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Synthesized spin—orbit coupling (SSOC) is crucial for the operation of spin qubits in silicon quantum dot, as it address the challenge posed by the
inherently weak intrinsic spin—orbit coupling in silicon. Here, we investigate the anisotropic properties of single spin qubit in silicon metal-oxide-
semiconductor (Si-MOS) quantum dot and provide experimental evidence for the control of SSOC. Additionally, we experimentally demonstrate
that tuning the operating point away from the conventional configuration can enhance the quality factor of the spin qubit. These findings lay a
foundation for the realization of high-quality tunable spin—orbit qubits. © 2025 The Author(s). Published on behalf of The Japan Society of Applied

Physics by IOP Publishing Ltd

Supplementary material for this article is available online

mong the various quantum computing systems,

electron spins in semiconductor quantum dots pro-

vides an attractive platform for quantum information
processing.'™ Coherent control of electron spins can be
achieved through electron spin resonance by applying an
alternating magnetic field.” Alternatively, another commonly
employed method for controlling electron spins in silicon-
based systems involves the integration of a micromagnet to
provide a stray gradient field, which is a synthetic spin—orbit
coupling (SSOC), allowing for electrical manipulation known
as electric-dipole spin resonance.”® Recently, significant
advancements have been achieved in implementing quantum
error correction protocols, as demonstrated by single-qubit
gates with fidelities exceeding 99.9%°'” and two-qubit gates
achieving fidelities as high as 99%.''~'*

Different from the intrinsic spin—orbit coupling (ISOC) arising
from the underlying material or structural asymmetries, SSOC is
introduced by the magnetic field gradient of integrated micro-
magnet, which breaks time-reversal symmetry.'>'® However,
the presence of micromagnet near the quantum dots can also
expose the qubits to electric noise, leading to a rapid relaxation
and decoherence of the spin qubit.”"'"*" The different shapes of
micromagnet and their varying relative positions to quantum dots
can cause the qubits to experience different stray gradient fields
in various directions. For ISOC, previous studies have demon-
strated the impact of changing the magnetic field direction on
qubit properties,”> " primarily by altering the anisotropy of the
Dresselhaus term in the spin—orbit coupling to partially coun-
teract the effects of the Rashba term. In comparison, the effect of
SSOC in different magnetic field direction on the qubit proper-
ties, like qubit dephasing times (75", T5*™"), Rabi frequencies (f,,;;
) and the quality factor (such as Q™) is yet to be investigated.””

Here, we study the effects of SSOC fields generated by bar
micromagnet on the single-spin qubit properties. First, we

measured the Larmor frequency of a single qubit with
different magnetic field angles, revealing a sinusoidal trend
as a function of the external magnetic field angle. Second, we
measured the anisotropic of Rabi frequency, which shows a
significant non-sinusoidal modulation, in contrast to the
Larmor frequency.’” Finally, we compared Jrapi tO Tzrabi and
calculated Q™ = 2f, .. T3 which shows the quality factor
of the spin qubit is enhanced by tuning the magnetic field
angle away from the conventional configuration.

We fabricated a highly tunable Si-MOS double quantum
dot device incorporating multi-level aluminum gate-stacks on
an isotopically enriched *Si substrate, with a residual
concentration of 2°Si at 60 ppm.’'*® The device is located
in a dilution refrigerator operating at a base temperature of
approximately 20 mK and its layout is illustrated in Fig. 1(a).
Gates C1 and C2 provide a pathway for electrons to flow
between the reservoirs under gate S1 and gate S5. A single-
electron transistor (SET) is located beneath gate S3, while
gates S2 and S4 define the barriers of the SET. Gates C2 and
C3 define the lateral channel for electron tunneling, and the
reservoir (in orange) under gate RG supplies electrons to the
quantum dots. The quantum dots are formed under gates LP
and RP, with the gate MB designed to tune the tunnel
coupling between two quantum dots. The yellow bar in the
Fig. 1(a) represents a rectangular Ti/Co micromagnet, with its
length oriented along the y-axis, width along the x-axis, and a
thickness of 10/250 nm (detailed structural parameters can be
found in Supplementary Note 2). The applied in-plane
magnetic field Bey is directed with an angle 0y relative to
the x-axis ([110]). The right inset shows the stray fields to
generate SSOC, with components By, parallel to B, B.
perpendicular to By, in the x—y plane, and B, perpendicular
to both By, and the x—y plane. Figure 1(b) presents the charge
stability diagram (Qp, Or) for two quantum dots with charge
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(a) A schematic diagram and a false-color scanning electron microscope image corresponding to the device measured in the experiment. The gate

