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Controlling Synthetic Spin-Orbit Coupling in a Silicon Quantum Dot with
Magnetic Field
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Tunable synthetic spin-orbit coupling (SSOC) is one of the key challenges in various quantum systems,
such as ultracold atomic gases, topological superconductors, and semiconductor quantum dots. Here we
experimentally demonstrate controlling the SSOC by investigating the anisotropy of spin-valley resonance
in a silicon quantum dot. As we rotate the applied magnetic field in plane, we find a striking nonsinusoidal
behavior of resonance amplitude that distinguishes SSOC from the intrinsic spin-orbit coupling (ISOC),
and associate this behavior with the previously overlooked in-plane transverse magnetic field gradient.
Moreover, by theoretically analyzing the experimentally measured SSOC field, we predict the quality
factor of the spin qubit could be optimized if the orientation of the in-plane magnetic field is rotated away
from the traditional working point.

DOI: 10.1103/PhysRevApplied.15.044042

I. INTRODUCTION

Electron spins in semiconductor quantum dots (QDs) are
considered one of the most promising qubit designs for
scalable quantum information processing [1–3]. By apply-
ing an alternating magnetic field, the electronic spin can
be coherently controlled through electron spin resonance
(ESR) [4]. Alternatively, such control can be implemented
electrically via intrinsic or synthetic spin-orbit coupling
(SOC), which is termed as electric dipole spin resonance
(EDSR) [5,6]. In combination with the long spin coher-
ence time in natural silicon, which is further improved by
zero-spin-isotope purification, the synthetic spin-orbit cou-
pling (SSOC) has enabled high-fidelity single-, two-, and
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multiqubit operations, as well as strong spin-photon cou-
pling and long-range qubit interactions in Si QDs [7–18].

However, with time-inversion asymmetry [19,20],
SSOC also exposes a spin qubit to electric noise and
gives rise to fast spin relaxation [21,22] and pure dephas-
ing [7,8,23–25]. Different from the intrinsic spin-orbit
coupling (ISOC) that comes from the underlying atoms
and asymmetries in the material or structure, SSOC in a
quantum dot is introduced by a magnetic field gradient
from an integrated micromagnet. Concerning the spin-
quantization axis, this field gradient can be separated into
two parts: the transverse component that mediates fast
electrical control of spins, and the longitudinal compo-
nent that adds multiqubit addressability. In combination
with charge noise, the longitudinal field gradient can also
cause fast spin dephasing, and thus brings uncertainty to
the reproducibility and homogeneity of the promised con-
trol fidelities [8,14,25]. Therefore, for SSOC to enable
scalable high-fidelity spin qubits in semiconductor QDs,
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it is crucial to better understand, characterize, and control
magnetic field gradients of a micromagnet.

Anisotropy spectroscopy has long been an effective
means to probe the physical mechanism of SOC in semi-
conductor systems [26–34]. Predictably, this method can
also be used to investigate SSOC [31]. In the meantime,
transport measurement of ESR or EDSR reveals various
physical parameters, such as Larmor and Rabi frequen-
cies, and even spin-dephasing times [27,35–38]. Hence,
an anisotropy study of transport measured ESR or EDSR
should be an effective method to probe the properties of
SSOC. In silicon QDs, there exist valley states that orig-
inate from the sixfold degenerate conduction-band mini-
mum. The spin and valley degrees of freedom are mixed by
spin-orbit coupling [39], whether ISOC or SSOC, so that
an oscillating electric field can induce simultaneous flip
of spin and valley states. This so-called spin-valley reso-
nance [38,40] is different from a normal EDSR that induces
transition between Zeeman-split states and offers a conve-
niently tunable energy gap between spin-valley states at
higher magnetic fields for resonance spectroscopy.

Here we report the detection of spin-valley resonance
based on the transport measurement of the Pauli spin
blockade (PSB) in a natural Si MOS double quantum dot
(DQD) [1,2]. By controlling the external magnetic field
direction in plane, we find a cosinusoidal modulation of the
resonance position with a 180° period and an 8.7 ± 1.0◦
phase shift. Moreover, a detailed measurement of the reso-
nance peak unveils a strikingly nonsinusoidal modulation
of the resonance peak amplitude, which suggests a non-
negligible contribution of the in-plane transverse magnetic
field gradient of the micromagnet that has long been over-
looked in previous studies [9,12,41]. Supported by both the
experimental and numerical results, we propose that the
SSOC in semiconductor QDs can be magnetically tuned
by rotating the in-plane magnetic field direction, leading
to a simultaneous improvement of control rates, dephas-
ing times, and the addressability for spin qubits driven by
SSOC.

