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Micromagnet-based electric dipole spin resonance offers an attractive path for the near-term scaling
of dense arrays of silicon spin qubits in gate-defined quantum dots while maintaining long coherence
times and high control fidelities. However, accurately controlling dense arrays of qubits using a mul-
tiplexed drive will require an understanding of the cross-talk mechanisms that may reduce operational
fidelity. We identify an unexpected cross-talk mechanism whereby the Rabi frequency of a driven qubit is
drastically changed when the drive of an adjacent qubit is turned on. These observations raise important
considerations for scaling single-qubit control.

DOI: 10.1103/PhysRevApplied.19.044078

I. INTRODUCTION

Electric dipole spin resonance (EDSR) is a key ingre-
dient for the all-electrical control of single-electron spin
qubits in silicon quantum dots [1]. While some approaches
are able to utilize the weak intrinsic spin-orbit coupling
(SOC) of silicon [2,3], the placement of an on-chip micro-
magnet has proven especially effective for gate-based
quantum dots in both Si/SiGe [4,5] and Si-MOS [6] plat-
forms, with single-qubit gate fidelities exceeding 99.9%
having been demonstrated [7]. Furthermore, electron spins
in dense arrays can be made addressable by engineer-
ing an appropriate local magnetic field gradient within a
stronger external field [8]. This makes micromagnet-based
EDSR attractive for the near-term scaling of spin qubit
processors.

In the original description of micromagnet-based EDSR,
an ac electric field pushes a harmonically confined electron
back and forth in a constant magnetic field gradient, such
that the spin is effectively acted upon by an ac magnetic
field as in conventional electron spin resonance (ESR)
[9,10]. An array of spectrally separated spins can ideally be
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controlled via a single multiplexed driving field containing
a linear combination of frequencies addressing individ-
ual qubits. Rabi’s formula implies that the qubit dynamics
is only slightly affected by off-resonance tones such that
crosstalk can be accounted for systematically to maintain
high fidelity [11].

Substantial effort has been made to detect and model
crosstalk in superconducting and trapped-ion systems [12],
but the identification of cross-talk mechanisms in semicon-
ductor quantum dot devices is only beginning to receive
attention as these platforms mature into the multiqubit era
[13–15]. Given that high qubit density is one of the known
advantages of semiconductor quantum processors, main-
taining high-fidelity operation with small qubit pitch in the
presence of crosstalk is an essential hurdle to overcome.

In this paper we measure the nonlinear Rabi frequency
scaling of two single-electron spin qubits controlled via
EDSR in a 28Si/SiGe double-dot device. The nonlinearity
gives rise to a sizeable cross-talk effect when attempt-
ing to drive simultaneous single-qubit rotations, and we
develop a simple phenomenological extension of silicon-
based EDSR theory to relate our observations. Although
the physical origin of the nonlinearity is not precisely
known, we find that anharmonicity in the quantum dot
confining potential cannot quantitatively explain our mea-
surements. We therefore comment on other device physics,
such as microwave-induced artifacts, that may contribute
to the cross-talk mechanism. The insights set out here will
help inform continued development of EDSR-enabled spin
qubit devices, as well as raise important considerations
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for programming spin-based quantum processors in
silicon.

II. METHODS

To probe the behavior of two spin qubits controlled
via a frequency-multiplexed drive, two quantum dots with
single-electron occupancy are electrostatically accumu-
lated in an isotopically purified 28Si/SiGe quantum well
[Fig. 1(a)]. A cobalt micromagnet placed on top of the dot
region becomes magnetized in the external field applied
along the z′ axis, creating local transverse (x′-axis) and lon-
gitudinal (z′-axis) magnetic field gradients. The transverse
gradient gives rise to a synthetic SOC, and the longitudinal
gradient spectrally separates the Larmor frequencies of the
two spins. The I/Q (in-phase/quadrature)-modulated elec-
tric drive necessary to control the spin states by EDSR is
delivered via the MW gate or the B gate. Further details
of the fabrication, initialization, control, and readout of
the qubits can be found in [16] (here we used room
temperature electronics only).

In a gate-defined quantum dot in silicon, an electric field
is able to couple spinlike qubit states via EDSR due to the
SOC perturbing the pure spin eigenstates such that they
become slightly hybridized with the electron charge states.

(a) (b)
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FIG. 1. (a) False-colored image of a device nominally equiva-
lent to the one used in the experiment. Single-electron spin qubits
Q1 and Q2 are confined under plunger gates LP and RP respec-
tively, while a barrier gate B is used to control the tunnel coupling
between the dots. Qubit states are read out using energy-selective
tunneling to the electron reservoir, with a single-electron transis-
tor (SET) used to measure the corresponding change in charge
occupation. Microwave controls for both qubits are simultane-
ously applied to either the MW or B gate. (b) Illustration of
wave function envelopes in a silicon quantum well. EDSR can
be mediated by both the first excited orbitlike state |VO2〉 as
well as the first excited valleylike state |VO1〉 as a consequence
of interface-induced hybridization. Interface disorder here is
represented as a rectangular “atomic step” for simplicity, but
hybridization may also be a consequence of more detailed alloy
disorder. In any case, a finite dipole transition element along with
the micromagnet spin-orbit coupling enables electrically driven
spin rotations.

