig. 3D). From the linear scaling
of the D6 Larmor frequency with the magnetic
field, we extracted an effective g-factor of 0.062
(Fig. 3E) and from the decay of the oscillations
a dephasing time of 75,* = 1.12 us (Fig. 3F).
Repeating this protocol to reach all the quan-
tum dots, we extracted the Larmor frequency
and dephasing time at each site, as displayed
in Fig. 3, G and H. For the case of Q1 (Q4), we
shuttled the spin to D5 (D8) back and forth
twice, interleaved by a varying precession time
in DI, ¢ (in D4, fq), which we explain in de-
tail in (31), section 16. Our experiments showed
an average 75" of 1.3 + 0.4 us at a magnetic
field of 41.4 mT [(3I), section 17], and we
attribute the fast dephasing of D9 (7,* =
290 ns) to charge noise originating from a fluc-
tuator nearby. Furthermore, we obtained an
average g-factor of 0.04 + 0.03. The observed
variability in this distribution is likely a result
of multiple factors: the heterogeneity inher-
ent in the shapes of the quantum dots (dot-to-
dot variability), the presence of strain gradients
in the quantum well arising from the gates
above or the SiGe strained relaxed buffer be-
low, and the impact of interface charges. The
average g-factor that we obtained was consid-
erably lower than what has been observed in
the literature (10, 24, 26, 30). We suggest that this
reduction is primarily due to two phenomena:
a precise in-plane magnetic field configuration
and an appreciable renormalization of the gyro-
magnetic ratio from the pure heavy-hole value
of ~0.18 (27, 28, 42). Such renormalization is
driven by substantial interband mixing between
the heavy-hole and the light-hole band, which we
attribute to asymmetries in the strain, as simu-
lated in (31), section 18. Furthermore, these sim-
ulations indicate that such a low average effective
g-factor only occurs when the misalignment of
the magnetic field is smaller than 0.1° with
respect to the plane of the g-tensors, emphasiz-
ing the importance of accurately controlling
the magnetic field orientation when operating
with germanium qubits.
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Conclusions

We have shown here that hopping spin qubits
between quantum dots with site-dependent
g-tensors allows for coherent shuttling with
fidelities up to 99.992% per hop, single-qubit
gate fidelities up to 99.97%, and two-qubit gate
fidelities up to 99.3%. This method allows for
efficient control with baseband pulses only
and fast execution of quantum gates even at
low magnetic fields where the coherence is
high. Using this approach for the control of
dense quantum dot arrays with sparse qubit
occupation can alleviate challenges in cross-
talk and heating while providing high connec-
tivity. Recent theoretical developments predict
that increased connectivity can substantially
improve logical qubit performance and reduce
the required overhead on physical qubits (40).
Sparse spin qubit arrays could be particularly
suited for error correction schemes requiring
either a larger number of nearest neighbors or
coupling beyond nearest neighbors. A substan-
tial challenge remains in addressing the qubit-
to-qubit variation. This was already highlighted
in the original work by Loss and DiVincenzo (7).
We envision that the characterization of larger
qubit arrays and statistical analysis will be-
come pivotal, with the presented 10-quantum
dot array already providing a first indication
that design considerations can determine rele-
vant qubit parameters. Site-dependent quantiza-
tion axes can be realized by g-tensor engineering
such as in elongated quantum dots (43), by
using nanomagnets, or by applying currents
through nanowires above the qubit plane (44).
The developed control methods for high tim-
ing accuracy can also advance exchange-only
qubits that are operated using baseband pulses
(19) and affect platforms such as superconduct-
ing qubits (45). We envision establishing high-
fidelity quantum operation through low-power
control in uniform and large-scale systems to
be a critical step in realizing fault-tolerant quan-
tum computing.
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