II. RESULTS AND DISCUSSION

A. Experimental setup

The Si MOS DQD device [34] we study is shown in
Fig. 1(a), which is located in a dilution refrigerator with a
base temperature approximately 20 mK. Gates C1 and C2
create a channel for electrons to flow between reservoirs
under gates L1 (source) and L2 (drain). By selectively
tuning gates G1, G2, and G3, a DQD can be defined
under gates G1 and G2. Moreover, a rectangular Ti/Co
micromagnet of 10 μm by 0.93 μm in the active region
(Appendix F), with length along the y axis and width
along the x axis, as well as a thicknesses of 10/200 nm,
is deposited next to the DQD to generate SSOC with field
components Bp parallel to Bext, Bt perpendicular to Bext
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FIG. 1. (a) Schematic of the device layout. The aluminum
electrodes and the bar micromagnet used in the experiment are
in false colors. Inset: Cartesian coordinate and labels for different
magnetic fields with the angle φ referring to the in-plane orien-
tation of Bext. (b) Transport current |ISD| as a function of VG1
and VG2 with a bias voltage VSD = −2 mV and an external mag-
netic field Bext = 200 mT along the y axis (i.e., φ = π/2). The
PSB results in a current suppression in the bias triangles with a
blockade region indicated by an energy gap EST between the two
dashed lines. Inset: schematic of the energy levels involved in
the PSB, where the delocalized states S(1, 1) and T(1, 1) are only
weakly split by exchange interaction and the localized states S(0,
2) and T(0, 2) are split by a much larger energy EST involving an
orbital excitation of the QD under gate G2. (c) Transport current
|ISD| as a function of detuning ε and external magnetic field Bext,
with the detuning axis highlighted by a white arrow in (b). The
blockade region with an energy gap EST between the two dashed
lines is also denoted. The leakage current due to spin-valley mix-
ing is labeled by line V. Note line V has a slope approximately
5.96 ueV/meV of valley splitting with respect to ε (Appendix B),
which may be caused by the strong dependence of valley splitting
on the electric field under gate G1 or G2.

and in the x-y plane, and Bz perpendicular to both Bext
and the x-y plane. Similar to other metal gates, the volt-
ages and the microwave (MW) can also be applied to the
micromagnet.

B. Pauli spin blockade

Our measurement of spin-valley resonance is enabled by
the PSB [1] in our DQD. A qualitative sketch of PSB is
depicted in the inset of Fig. 1(b) with nominally two elec-
trons. Using S and T to refer to the singlet and the triplet
states, respectively, and (1, 1) and (0, 2) to refer to differ-
ent charge configurations, PSB allows the transition from
S(1, 1) to S(0, 2), but not from T(1, 1) to S(0, 2) while
interdot detuning ε is not large enough to make T(0, 2)
accessible. The signature of PSB is thus an asymmetric
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current suppression under bias. As illustrated in Fig. 1(b)
in our case, when we measure the current flowing from
drain to source, it just corresponds to the electron transit-
ing from (m, n) to (m − 1, n + 1), where we use m and n to
denote the uncertain total electron number in the DQD (see
Appendix A for the stability diagram with charge sens-
ing), and we find that the leakage current is suppressed
in the trapezoidal blockade region inside the two trian-
gles. This process can be intuitively understood using the
PSB from (1, 1) to (0, 2) by assuming only valence elec-
tron configurations take place in the transport. Also, when
we measure the current while varying the energy detun-
ing ε between (m, n) and (m − 1, n + 1) and the magnetic
field strength, as shown in Fig. 1(c), we can observe the
blockade region clearly and obtain a corresponding energy
gap of EST ∼ 1 meV where the subscript “ST” denotes
the singlet-triplet splitting. At low field (Bext ≤ 100 mT),
PSB is partially lifted due to spin-flip cotunneling [42];
while at Bext in the range of 844 to 896 mT, PSB is lifted
due to spin-valley mixing in one of the QDs [38] (see
discussion below).