For single-electron spin qubits in Si/SiGe, the charge states
are themselves hybridized valley-orbit states owing to the
nearly degenerate conduction-band valleys of strained sili-
con quantum wells [17]. EDSR may therefore be mediated
by orbitlike or valleylike hybridized states which support a
nonzero dipole transition element with the electron ground
state, as illustrated in Fig. 1(b) [9,18]. In either case, a
robust linear relationship between the amplitude of the
driving field and the Rabi frequency of the spin qubit is
expected (see Appendices B and C).

To drive on-resonance Rabi oscillations, we first use
a Ramsey pulse sequence to accurately identify the rele-
vant resonance frequencies of the two qubits, which range
from 11.89 GHz in a 320 mT external field to 15.91 GHz
in 475 mT. This calibration strategy was also employed
to achieve universal control with more than 99% fidelity
in this device [19]. The corresponding drives are applied
either to the MW or B gate, and the same driving fre-
quency is used for all drive durations and amplitudes. A
rectangular pulse with duration up to 3 μs is used, and the
measured time-domain spin response is fitted to a sinu-
soidal function A cos(2π fRabit + φ)+ C to extract the Rabi
frequency. While it is well documented that qubit frequen-
cies may shift nontrivially as a result of on- or off-resonant
microwave driving [20], the relatively short pulses used
here do not induce a shift large enough to compromise the
fidelity of the Rabi oscillations.

III. RESULTS

A. Nonlinear Rabi scaling

We observe unexpected nonlinear Rabi frequency scal-
ing when each spin is driven individually as shown in
Fig. 2. We observe that the linear Rabi frequency-drive
amplitude scaling predicted from theory only holds for
Rabi frequencies up to 1–2 MHz. This is at odds with pre-
vious experimental demonstrations of micromagnet-based
EDSR in silicon and GaAs, where Rabi frequencies of sev-
eral tens of megahertz have been measured to smoothly
saturate [7,21–23]. These results have been loosely inter-
preted as resulting from anharmonicity in the confinement
potential, and we also find this a plausible explanation
through numeric simulations in Appendix C. However,
confinement anharmonicity alone does not fully account
for the nonlinearity and lower driving limit observed in
the devices considered here. We emphasize that the cross-
talk effect discussed in Sec. III B will occur regardless of
the cause of the nonlinearity, and the limited Rabi frequen-
cies achieved in this device make crosstalk more prominent
than could otherwise be expected.

The exact electric field driving amplitude is not known
precisely, so a linear scale is used such that 1 unit of
amplitude is approximately equivalent to a 2 MHz Rabi
frequency for Q1 in the configuration of Fig. 2(a). We
estimate that this amplitude corresponds to a microwave
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FIG. 2. Rabi frequency scalings as a function of the applied
resonant ac electric field amplitude. The external field is set to
Bext = 475 mT in (a), (b), and (f), Bext = 370 mT in (c) and (d),
and Bext = 320 mT in (e). In (a), (c), (e), and (f) the qubits are
driven using the MW gate as illustrated. In (b) and (d) the qubits
are instead driven using the B gate. In (a)–(e) only a single qubit
is driven at once in the (1, 1) electron occupation regime, while
the undriven qubit is left to idle. In (f) the Q1 Rabi scaling is
compared in different charge states of the device. In (a) and (b)
the visibility of the readout is indicated by the shaded regions. Q1
systematically has a higher visibility than Q2 as the latter is read
out via a controlled rotation which has finite fidelity. Lowered
visibility for longer drives is expected due to electron reservoir
heating. The horizontal axis is scaled such that 1 arbitrary unit
(arb. unit) represents the same nominal drive amplitude delivered
to the device by taking into account the room-temperature vector
source power and all nominal attenuation in the signal paths.

power of about −35 dBm delivered to the bonding wire
in the sample [24]. This nominal amplitude is used as
a reference for other experiments, when the attenuation
in each line can be used to estimate the power deliv-
ered to the device [25]. Magnetostatic simulations of
the on-chip micromagnet design estimate a stray field of
0.3–0.7 mT/nm, depending on the effective driving axis,
which is somewhat less than the 1 mT/nm estimated in
other similar devices [7]. This smaller driving gradi-
ent necessitates a proportionally larger driving amplitude
to achieve the same frequency, which may play a role
in the observation of nonlinear effects at smaller Rabi
frequencies.