electrodes and micromagnet are indicated. The current /s through the SET is represented by a white arrow. The angle between the external magnetic field Be
and the x-axis is 0. Below the SEM image is a schematic diagram illustrating the geometric relationship between the micromagnet and the Qg quantum dot,
where geometric modeling of the micromagnet structure was performed. Inset: cartesian coordinates and labels for different magnetic fields. (b) The charge
stability diagram of the two quantum dots formed beneath LP and RP is presented. The number of electrons in these dots is denoted as (Qy, Or). The orange
circles indicate the readout positions, while the purple circles represent the control positions. (¢) A schematic diagram of the measurement scheme, illustrating
how a DC voltage, along with pulse and microwave (MW) waveforms, is applied to the RP electrode through a bias-tee. During the control phase (10 ms), the
qubit is driven by microwave bursts, with pulse modulation (PM) facilitating the control of the microwave switch, allowing for a higher microwave switching
ratio. In the readout phase (10 ms), energy-selective readout is performed. If the electron is in spin-up state, it can tunnel into the electron reservoir and load a
spin- down electron, thus completing the initialization process. Conversely, if the electron is in a down-spin state, no transition occurs.

occupancy. The charge occupancy is detected by measuring
the differential SET current dIs/dV. The electrons in the left
quantum dot (Qr) completely fill the first shell (v [, v T,
ve 1, v 1), where v_(v,) represents the ground state
(excited state) energy level of the valley, thereby minimizing
the impact on the electron transition in the right quantum dot.
The electrons in the quantum dot on the right are at the
energy level of the ground state valley, because we found
through magnetospectroscopy measurement that there is no
crossing point of spin-valley coupling when the external
magnetic field exceeds 2T. This shows that the valley
splitting in our Si-MOS sample is large enough, and the v
energy level of the right dot is not considered within the
magnetic field range of our experiment. The complete
measurement scheme is illustrated in Fig. 1(c), which
involves applying resonant microwaves during the control
phase to flip electrons initialized in the spin-down state to the
spin-up state. During the readout phase, energy-selective
measurements are performed.’' =%

Figure 2(a) presents the results of the spin fraction under the
application of a chirp pulse’® at an external magnetic field
Bexi (0 = 0°) =777 mT. We use frequency chirped microwave
bursts, and when the excitation frequency passes through the
resonance frequency, the electron spin is inverted. As shown in
Fig. 2(b), by rotating the external magnetic field By, with an
angle 0g relative to the x-axis while keeping the microwave
frequency constant at 24.5 GHz, we scanned the external
magnetic field strength and found that the resonant magnetic
field was sinusoidally modulated, with a period of 180° and a
phase shift of 8.3°. The Larmor frequency f; can be calculated
by hf;, = gugBio, where h is Planck constant, i is the Bohr
magneton, g-factor is typically around 2 in silicon, and
B = By, + B/, + B, + B, determines the electron quanti-
zation axis. To compare with the experimental results, we
numerically calculated the stray field generated by the micro-
magnet in different directions. As shown in Fig. 2(b), the
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component By, (deep blue curve), which is parallel to
B., shows an almost out-of-phase modulation relative to the
resonance peaks. This negative correlation can be understood
by the fact that the external magnetic field B,y dominates the
total magnetic field, meaning that the direction of the total
field is nearly aligned with Bey,. Furthermore, the orange and
green curves represent the calculated values of B, and B,
respectively, as a function of fg. The former has a period of
180°, like B/,, while the latter has a period of 360°. For the
detailed calculation procedure, please refer to Supplementary
Note 2.

We then measured Rabi oscillations at different magnetic
directions. Two traces from the measurements are shown in
Fig. 3(a), at directions of fg = 90° and 340°, showing a
clear anisotropy. We extract f,; and 73" by fitting
the rabi oscillation. The fitting formula is Py =A x
exp (—tMW/szbi)sin QCnfipi + @) + B, where A is a
scaling factor, B is an offset and the phase factor ¢ is a
fitting parameter. In contrast to the sinusoidal modulation
trend observed with respect to the angle of the external
magnetic field By, f,,; presents a non-sinusoidal modulation
under the condition of equal microwave frequency
[Fig. 3(b)]. The non-sinusoidal behavior diverges from the
anisotropic sinusoidal trend induced by ISOC*® and is
attributed to SSOC generated by the micromagnet. We
performed micromagnet simulations and calculate the total
transverse magnetic field gradient as b, = dB"'/dy, con-
sidering the electron displacement direction is along the y
axis. We then calculated the Rabi frequency ff;;‘ ~ C-by,
where C is a scaling factor (see Supplementary Note 4),
which reproduced the fundamental characteristics of the
experimental results.”>*” The discrepancy between the
experimental and calculated minimum Rabi frequency may
be attributed to the presence of ISOC in the silicon material.
The non-sinusoidal behavior of the resonance amplitude is a
direct consequence of the competing contributions of the

© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig.2. (a) A 1 MHz chirped pulse of microwave excitation of 500 ps with variable frequency adiabatically flip one the spin into a spin-up configuration. The
spin fraction as a function of the microwave frequency of an applied chirp pulse, with the electron state initialized to spin-down, reveals that the resonant
frequency of Qg is 24.4998 GHz. The data is fitted using a Gaussian peak function. (b) The measured resonant magnetic field strengths (purple circles) as a
function of the in-plane magnetic field angle g with a fixed microwave frequency of 24.5 GHz. A cosine fit of the data with the equation

A cos(2mfg + ¢) + B is applied, where A is a scaling factor, B is an offset and the phase factor ¢ = 8.3° may arise from the asymmetry of the quantum dot
and the bar magnet in the spatial y-direction. The components B/, B, , and B. are obtained by calculating the magnetic field strengths corresponding to different

magnetization directions of the micromagnet.
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(a) Upper part: Rabi oscillations at fg = 90° (where the external magnetic field is directed along the y-axis), with a Rabi frequency of

fravi = 2.38(3) MHz. Lower part: Rabi oscillations at g = 340°, with f, ;; = 0.58(6) MHz. The maximum and minimum values of the Rabi frequency differ
by approximately a factor of 4.1. (b) The measured (dark blue circles) and calculated (light blue line) Rabi frequency f,,; as a function of the in-plane magnetic
field angle 6. The microwave frequency and power are kept constant throughout the experiment.

out-of-plane and in-plane transverse magnetic field gradients
to the SSOC (Supplementary Note 3).

The micromagnet not only provides a transverse gradient
field that can be used for driving but also generates a
longitudinal gradient field that causes decoherence. The
primary components contributing to this decoherence are
dB)ong/dy and dB,4/dx, which, along with charge noise, are
likely the most significant sources of decoherence in our
device. We also conducted tests of Q™ at different angles
0p. Similar to the results for f,., O™ also exhibits an
anisotropic trend with a clear non-sinusoidal characteristic,
where Q' — 100 at g = 270° and Q[ ~ 5 at O = 340° as
shown in Fig. 4. The optimal quality factor location is not
along the y-axis but at a certain angle deviating from it, and
our calculations of the gradient magnetic field also confirms
that. Considering that the transverse gradient and the
longitudinal gradient are responsible for Rabi oscillations
and decoherence, respectively, and assuming that charge
noise is isotropic, we defined the quality factor Q =

(dB\"/dy)/\[(dBiong/dy)* + (dBiony/dx)>  (Supplementary

012006-3

Q value
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180 270 360

Fig. 4. The relationship between the quality factor and the angle of the

external magnetic field. The gray curve represents the magnetic field gradient
obtained from numerical simulations and the calculated quality factor Q as a
function of the external magnetic field direction 6. The optimal angle for the
quality factor deviates from the y-axis by a certain angle. The maximum Q
factors obtained from numerical calculations are located at angles of 15° and

130°. For detailed computation processes, see Supplementary Note 3.
© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Note 3). At certain angles deviating from the y-axis (15° and
130°), the longitudinal gradient dBiono/dy is significantly
suppressed, while the transverse gradient dB\"'/dy remains
relatively high, thereby optimizing the quality factor of the
qubit. In addition, the calculated dB)q,g/dx can also be utilized
for the spin addressability of our device, indicating that it is
enhanced at the angle where the quality factor is maximized.

This study investigates the anisotropic behavior of the
Larmor frequency f, the Rabi frequency f,,; and the
decoherence time under qubit driving Tz“‘bi induced by stray
gradient fields from micromagnet, which distinguishes
SSOC from ISOC. We predict that if the direction of the
in-plane magnetic field deviates from the conventional
operating point, the quality factor of the spin qubit can be
optimized while minimizing the effects of charge noise, thus
maintaining effective electric dipole spin control.

Compared with ISOC, which could be strongly influenced by
microscopic features of the interface that are difficult to control,
SSOC is mainly dependent on the micromagnet design whose
properties can be reliably predicted by numerical calculations.
Additionally, the structure of the micromagnet and its position
relative to the quantum dot can be optimized based on numerical
simulations to enhance the quality factor and drive strength of the
single qubit. Although the magnetization direction of the micro-
magnet is determined after deposition, further optimization can
still be achieved by varying the angle of the rotating magnetic
field. For future studies, the anisotropic of behavior of SSOC can
also be investigated for spin shuttling or hopping spin
qubits.**
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