C. Detection of EDSR

By setting VG1 and VG2 within the PSB region and apply-
ing continuous microwave (cw) to the micromagnet [13],
we measure the transport current |ISD| as a function of both
the external magnetic field strength Bext and the microwave
frequency f . When the spin-valley states are tuned into
resonance with the microwave excitation, PSB could be
lifted and result in an increased current. In Fig. 2(a), three
lines of increased current are visible. The central vertical
line corresponds to line V in Fig. 1(c), while two oblique
lines A and B on both sides can be understood by the
same spin-valley mixing mechanism [38]. As shown in
the energy-level spectrum of Fig. 2(a), with an increasing
magnetic field, two lowest valley states with a valley split-
ting (VS) EVS are split by Zeeman energy EZ , resulting
in four spin-valley product states, namely |1〉 = |v−, ↓〉,
|2〉 = |v−, ↑〉, |3〉 = |v+, ↓〉, and |4〉 = |v+, ↑〉. In the
presence of SOC in general, and SSOC in particular, states
|2〉 and |3〉 (or |1〉 and |4〉) would mix with each other,
resulting in two hybridized spin-valley states (Appendix
D) with a SSOC strength �SSO indicating the energy gap
at the anticrossing of the two states (energy levels of states
|1〉 and |4〉 never cross, thus their mixing is always rela-
tively small). Therefore, with the oscillating electric field
moving the electrons back and forth, the spin state of an
electron could be flipped along with its valley state, lifting
PSB and thus leading to the observed resonance lines A
and B in Fig. 2(a) [38,40].

D. Anisotropy spectroscopy of spin-valley resonance

We now focus on the anisotropy of spin-valley reso-
nance. As shown in Figs. 2(b) and 2(c), by rotating the
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FIG. 2. (a) Transport current |ISD| as a function of the exter-
nal magnetic field Bext and microwave frequency f. Red dashed
lines denote the resonant lines where PSB is lifted by the driven
spin-flip transition. Data with high leakage current background
are cleared for clarity (blank regions) (Appendix C). The bot-
tom diagram shows the calculated energy levels for spin-valley
mixing. The spin and valley composition of the hybridized states
|2̃〉 and |3̃〉 is indicated by the varied color of the correspond-
ing lines near the anticrossing. Two double-headed arrows mark
the corresponding spin-valley transitions A and B. Panels (b) and
(c) show the transport current |ISD| as a function of the magnetic
field strength Bext and the magnetic field orientation φ for the
resonance A and B, respectively. Notice the anisotropy magni-
tude of line A (112 mT) is a little smaller than line B (134 mT),
which may be attributed to the incomplete magnetization of the
micromagnet under lower applied fields.

in-plane magnetic field Bext with an angle φ with respect
to the x axis and keeping the microwave frequency con-
stant at 10.09 GHz, we scan the strength of the external
magnetic field for resonances A and B and find they are
modulated by the field orientation. Without loss of gen-
erality, we take resonance B as an example to perform a
detailed study of the anisotropic resonance position and
resonance amplitude Ip , as shown in Figs. 3(a) and 3(b),
with both quantities extracted by fitting the resonance peak
with a Gaussian function [1] [inset of Fig. 3(a)].

Figure 3(a) shows a cosinusoidal modulation of reso-
nance position with a 180° period and an 8.7 ± 1.0◦ phase
shift. To make a comparison, we calculate the stray mag-
netic fields along different directions generated from the
micromagnet. In particular, Bp (the solid dark blue curve),
which is parallel to Bext, shows nearly out-of-phase mod-
ulation compared to the resonance peak positions. This
negative correlation can be understood by the fact that the
direction of the total magnetic field is nearly along Bext
and thus Bp contributes most through hf ∼ γ (Bext + Bp),
where h is the Planck constant, f is the fixed microwave
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FIG. 3. (a) The measured peak position of resonance B (blue
data points) and different stray field components as a function
of the magnetic field direction φ. The experimental data are fit-
ted using a cosinusoidal function (blue curve). Inset: example of
the measured current |ISD| (violet circle) and the fitted Gaussian
function (red curve) as a function of the scanning magnetic field
strength Bext, with the field direction at φ = 325◦. The nonzero
background current of |ISD| in the inset is most likely caused by
high microwave power. (b) Plot of both the experimental (blue
data points) and simulated (considering different transverse mag-
netic field gradients) resonance amplitude Ip of resonance B as a
function of the magnetic field direction φ. The scaling factor of
C = 1.9 is used in Eq. (1) for the calculation of all the simulated
curves.