For each quantum dot, external magnetic field, and driv-
ing gate, the associated curve contains unique, but robustly
reproducible, nonlinear characteristics qualitatively sim-
ilar to [6]. These often appear as plateaus where the
Rabi frequency apparently saturates, or only changes mod-
estly, when the amplitude of the electric drive is adjusted.
Increasing the driving amplitude does not always yield
larger Rabi frequencies, nor is the visibility or quality of
Rabi oscillations immediately degraded in these regions.
Longer driving does lead to some reduced visibility in
part due to self-heating of the electron reservoirs used for
energy-selective readout. In some experimental configura-
tions, driving even more strongly in the nonlinear regime
will lead to a sudden loss in qubit visibility. Decreased visi-
bility and a diminished TRabi

2 have been previously reported
for fast EDSR in silicon [7,22], and may also be a result of
population leakage to spin-orbit states outside of the qubit
subspace.

In addition to the general Rabi saturation effect
observed, each measured Rabi scaling exhibits distinct
kinks. Note that the difference in scaling trends between
adjacent spins has previously been observed [26] and may
be attributed to differences in the local magnetic field gra-
dient at each dot location. However, this does not explain
the nonlinearity in the qubit response as the micromagnet
gradient is nearly constant over the 100 nm pitch of the
dots. From the distinct shapes of the Q1 and Q2 curves,
it is apparent that the origin of the nonlinearity is particu-
lar to each qubit frequency and not a global phenomena as
could be expected from a uniform distortion in the driving
field. We also note that a drive-induced shift in the qubit’s
resonance frequency, which has previously been observed
in EDSR experiments [8,20,27], is not a plausible cause of
the nonlinear scaling since an off-resonant drive will result
in faster oscillations, not slower [28].

Next, we consider the possibility that the nonlinear-
ity is due to the influence of the second qubit. However,
upon removing the Q2 electron, there is no change in the
Q1 Rabi scaling as shown in Fig. 2(f). Furthermore, the
residual exchange interaction between the two qubits is
measured to be below 50 kHz, indicating a very weak spin-
spin interaction taking place. Repeating the experiment in
the (3, 0) regime produces the same initial linear trend,
suggesting that in both the one-electron and three-electron
modes the same dipole transition element, whether orbit-
like or valleylike, is responsible for mediating EDSR. The
nonlinear scaling regime is similarly shaped, but mea-
surably different, suggesting that the root cause of the
nonlinearity may be somewhat influenced by the quantum
dot structure.

B. Crosstalk

When both qubit driving tones are simultaneously
applied to the MW gate, a large cross-talk effect occurs
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FIG. 3. Crosstalk in single-qubit operation. The Rabi frequen-
cies of both qubits are measured when a constant driving tone
on-resonance with one qubit is present (shown in the bottom left
of each panel) while a second tone resonant with the other qubit is
swept in amplitude. In (a) and (b) the constant driving amplitude
is half (0.7 arb. units) that in (c) and (d) (1.4 arb. units). Note that
doubling the constant tone amplitude does not double the Rabi
frequency, because the EDSR response is already nonlinear as
shown in Fig. 2(a). In (b) and (d), the experiment repeated in the
(1, 0) regime gives nearly identical results to the (1, 1) regime.
All experiments are carried out at Bext = 475 mT, and the MW
gate is used in all cases as indicated in the top right illustration.

(Fig. 3). When a resonantly driven spin is also placed under
the influence of an additional off-resonant drive, the addi-
tional ac field amplitude modifies the qubit response as to
diminish the resonant spin-flip Rabi frequency. This effect
has substantial consequences for high-fidelity logic gates
which must be calibrated to a nanosecond-precision dura-
tion, because even a small unaccounted-for change in Rabi
frequency would result in severe over- or underrotations
of qubit states. High-fidelity control can be maintained in a
small device by operating gates serially [19,29,30], but this
is an undesirable constraint for efficiently implementing
quantum algorithms.

By comparing Figs. 3(a) and 3(b) with Figs. 3(c) and
3(d), it is clear that the Rabi frequency is more strongly
modified when the resonant tone amplitude is smaller with
respect to the off-resonant pulse amplitude. This implies
that crosstalk would become more severe as single-qubit
operations are more densely multiplexed. Directly adjust-
ing microwave pulses for the unique response of each qubit
may greatly increase the calibration overhead for larger
qubit arrays, depending on the locality of the nonlinear
response. We emphasize again that the cross-talk effect
is not a consequence of the existence of a nearby qubit,
but rather is caused by the act of driving a second nearby
qubit. This is illustrated in Figs. 3(b) and 3(d), where the

Q1 behavior is nearly identical in the case where the Q2
electron is removed from the double-dot region.

IV. DISCUSSION

We now introduce a model Hamiltonian to survey in
more depth the possible origin of the observed nonlin-
earity and crosstalk. Consider the following micromagnet-
enabled EDSR Hamiltonian:

H(t) = H0 − EZ

2
σz + b′

SLx̂�n · �σ + E′
ac(t)x̂. (1)

Here H0 describes the orbital and valley degrees of free-
dom of the charge state. EZ = gμBBtot is the Zeeman
splitting of the spin state, where g ≈ 2 is the g-factor in
silicon, μB is the Bohr magneton, and Btot is the total mag-
netic field along the σz spin quantization axis. x̂ is the
one-dimensional position operator along the driving axis,
which is determined by the orientation of the electric driv-
ing field E′

ac(t) = e
∑

k Eac,k sin(ωkt) at the quantum dot
location. b′

SL = 1
2 gμB|�bSL| gives the strength of the SOC

as a function of the magnitude of the slanting magnetic
field |�bSL| along this axis. �n = (0, cos θ , sin θ)T character-
izes the nature of the SOC, where θ gives the angle of the
gradient with respect to the σy spin quantization axis.

EDSR is simplest to investigate in the case of har-
monic confinement of the electron with effective mass m∗,
such that H0 = �ω0(â†â + 1

2 )with â†, â being the quantum
raising and lowering operators, �ω0 giving the energy dif-
ference between orbital eigenstates, and � = h/2π as the
reduced Planck’s constant. The resulting Hamiltonian H(t)
can be analyzed perturbatively (see Appendix B) to find an
on-resonance Rabi frequency of

fRabi = gμB|�bSL| cos θeEac

2hm∗ω2
0

(2)

and a drive-dependent resonance frequency shift of �ω ∝
−E2

ac [28]. According to Eq. (2), dot-to-dot variations in
EDSR sensitivity are expected as different qubit locations
will experience different confinement strengths, magnetic
field gradients, and electric driving angles. However, pro-
portionality to the oscillating electric field amplitude is
always expected from Eq. (2).

Different linear scaling for small drives has been
reported in both GaAs [21,23,26] and Si [4,6,7,22]. The
linear regime may extend from Rabi frequencies of only
a few megahertz to tens of megahertz depending on the
quantum dot environment, but a nonlinear regime can be
identified when fRabi �= BEac where B is a scaling con-
stant. Although smooth deviation from the linear trend
can be seen in direct simulation of Eq. (1) owing to
higher-order terms, the origin of the numerous nonlin-
ear features we observe is unclear. Furthermore, previous
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works in similar Si/SiGe devices have found Larmor fre-
quency shifts of both signs that are not quadratic in driving
amplitude [20,27], contrary to the theoretical expectation.
This leads us to conclude that the model of Eq. (1) does
not adequately capture all relevant features of the qubit
physics.

Anharmonic models of the confinement potential H0
have been used to explain nonlinear phenomena such as
second-harmonic driving [31,32] and even nonlinear Rabi
scaling [33,34]. However, with both valley splittings of the
evaluated device measured to be in excess of 150 μeV, it
is unclear why such an anharmonic confinement potential
applies to this device. Furthermore, our numerical simu-
lations of Eq. (1) with anharmonic orbit- and valleylike
models fail to capture the breadth of nonlinear features we
observe in experiment (see Appendix C).

It is noteworthy that the EDSR Hamiltonian of Eq.
(1) with harmonic orbital confinement will exhibit non-
linearity for driving amplitudes which are no longer of a
perturbative magnitude with respect to the orbital spacing
(see Fig. 6). The cross-talk effect will also occur in this
regime when multiple driving tones are applied, albeit at
larger Rabi frequencies than we observe in this experiment.
Therefore, neither an anharmonic confinement potential
nor the phenomenological additions we make to the Hamil-
tonian in the discussion below are necessary preconditions
for either Rabi frequency nonlinearity or crosstalk. Such
modifications to Eq. (1) do seem necessary, however, to
explain their occurrence at modest Rabi frequencies.

Based on the variety of nonlinearities observed from
single-qubit measurements in Fig. 2, it is clear that at least
the microwave power (Pk) and frequency (ωk) components
are important contributing factors. We therefore focus on
the time-dependent driving term of the EDSR Hamilto-
nian as the simplest source of the nonlinearity and identify
two possible physical origins: electric drive distortion and
microwave-induced artifacts.