frequency we apply, and γ is the gyromagnetic ratio.
Moreover, such a relationship between Bext and Bp sug-
gests SSOC dominates the anisotropy over ISOC in our
device. Our numerical calculation also indicates that the
small phase shift of the cosinusoidal curve is caused by the
deviation of the electron position from the centerline along
the length of the rectangular micromagnet.

In contrast, Fig. 3(b) shows a nonsinusoidal modulation
of resonance amplitude Ip , though with the same period
and similar modulation phase as the resonance position.
This behavior is radically different from the sinusoidal
anisotropy due to ISOC shown in previous work [38], and
likely originates from SSOC. To a first approximation, Ip
is proportional to the square of Rabi oscillation rate ωR
[27,35,36], and by deriving the equation for ωR in the limit
of |EVS − Ez| � |�SSO| (Appendix D), we get

Ip = Cb2
tr, (1)

where btr is the transverse magnetic field gradient along
the electron displacement direction and the origin of SSOC
strength �SSO, while C is a constant scaling factor. The
total magnetic field direction Btot = Bext + Bp + Bt + Bz
defines the exact spin-quantization axis, and the elec-
tron displacement direction is along the y axis. Thus the
total transverse magnetic field gradient should be btr =
dBtot

tr /dy. We numerically calculate Ip = C(dBtot
tr /dy)2,

and it reproduces the basic features of the experimental
results quite well [see the navy curve in Fig. 3(b)].

The calculated Ip curve may be counterintuitive at first
sight. With an intuitive picture of the magnetic induc-
tion lines from the rectangular micromagnet, one would

normally expect that the maximal Ip is along the length
(φ = 90◦ or 270◦, y axis) of the micromagnet and the min-
imal Ip along the width (φ = 0◦ or 180◦, x axis). However,
as shown in Fig. 3(b), though the angle of minimal Ip is
as expected, the angles of maximal Ip deviate from the
y axis significantly, and Ip has two peak values in a sin-
gle period. To explain this phenomenon, we calculate the
resonance amplitudes induced by the in-plane (dBin

tr /dy)

and out-of-plane (dBout
tr /dy) transverse magnetic field gra-

dients separately [see Fig. 4(a) for different magnetic field
gradients]. As shown in Fig. 3(b), dBout

tr /dy, with the max-
imum value near the y axis and a cosinusoidal curve of
180◦ period, is in good agreement with the intuitive expec-
tation. However, dBin

tr /dy, though is usually neglected at
the traditional working angle [9,12,41] (along the length of
the micromagnet), contributes to the total Ip non-negligibly
for certain angles. The nonsinusoidal behavior of the res-
onance amplitude is a direct result of the competition of
the out-of-plane and in-plane transverse magnetic field
gradient contributions to the SSOC.

E. Optimization of spin control

In principle, in a resonance experiment dephasing times
could be extracted directly from the peak width [37].
However, in our experiment, the microwave power is
not low enough to avoid power broadening, and we can-
not directly estimate the dephasing times. To circumvent
this problem, we calculate the anisotropy of the longi-
tudinal magnetic field gradient dBlong/dy and dBlong/dx,
which, together with charge noise, should be the most rel-
evant source for dephasing in our device (Appendix E)
[8,25]. Interestingly, as shown in Fig. 4(b), we find that
when dBtot

tr /dy approaches its maximum away from the
y axis, dBlong/dy decreases to nearly half of its peak
value. In other words, a finite angle away from the y
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the electron is driven by the oscillating microwave fields. The
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dephasing and dBlong/dx also introduces spin addressability in
our device. (b) Numerically simulated magnetic field gradients
and the calculated quality factor Q as a function of the external
magnetic field direction φ.
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axis for the external field may result in a simultaneous
optimization of the dephasing time and the operation rate
of the spin-valley qubit. Considering that the transverse
and longitudinal gradients are responsible for Rabi oscil-
lation and dephasing, respectively, and assuming that the
charge noise is isotropic, we define a quality factor Q =
(dBtot