If the signal amplitude at room temperature is not lin-
early related to the amplitude delivered to the device, then
the origin of the nonlinearity may be trivially related to
classical electronics or transmission lines. It is not possible
for us to measure the electric field at the dot location with-
out considering the electron spin as a sensor itself. Still,
we have verified that the output of the I/Q-modulated sig-
nal is linear with respect to the input. Beyond this element,
there are known interference effects in the transmission
lines but no active electronic components that are sus-
pected to show nonlinear effects. Furthermore, the signal
paths to the B and MW gates are separate from room tem-
perature, and nonlinearity is present when either gate is
used for driving. Conversely, applying a drive through the
same gate gives a different nonlinear response depending
on which qubit it addresses. This points to a microscopic
origin of the nonlinearity, although the driving frequencies
and orientations for the two qubits differ as well, making

it difficult to completely rule out any origin of nonlin-
earity from a classical distortion of the driving signal. In
Appendix A we describe how nonlinearity and crosstalk
were observed in a different experimental setup using a
nominally identical device design. This reinforces the like-
lihood that the nonlinearity originates at the device and
highlights that the nonlinear behavior is not a peculiarity
of a single experimental setup.

Second, we consider the possibility that a microwave
drive could influence a quantum dot’s confinement poten-
tial, and therefore its orbital structure, through heat-
induced device strain or the activation of charge traps, for
example. Although a true harmonic confinement poten-
tial is robust against small perturbations, the anharmonic-
ity introduced by asymmetric confinement or valley-
orbit hybridization may be sensitive to such changes
[35–37]. We therefore acknowledge the possibility that
a nonlinear drive-dependent dipole element r(Etot) =
〈VO0(Etot)|x̂|VO1(Etot)〉 may manifest in a way that is con-
sistent with our observations. The plausibility of these
hypotheses would need to be verified through more rig-
orous modeling.

Although the origin of the nonlinearity remains uncer-
tain, we can nevertheless gain insight into the cross-talk
effect by extending the model of Eq. (1) phenomenolog-
ically by including a prefactor f (Pk,ωk) in the electric
driving term such that E′

ac(t)x̂ → f (Pk,ωk)E′
ac(t)x̂. Fol-

lowing from the Rabi scalings measured in Fig. 2, we
consider the prefactor to be dependent on the power Pk ∝
|Eac,k|2 and frequency ωk of all applied drives. To illus-
trate the consequences of the phenomenological model,
consider the prefactor plotted in Fig. 4(a). The prefactor
reflects changes in the quantum dot structure, such as a
contracted electric dipole, or an effective driving field that
may manifest as a function of microwave irradiation. Intu-
itively, the prefactor introduces a “clipping” effect akin to
an overdriven amplifier, where an increase in input ampli-
tude no longer leads to a proportional increase in the output
EDSR response, that is, in the Rabi frequency.

To see the importance of this dependence, we numeri-
cally integrated the time-dependent Schrödinger equation
i�ψ̇ = H(t)ψ using Eq. (1) and the prefactor depicted in
Fig. 4(a). A constant driving tone resonant with Q2 drives
Rabi oscillations. As a Q1 driving tone is turned on, two
notable cross-talk effects occur [Figs. 4(b)–4(d)]. First, the
Q1 Rabi frequency is substantially smaller than in the
case where no Q2 drive is present. Second, the Q2 Rabi
frequency decreases markedly as the Q1 Rabi frequency
increases. The fitted Rabi frequencies in Fig. 4(b) behave
analogously to the measured cross-talk effect presented in
Fig. 3, and the same effect is obtained in the absence of a
second electron.

For the near-term scaling of silicon spin qubit devices
using micromagnet-based EDSR, the practical issues
introduced here can be limited by ensuring the electric
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(a) (b)

(c) (d)

FIG. 4. (a) Plot showing one possible instance of the phe-
nomenological prefactor describing the nonlinearity in the EDSR
mechanism. To illustrate the emergence of crosstalk, we set
the Q2 electric drive to a constant amplitude, and manipulate
the amplitude of the Q1 drive. The effective driving term in
the Hamiltonian will be unique depending on the sum of both
microwave drives. (b) The effect of two microwave drives on
the two-spin system is numerically simulated with the nonlin-
ear prefactor in (a). The solid green line gives the modified
analytic Rabi frequency in the case where only Q1 is driven,
while the discrete points are derived by fitting the numerically
solved spin dynamics to a sinusoid. (c),(d) The spin dynam-
ics of Q1 and Q2 corresponding to the fits in (b). Light and
dark regions indicate the probability of measuring a ground
or excited state spin, respectively. For simulation, we take
EZ,Q1 = 12.066 GHz, EZ,Q2 = 11.966 GHz, |�bSL| = 0.3 mT/nm,
a0 = √

�/m∗ω0 = 20 nm, and Eac,Q2 = 600 V/m.

drive is oriented parallel to a sufficiently large transverse
magnetic gradient. This ensures that a reasonably large
fRabi is achieved at a sufficiently small magnitude of Eac
that is within the perturbative limit. Our observations sug-
gest multiplexing qubit control using a linear combination
of driving signals is possible within this regime. Empha-
sis on these design principles may be why nonlinear Rabi
scaling was not found to be a control-limiting artifact
at few-megahertz Rabi frequencies in a more advanced
multilayer gate device with possibly tighter confinement
potentials [8]. We anticipate that nonlinear effects, includ-
ing crosstalk, would still appear for faster EDSR driv-
ing. Although we cannot provide a conclusive origin for
this effect, we believe a more careful consideration of
microwave propagation in the device will be fruitful.

V. CONCLUSION

In summary, we have presented experimental evidence
of a strong nonlinearity in the fundamental resonance of
a single-electron spin qubit controlled by EDSR with a

synthetic SOC. To understand both the nonlinear Rabi fre-
quency scaling and cross-talk effects that are observed, we
have developed a simple phenomenological model whose
accuracy and consequences may be probed through further
experiments. The cross-talk mechanism introduced here
poses important questions for the scalability of spin qubit
devices relying on multiplexed single-qubit control.

Data and analysis scripts supporting this work are avail-
able at Zenodo [38].
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APPENDIX A: EVIDENCE OF NONLINEAR RABI
SCALING IN A SECOND DEVICE

To provide further evidence that the nonlinear Rabi fre-
quency scaling and crosstalk as discussed in the main text
can be seen more generally, we include data collected
from a second device (B) which is nominally identical
with respect to the design in Fig. 1(a) (device A) and is
fabricated on the same purified 28Si/SiGe heterostructure.
As such, we expect device B to host quantum dots with
a similar orbital confinement and micromagnet gradient
as device A. The Larmor frequencies of Q1 and Q2 of
device B were 15.582 GHz and 15.798 GHz, respectively.
Device B was cooled in an independent dilution refrigera-
tor and controlled using different electronics than device A.
Rabi oscillations and fitted Rabi frequencies are included
in Fig. 5. The amplitude scale is independent of that used
in the main text.

While both qubits reach the nonlinear regime at mod-
est Rabi frequencies similar to device A, Q1 of device
B illustrates a striking example of a very flat plateau. As
with device A, there is no immediate evidence of visi-
bility loss or lower Rabi oscillation quality in the plateau
region. However, the logical gate fidelities and TRabi

2 were
not quantified. Crosstalk, of the kind described in the main
text, was also observed in device B, but not studied sys-
tematically as in the case of device A. The observation
of nonlinearity in a second device from an independent
setup suggests that the origin of the phenomena can be
attributed to the devices, and is less likely the result of a
faulty component, for example.
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(a) (b)

(d)(c)

FIG. 5. Rabi oscillations in device B. Panels (a) and (c)
plot the qubit dynamics as a function of microwave driving
amplitude. Panels (b) and (d) respectively show the fitted Rabi
frequencies.

APPENDIX B: EDSR IN A HARMONIC
CONFINEMENT POTENTIAL

Here we summarize micromagnet-based EDSR with a
harmonic confinement potential. We consider the follow-
ing EDSR Hamiltonian:

H(t) = �ω0

(

â†â + 1
2

)

+ Ẽac sin(ωt)(â†+â)

− EZ

2
σz + b̃SL(â†+â)�n · �σ , (B1)

where the position operator x̂ = √
�/2m∗ω0(â† + â) in

terms of the quantum harmonic ladder operators, m∗ =
0.19me is the in-plane effective mass of the electron in
the silicon quantum well, and the spin-dependent terms
are as defined in the main text. For the subsequent anal-
ysis, the length scale is absorbed into the relevant energy
scales such that b̃SL = 1

2 gμB|�bSL|√�/2m∗ω0 and Ẽac =
eEac

√
�/2m∗ω0. By considering a typical orbital spacing

of �ω0 ≈ 1 meV corresponding to a Fock-Darwin radius
of a0 = √

�/m∗ω0 ≈ 20 nm, an ac electric field ampli-
tude of order less than 104 V/m, an external magnetic
field of 475 mT, and a transverse magnetic field gradient
of 0.5 mT/nm, the relevant terms correspond to the energy
scales

�ω ≈ EZ ,

b̃SL ≈ 1 µeV,

Ẽac ≈ 100 µeV,

EZ ≈ 50 µeV.

Therefore,

ε ≈ ω

ω0
≈ b̃SL

�ω0
≈ Ẽac

�ω0
≈ EZ

�ω0
� 1, (B2)

and it is appropriate to treat all terms of order ε perturba-
tively with respect to the orbital energy scale. Following
the approach of time-dependent Schrieffer-Wolff pertur-
bation theory employed in [28], we derive the effective
spin Hamiltonian (ignoring elements proportional to the
identity) up to fifth order as H̃ = ∑5

n=1 H̃ (n) where

H̃ (1) = −EZ

2
σz

H̃ (2) = −2b̃SLẼac cos θ sin(ωt)
�ω0

σy − 2b̃SLẼac sin θ sin(ωt)
�ω0

σz

H̃ (3) = −EZb̃2
SL cos θ sin θ

�2ω2
0

σy + EZb̃2
SL cos2 θ

�2ω2
0

σz

H̃ (4) = − b̃SLẼac cos θ(E2
Z + �2ω2) sin(ωt)