tr /dy)/

√
(dBlong/dy)2 + (dBlong/dx)2. From this ratio

we find that the best angle with the highest control fidelity
is around 34° or 161° for our device. Along with these
directions, the longitudinal gradient dBlong/dy is severely
suppressed while the transverse gradient dBtot

tr /dy is kept
relatively high so that the qubit quality factor is optimized.
Moreover, the calculated dBlong/dx, which could also be
used for spin addressability in our device, shows that it is
also enhanced at the angle with the highest Q factor. In
short, by aligning the external field away from the elec-
tric field direction, we can simultaneously maximize the
speed of EDSR for a qubit, minimize its dephasing, while
maintaining its addressability.

Compared with ISOC, which could be strongly influ-
enced by microscopic features of the interface that are
difficult to control [33,34], SSOC is mainly dependent on
the micromagnet design whose properties can be reliably
predicted by numerical calculations (Appendix F) [31].
Therefore, to optimize spin control, most studies focus on
how to improve the micromagnet design [24,43,44]. Here,
our results suggest that the external magnetic field orien-
tation is another approach to optimize the control fidelity
for a spin qubit. Furthermore, while the design of a micro-
magnet is fixed as soon as it is deposited, external field
orientation is tunable in situ. The overall performance of
a qubit array can be optimized by rotating the external
magnetic field during calibration, making the design and
control of a large array of qubits more flexible and effective
[45–47].

III. CONCLUSION

In summary, we investigate the anisotropy of SSOC
by measuring the spin-valley resonance under a rotating
magnetic field. The distinctive nonsinusoidal anisotropy
of resonance amplitudes compared to ISOC shows the
significance of the in-plane transverse magnetic field gra-
dients in determining the anisotropy of SSOC. The cal-
culation of the longitudinal magnetic field gradients also
suggests a way to simultaneously optimize the operation
rate, the dephasing time, and the addressability of spin
qubits by controlling the magnetic field direction. More-
over, our spectroscopy method that employs anisotropic
spin resonance to probe SSOC, with the advantage that
can reflect different quantum properties through a single
resonance peak, is generally applicable to other quan-
tum systems and semiconductor nanostructures with ISOC
and/or SSOC, such as one- and two-dimensional material
[48,49], topological superconductors [50], etc.
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APPENDIX A: CHARGE SENSING

Figure 5(a) shows the typical bias triangles we mea-
sure in the transport regime, of which the triangle in the
white dashed rectangle area is the one we measure in the
main text. To determine the exact electron number in this
area, we use a single-electron transistor (SET) to mea-
sure the charge stability diagram under similar conditions.
As shown in Fig. 5(b), the irregular resonance tunneling
lines hinder an accurate estimate of the electron num-
ber under gates G1 and G2. However, we are confident
that our experiment is done in the few-electron regime.
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FIG. 5. (a) Transport current |ISD| as a function of VG1 and VG2
with a bias voltage VSD = −4 mV and an external magnetic field
Bext = 1 T along the y axis. (b) Stability diagram of the measured
DQD with charge sensing.
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While our DQD may not be in the two-electron regime,
it experiences the same asymmetric current suppression
that is the signature of the two-electron PSB, which can
be lifted by spin-flip transitions and has been used for spin
measurement [51,52]. Thus we could measure spin-valley
resonance, and explain our observation of resonances as
the lift of PSB. Moreover, although the valley states in
silicon may also complicate the scenario of PSB, the spin-
valley blockade could be used similarly to PSB to explain
the blockade phenomenon for spin and spin-valley reso-
nance experiments [37,38]. For convenience, we use the
same terminologies of the simple (1, 1)–(0, 2) PSB case in
the main text.

APPENDIX B: PSB MEASUREMENT DETAILS

The dc gate voltages are supplied by a 16-channel volt-
age source, and the continuous microwave is generated
by a vector source generator (Keysight E8267D) with
−5 dBm power at the output. The microwave transmis-
sion line consists of a 13-dB attenuator at room temper-
ature and a 10-dB attenuator at base temperature. The
current through source and drain is amplified with a
room-temperature low-noise current preamplifier (Stan-
ford Research Systems SR570) and measured by a mul-
timeter (Keysight 34410A).