�3ω3
0

σy − b̃SLẼac sin θω2 sin(ωt)
�ω3

0
σz

H̃ (5) = −EZb̃2
SL cos θ sin θ(E2

Z + 2Ẽ2
ac − b̃2

SL − 2Ẽ2
ac cos(2ωt))

�4ω4
0

σy + EZb̃2
SL cos2 θ(E2

Z − b̃2
SL + 4Ẽ2

ac sin2(ωt))
�4ω4

0
σz.
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Expanding the Floquet Hamiltonian and carrying out
another second-order Schrieffer-Wolff transformation [28]
yields an on-resonance Rabi frequency of

�	Rabi = 2b̃SLẼac cos θ
�ω0

(

1 + E2
Z

�2ω2
0

)

(B3)

= gμBa2
0|�bSL| cos θeEac

2�ω0

(

1 + E2
Z

�2ω2
0

)

accurate to EZε
4. The drive-dependent frequency shift,

analogous to the Bloch-Siegert shift in electron spin res-
onance, is given by

�ωBSS = −4EZb̃2
SLẼ2

ac cos2 θ

�4ω4
0

= −g2μ2
Ba4

0EZ |�bSL|2 cos2 θe2E2
ac

4�4ω4
0

. (B4)

The sign of the shift is opposite what is expected from stan-
dard ESR. The reason for this is discussed in [28]. The
resonance frequency shifts due to a nonlinear Zeeman term
and g-factor renormalization are respectively calculated to
be

�ωNLZ = −2E3
Zb̃2

SL cos2 θ

�4ω4
0

(B5)

�ωg = −2EZb̃2
SL cos2 θ

�2ω2
0

(

1 − b̃2
SL

�2ω2
0

)

. (B6)

Therefore, a harmonic confinement potential should
yield the relations fRabi ∝ Eac and �ωBSS ∝ −E2

ac for
micromagnet-based EDSR. The perturbative regime used
to derive these relations should be valid, for realistic
parameters, at least to the order of fRabi = 10 MHz. It
should be noted that nonlinear phenomena, such as second-
harmonic driving, are permissible even with perfect har-
monic confinement, as evidenced from the presence of lon-
gitudinal driving in H̃ (3) and H̃ (5). However, it is believed
that nonlinearity originating from anharmonic confinement
will be dominant in silicon quantum dots [31].

APPENDIX C: EDSR WITH ANHARMONIC
CONFINEMENT

Here we show how EDSR in the presence of anharmonic
confinement, either as a result of a nontrivial potential
landscape or the presence of valley-orbit states, permits
nonlinear phenomena. However, the nonlinear Rabi scal-
ing found here does not seem to adequately account for the
experimental results.

We consider a general two-level orbital subspace acted
on by the set of Pauli operators {τi}, which may describe
two hybridized valley-orbit states in silicon, or the lowest
two states of an anharmonic confinement potential. Since
the micromagnet spin-orbit coupling energy scale is the
smallest, we consider the dynamics of the driven orbital
sector first. The driven orbital Hamiltonian is

H0(t) = −�0

2
τz + E′

ac sin(ωt)x̂, (C1)

where �0 denotes the energy splitting between the ground
and excited states and E′

ac = eEac is the scaled electric field
as in the main text. The eigenstates of H0(t) when no drive
is present, which we denote as |VO0〉 and |VO1〉, may in
general contain both transverse and longitudinal elements,
such that

x̂ = rτx − pτz, (C2)

where r = 〈VO0| x̂ |VO1〉 > 0 and 2p = 〈VO1| x̂ |VO1〉 −
〈VO0| x̂ |VO0〉 are real parameters. The parameter p quan-
tifies the extent to which the orbital states have a different
center of mass, as would be the case in an asymmetric con-
finement potential (see the sketch in Fig. 6). We transform
the Hamiltonian by an angle π/2 − θ about the τy axis,
where sin θ = p/

√
r2 + p2:

H ′
0(t) = exp(i(π/2 − θ)τy)H0(t) exp(−i(π/2 − θ)τy)

= −�
2
τ̃x −

(
ε + E′′

ac sin(ωt)
2

)

τ̃z (C3)

where � = �0 cos θ , ε = �0 sin θ , and E′′
ac =

2E′
ac

√
r2 + p2. Equation (C3) is the standard Landau-

Zener-Stückelberg Hamiltonian [39]. By moving into
the rotating frame using the unitary transformation
exp(−iE′′

ac cos(ωt)τ̃z/2ω) and applying the Jacobi-Anger
expansion, one can distinguish between single-photon
transition matrix elements �J1(E′′

ac/�ω) and two-photon
transition matrix elements�J2(E′′

ac/�ω) where Jn(x) is the
nth-order Bessel function of the first kind. The latter mech-
anism corresponds to subharmonic driving, when the spin
degree of freedom is included perturbatively. An analy-
sis of Eq. (C3) using the dressed-state formalism in the
context of silicon-based EDSR is found in [32].

To illustrate how the Rabi frequency scales in differ-
ent parameter regimes, we consider the full Hamiltonian
numerically for various �0, r, p , EZ :

H(t) = −�0

2
τz + E′

ac sin(ωt)x̂ − EZ

2
σz + b′

SLx̂σx, (C4)

with all definitions the same as in the main text. In all
cases, we choose an initial state in the ground valley-orbit
and spin states, and we set �ω = EZ for all simulations,
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(a) (b)

FIG. 6. (a) Rabi frequency and (b) visibility of orbital-
mediated EDSR where �0 = 1 meV, r = 20/

√
2 nm, and EZ =

60 μeV. As no rotating-wave approximation is made in the sim-
ulation, the spin dynamics is not perfectly sinusoidal and small
aberrations in the visibility trend appear. The Rabi frequency is
well defined in all cases. As illustrated in the sketch, a larger
length p corresponds to a more skewed confinement potential.
This results in a different electric dipole which affects the onset
of the nonlinear features for strong drives. Nonlinearity in the
Rabi frequency scaling becomes apparent when the energy scale
of the drive E′

ac is no longer of a perturbative magnitude with
respect to the orbital spacing �0.

neglecting the small g-factor renormalization due to the
micromagnet coupling for simplicity. The nominal trans-
verse micromagnet gradient is simulated to be between
0 mT/nm, along the qubit axis and 0.7 mT/nm along the
orthogonal axis. Due to fabrication imperfections and qubit
driving likely not taking place along the maximal gradient,
we use a value of |bSL| = 0.3 mT/nm in simulations. This
conservative estimate should underestimate the Rabi fre-
quency at which nonlinearity arises. The small longitudinal
gradient can be predicted from the approximately 100 MHz
Zeeman difference between the qubit, with an estimated
pitch of 100 nm, as 0.04 mT/nm along the qubit axis.
Therefore, we neglect any σz coupling in the simulation.

In Fig. 6, we simulate EDSR mediated by an orbital state
with an estimated energy splitting of �0 = 1 meV and a
corresponding dipole transition element of r = 20/

√
2 nm.

By changing the parameter p , we effectively model the
influence of an asymmetric confinement potential, where
the excited state has a shifted center of mass. Such a
skew has negligible influence for a weakly driven spin.
Notably, for larger drives (fRabi  10 MHz) the Rabi fre-
quency deviates below the linear trend predicted by Eq.
(B3) and the visibility decreases due to residual couplings
to spin-orbit states outside of the qubit subspace. Such
effects have been observed in [7,22], and may be exacer-
bated by microwave heating which is not included in our
simulations. To consider the phenomenology discussed in
the main text, we use this model when p = 0 nm and add
the prefactor f (Pk,ωk) to Eq. (B1).

In Figs. 7(a) and 7(b) we probe EDSR when mediated
via a valley state. Magnetospectroscopic measurements of
the device in our experiment show valley splittings of

(a) (b)

(c) (d)

FIG. 7. (a) Rabi frequency and (b) visibility of valley-
mediated EDSR where �0 = 150 μeV, r = 2 nm, and EZ =
60 μeV. Different values of p consider different spatial orien-
tations of the excited valley state. (c) Rabi frequency and (d)
visibility of valley-mediated EDSR considering different Zeeman
splittings where �0 = 150 μeV, r = 2 nm, and p = 0 nm.

180 μeV and 160 μeV for Q1 and Q2, respectively. We note
that valley splittings of this magnitude would suggest that
there is a relatively small degree of hybridization between
orbital and valley degrees of freedom due to interface
defects. For our simulations, we select a valley splitting
of �0 = 150 μeV and a modest dipole transition element
of r = 2 nm. An interesting feature appears at the particu-
lar Zeeman splitting of EZ = 60 μeV, where both a dip in
the Rabi frequency and visibility are found at larger driv-
ing amplitudes. The precise driving amplitude where this
dip occurs depends on the spatial nature of the valleylike
states. We have verified that such a dip can also result in
a cross-talk effect, though it qualitatively does not match
that observed in experiment.

In Figs. 7(c) and 7(d) we repeat EDSR simulations with
a valleylike state with r = 2 nm and p = 0 nm for differ-
ent Zeeman splittings similar to those used in experiment.
In contrast to orbit-mediated EDSR, there is a notable
dependence of the Rabi frequency on EZ . However, no
nonlinearity like that seen experimentally is observed.
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