The lever arm of a gate can be extracted from bias tri-
angles. As shown in Fig. 6, since the bias voltage is set at
VSD = −2 mV, the lever arm of each gate can be extracted
as [53]:

α1 = e|VSD|
δVG1

= 0.333 eV/V,

α2 = e|VSD|
δVG2

= 0.449 eV/V.

Using these lever arms, we obtain EST = 1.056 meV,
and the tunability approximately 5.96 ueV/meV of valley
splitting as a function of ε in the main text.
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FIG. 7. (a), (b) Full data of Fig. 2(a), with an additional reso-
nance line I showing the intravalley spin-flip transition. (c) The
transport current |ISD| as a function of the magnetic field strength
Bext and the magnetic field orientation φ for the intravelly spin
resonance I. Notice the anisotropy magnitude of line I (91 mT)
is much smaller than line A (112 mT) and line B (134 mT),
which should be attributed to the incomplete magnetization of the
micromagnet under lower applied fields. (d) Background leakage
current (peak baseline) and measured peak width (FWHM) as a
function of the in-plane angle φ.

APPENDIX C: EDSR MEASUREMENT DETAILS

In Fig. 2(a) in the main text, there are blank regions with
data cleared for clarity. Here we show it completely and
also include the intravelly spin resonance line (line I) in
Fig. 7(a). In Fig. 7(a), the resonance lines are nearly invis-
ible due to the high leakage current at some frequencies,
especially the regions we clear in Fig. 2(a), thus we reduce
the maximum current of the colorbar and reproduce it in
Fig. 7(b) to show the data more clearly. The high leakage
current in those microwave frequencies should be caused
by the excessive microwave power applied, which is due to
the uneven microwave transmission to the device for dif-
ferent frequencies. The origin of this inhomogeneity may
be the frequency-dependent power attenuation in the ac
lines and bonding wires we use.

For the intravelly spin resonance, as shown in Figs. 7(b)
and 7(c), we also measure its anisotropy by scanning the
magnetic field strength while keeping the microwave fre-
quency at 10.09 GHz. It can be seen that the intravalley
spin resonance I is also cosinusoidally modulated with a
phase similar to the spin-valley resonance line A and B,
although the magnitude is even smaller. This can be under-
stood that the same SSOC should also dominate ISOC for
intravalley spin resonance anisotropy and the incomplete
magnetization at low fields reduces the anisotropy mag-
nitude. Given that the background leakage current at low
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magnetic fields is strong due to spin-flip cotunneling [see
Fig. 1(c)] and the incomplete magnetization is hard to sim-
ulate, we do not explore it in detail to investigate SSOC
but use resonance line B as mentioned in the main text.

In the Gauss fit of spin-valley resonance peaks in the
main text, we also extract the peak baseline (background
leakage current) and peak width (FWHM) to estimate their
anisotropy. As shown in Fig. 7(d), the anisotropy of the
peak baseline resembles that of the resonance amplitude
but with a much smaller variation magnitude, and the peak
width is nearly isotropic, which should be caused by power
broadening.

Moreover, for the data acquisition in Figs. 2(b) and 2(c),
Figs. 3(a) and 3(b), and Fig. 7(c), we collect the data by
rotating the external field up to 720° and more (along
the same clock direction), and we did not find any clear
hysteresis related to the micromagnet. We think it can be
explained by the nearly full magnetization of the micro-
magnet in the magnetic field range we apply.

APPENDIX D: THEORETICAL MODEL

Here we propose a model to describe spin-valley reso-
nance in a silicon quantum dot [38,39,54]. As shown in
Fig. 2(b) in the main text, only states |2〉 = |v−, ↑〉 and
|3〉 = |v+, ↓〉 are involved in spin-valley resonance. For
SSOC, the total Hamiltonian reads

H =

⎡
⎢⎣

E− + 1
2

Ez
1
2
�SSO

1
2
�∗

SSO E+ − 1
2

Ez

⎤
⎥⎦ . (D1)

Here, E−(+) refers to the eigenenergy of the correspond-
ing valley state, and ±(1/2)Ez depicts their energy shift
due to Zeeman splitting under the external magnetic field.
The nondiagonal term �SSO = gμBbtrr−+ is the strength
of SSOC caused by the transverse magnetic field gradi-
ent from the micromagnet, with g the electron g factor, μB
the Bohr magneton, btr the transverse magnetic field gra-
dient along the electron oscillation direction, and r−+ the
intervalley transition element.

Diagonalizing the Hamiltonian, we obtain eigenenergies

E2̃ = 1
2

EVS − 1
2
ε, (D2)

E3̃ = 1
2

EVS + 1
2
ε, (D3)

where ε =
√

(EVS − Ez)
2 + �SSO

2, and the eigenstates

|2̃〉 = cos
θ

2
|2〉 − sin

θ

2
|3〉, (D4)

|3̃〉 = sin
θ

2
|2〉 + cos

θ

2
|3〉, (D5)

where

sin
θ

2
=

√
1 + a

2
, (D6)

cos
θ

2
=

√
1 − a

2
, (D7)

with

a = EVS − Ez√
(EVS − Ez)

2 + �SSO
2

. (D8)

Assuming the ac electric potential takes the form V(t) =
2eEac cos(2π ft)r, where e is the electron charge, Eac the
electric field amplitude, f the oscillation rate, and r the
position operator, the total Hamiltonian reads

Htot = 1
2

[ −ε V(t)
V(t) ε

]
. (D9)

Considering the rotating wave approximation under V(t),
Htot can be written as

Hrot = 1
2

[−ε + hf �ωR

�ωR ε − hf

]
, (D10)

with the Rabi frequency

ωR = eEac|FSV||r−− − r++|
�

, (D11)

where

FSV = |�SSO|
2
√

(EVS − Ez)
2 + �SSO

2
. (D12)

Note that Eq. (D11) only differs from the result for
intravalley spin resonance [38] by replacing |r−+| with
|r−− − r++|. When |EVS − Ez| � |�SSO|, which is the
case of our experiment, we can obtain

FSV ≈ |�SSO|
2 |EVS − Ez| . (D13)

Therefore, the Rabi frequency is proportional to the SSOC
strength and the transverse magnetic field gradient:

ωR ≈ eEac�SSO|r−− − r++|
2 |EVS − Ez|�

= eEacgμB|r−+||r−− − r++|
|EVS − Ez|� btr. (D14)

Since Ip is proportional to ω2
R, we obtain the relationship

Ip = Cb2
tr in the main text. A comparison of FSV based

on Eqs. (D12) and (D13) are shown in Fig. 8. Assuming
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FIG. 8. Comparison of the exact solution [Eq. (D12)] and the
approximate solution [Eq. (D13)] of FSV as a function of the
magnetic field strength Bext.

a SSOC strength |�SSO| = gμBbtr|r−+| ∼90 neV, where
we use the largest simulated magnetic field gradient btr =
0.4 mT/nm and an estimate of the dipole size |r−+| =
2 nm [39], and using the experimental value EVS =
102.66 μeV, we find the approximate solution is suitable
to describe the data in Fig. 3 in the main text.

The derivation of the relationship between Ip and ωR
can be obtained by finding the steady-state solution of the
master equation:

dρ

dt
= − i

�
[Hrot, ρ] + L(ρ), (D15)

where the Lindblad operator can be written as

L(ρ) =
[

�1ρ11 −�2ρ01

−�2ρ10 −�1ρ11

]
, (D16)

with �1 the longitudinal relaxation rate and �2 the trans-
verse relaxation rate. By solving the rate equations of
(dρ/dt) = 0, we can obtain

ρ11 = 1
2

ω2
R

ω2
R + �1�2 + (�1/�2)(ε − hf )2 . (D17)

Here ρ11 represents the density of states with spin flipped
by the microwave excitation, and it contributes to the res-
onance current by Ip = e�iρ11, with �i referring to the
interdot tunneling rate. Since the experiment in this work
is performed within the PSB region and under continu-
ous microwave excitation, the strong decoherence induced
by tunneling events will cause �1�2 � ω2

R. Therefore, ρ11
and thus Ip is proportional to ω2

R when the qubit is on
resonance (ε − hf = 0).

APPENDIX E: EFFECTS OF MAGNETIC FIELD
GRADIENTS

The synthetic spin-orbit coupling consists of transverse
and longitudinal components [8], with the transverse com-
ponents mediating spin rotations driven by an electric

field (EDSR), and the longitudinal components contribut-
ing to dephasing in combination with fluctuating elec-
trical fields (charge noise). The transverse field gradient
is defined by btr = (

−−→eMW · ∇)B⊥
MM, where −−→eMW, with the

subscript MW denoting the microwave, is the unit vec-
tor along the in-plane oscillating electric field, ∇ is the
gradient operator, and ⊥, with the subscript MM denot-
ing the micromagnet, denotes the direction perpendicular
to Btot. Similarly, the longitudinal field gradient is defined
by blong = (

−−→enoise · ∇)B||
MM, where −−→enoise is the unit vector

along the in-plane fluctuating electric field from the noise,
and || denotes the field component parallel to Btot. In our
experiment, the electrons are strongly confined in the x-y
plane in the form of a 2DEG, while the applied continuous
microwave pushes the electrons back and forth along the
y direction. The transverse and longitudinal field gradients
are therefore defined by dBtr/dy, dBlong/dx and dBlong/dy,
respectively, in the main text. Moreover, since the quan-
tum dots line up along the x direction, the longitudinal field
gradient dBlong/dx also provides addressability of qubits in
different quantum dots.

In the main text, we define a quality factor Q for spin
qubit control by the ratio of the transverse and the longitu-
dinal magnetic field gradients. A more common definition
QRabi is the ratio of Rabi frequency and spin dephasing rate
[8,20]. To estimate the advantage of rotating the magnetic
field direction, we separate the spin dephasing rate into two
parts [33]:

1
T2

= 1
TSSOC

2
+ 1

Tother
2

, (E1)

where 1/TSSOC
2 is due to SSOC in combination with charge

noise, while 1/Tother
2 comes from other noises such as

gap 265.5 nm

L

MW

ML

MH

depth

–171 nm

10 000 nm

930 nm
200 nm

20 nm
ML

MW

0

L

gap

Co

depth

MH
Co

(a) (b)

FIG. 9. (a),(b) The top view and the side view, respectively,
of the micromagnet with the estimated electron position (blue
circle). The Cartesian axis is the same as that in the main text
and the size parameters used for simulation are denoted in the
table inside the figure.
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magnetic noise from residual nuclear spins. From Fig. 4(b)
in the main text, we know that when Q is optimized,
1/TSSOC

2 is severely suppressed and Rabi frequency is kept
almost unchanged. Therefore, the improvement of QRabi

concerning the traditional working point can be approx-
imated by the ratio of [(1/TSSOC

2 ) + (1/Tother
2 )]/(1/Tother

2 ).
If we suppose TSSOC

2 ∼ 20 μs and Tother
2 ∼ 100 μs accord-

ing to the previous results [8,25,55], then the improvement
of quality factor by rotating the external magnetic field
direction would be about 6 times.

APPENDIX F: SIMULATION DETAILS

We use the Radia package of MATHEMATICA to simulate
the stray field of the micromagnet, assuming a uniform sat-
uration magnetization [6] M = 1.8 T. The geometry of the
micromagnet and its positional relationship with the elec-
tron used for simulation are estimated based on the SEM
image of the device in use, which are summarized in Fig. 9.
The micromagnet in the active region has a simple bar
magnet geometry, with a width of 930 nm and a length of
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FIG. 10. Diagram of different micromagnet designs (a)–(c) and the corresponding magnetic field gradients (mT/nm) dBtot
tr /dy (d)–(f),

dBlong/dy (g)–(i), dBlong/dx (j)–(l) as a function of the in-plane magnetic field direction φ (degree). The yellow star shows the position
of the electron in the x-y plane.
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10 μm, as shown in Fig. 9(a). Note that the vast majority
part of the micromagnet that is beyond the active region
and extends to the bonding area is not included, which
has little effect on the simulation results and the related
conclusions in the main text.

We assume that the electron spin on resonance is under-
neath gate G2 and the depth is estimated to be equal to the
total thickness of the Ti layer (10 nm) and the SiO2 layer
(10 nm).

As discussed in the main text, we also simulate mag-
netic field gradients of the micromagnets of other designs,
which are summarized in Fig. 10. Inevitably, the gradients
and anisotropy become more complicated for a complex
micromagnet design. It is thus very helpful to calculate and
check the anisotropy of the magnetic field gradient before
performing real experiments and optimize it by controlling
the magnetic field direction.
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