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Large spin-shuttling oscillations enabling high-fidelity single-qubit gates
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There have been impressive breakthroughs in semiconductor quantum dots in recent years, with single-
and two-qubit gate fidelities matching other leading platforms and scalability still remaining a relative
strength; however, due to qubit wiring considerations, mobile electron architectures have been proposed
to facilitate upward scaling, and this opens the possibility of enlarging the motional amplitude for electric-
dipole spin resonance (EDSR)-based qubit manipulation. In this work, we examine and demonstrate the
possibility of significantly outperforming static-EDSR-type single-qubit pulsing by taking advantage of
greater spatial mobility to achieve higher Rabi frequencies and reduce the effect of charge noise. Our
theoretical results indicate that fidelities are ultimately bottlenecked by spin-valley physics, which can be
suppressed through the use of quantum optimal control. We demonstrate that, across different potential
regimes and competing physical models, shuttling-based single-qubit gates retain significant advantages
over existing alternatives.

DOI: 10.1103/4lky-413f

I. INTRODUCTION

Spin-based devices in semiconducting heterostructures
[1] are promising candidates to host and manipulate qubits
[2] as they offer advantages such as an inherent two-level
structure, controllability through gate-tunable electrostatic
potentials, and direct interfacing with existing semicon-
ductor technologies [3,4]. Si-SiGe heterostructures have
been widely used to harbor spin qubits in quantum dots,
with long spin-relaxation times (beyond seconds) [5] and
dephasing times (beyond tens of microseconds) [6,7].
Moreover, there have been impressive breakthroughs in
semiconductor quantum dots in recent years, with single-
and two-qubit gate fidelities matching other leading plat-
forms [8–11].
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The scalability of such systems is limited by the short
range of the exchange interaction, which leads to a fan-out
of electrostatic gates when wiring a large number of qubits,
as well as to crosstalk errors. Sparse architectures with on-
chip controls [12–16] are among the possible solutions to
this problem, but they require long-range coherent links
between distant qubit registers. We focus here on systems
in which the qubit, which is a single electron spin in a sin-
gle quantum dot, is moved by a series of electrostatic gates,
allowing bidirectional conveyor-mode shuttling [17–20].
In this approach, the spin is manipulated by transporting it
to a dedicated zone where a micromagnet is present. The
spatial separation of the operating qubits to such manip-
ulation zones effectively reduces crosstalk errors when
compared to dense qubit architectures.

Single-qubit operations of quantum-dot spins in pres-
ence of an artificial spin-orbit field have already been
demonstrated [6,8,21–23]. These experiments leverage
electric-dipole spin resonance (EDSR) [24], where the
quantum-dot confinement potential is oscillated beneath
a static micromagnet so that the spin experiences a peri-
odic magnetic field; however, this is achieved in a setting
where the amplitude of oscillation is limited to around
1 nm and, therefore, the magnetic field gradients required
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for fast gates are relatively large. Moreover, larger field
gradients increase the coupling between spin and volt-
age noise, leading to spin dephasing. In contrast, shuttling
architectures, such as the SpinBus architecture [14], are
predicted to have the ability to perform larger-amplitude
oscillations, up to 10 or 20 nm, weakening the gradient-
field requirement by at least an order of magnitude and
improving the spin-dephasing time. This can be com-
bined with a geometry-optimized micromagnet for further
improvements [25,26].

An obstacle to achieving high-fidelity gates in this con-
text is the presence of low-lying valley states in the con-
duction band minimum of Si [27]. Evidence shows that
these states couple to the spin degree of freedom (DOF)
by having different g factors [6,28–30]. This modifies
the standard fixed-frequency Rabi formula by introduc-
ing valley-dependent energy shifts, a fact that complicates
controllability and may ultimately lead to decoherence.
The interaction between the electron wave function and
the heterostructure walls lifts the degeneracy of the valley
DOF, but the splitting is very sensitive to the local atomic
arrangement [31,32]. As the quantum dot is shuttled, the
valley DOF may spend an undetected amount of time in
its excited state, corresponding to a shift in the precession
rate of the spin and to phase randomization. In the con-
text of long-distance shuttling, various control approaches
have been suggested for high-fidelity transport even in the
presence of low-lying valley states [33–37].

In this work, we model the shuttling-based EDSR
operation, taking into account the dephasing mechanism
between spin and valley states. A conveyor-mode shuttling
device is modeled by generating position-dependent val-
ley eigenstates and eigenvalues, referred to as the valley
landscape throughout this work, according to two distinct
models. One model considers the presence of Ge atoms
in the Si well (referred to as the “Ge-diffusion model”)
[31], while the other focuses on the presence of fabrica-
tion miscuts along the length of the device (referred to
as the “step model”) [32]. We show that the large elec-
tron oscillations increase the spin-dephasing time of the
qubit while operating at a magnetic gradient an order of
magnitude lower, with single-qubit gate fidelity limited by
low valley splitting points <15 μeV (LVSPs) and strong
spin-valley coupling. The electron trajectory can be shaped
using the optimal control techniques presented in this work
to improve the fidelity by at least 2 orders of magnitude, in
a valley-model-agnostic manner. We study the dependence
of the average gate fidelity on the driving frequency and
the spatial amplitude of the trajectory to understand under-
lying physical effects, and we optimize over a parameter
grid of pulse lengths and spatial amplitudes to show the
advantage of optimal control in realizing fast high-fidelity
gates. An extensive comparison of the valley models dis-
cussed above for various realistic scenarios, in terms of
attainable fidelities, is also performed to elaborate on the

advantages of using trajectory shaping over other methods.
Our results indicate that shuttling-based EDSR is a viable
and preferable way of performing single-qubit operations
in semiconducting platforms.

The remainder of this paper is structured as follows.
In Sec. II, we explain the relevant details of the SpinBus
architecture and present the model Hamiltonian used for
our simulations, along with descriptions of the different
valley models considered. We follow this with a discus-
sion on implementing the dynamics and optimization of
the single-qubit operation, where we elucidate the opti-
mal control methodology used. Section IV deals with the
main results of this work, where we show the advantages
of a large-amplitude-driven EDSR and compare the valley
models based on the gate fidelities for a single prototypi-
cal device as well as for 1000 different sampled devices to
ascertain the advantage of using optimal control in shaping
electron trajectories. We discuss potential obstacles and
future work in Sec. V and conclude in Sec. VI.

II. CONVEYOR-MODE SINGLE-QUBIT
ROTATIONS

In this section, we model the manipulation zone of the
quantum-bus architecture (see Fig. 1), and we discuss the
simulation and optimization of the single-qubit operation.

A. Device architecture

In a conveyor-mode spin-shuttling device [18], a row
of electric gates generates an array of quantum dots with a
sinusoidal profile inside the quantum well of a Si-SiGe het-
erostructure. The transported qubit is encoded in the spin
of a single electron trapped in one of these quantum dots.
Bidirectional shuttling of the electron over around 10 μm
is possible [19] with only four phase-shifted sine waves
as control signals to the gates. Figure 1 illustrates such an
apparatus.

Single-qubit gates are performed via EDSR at the so-
called manipulation zone by oscillating the electron under
an external magnetic field (approximately 20–50 mT) [14]
around a magnetic gradient generated by a suitable micro-
magnet. In comparison, the high-fidelity gates shown by
Ref. [8] apply a similar approach of using micromagnets in
conjunction with electron-position oscillation to perform
EDSR. The difference is in the choice of the operating
regime, with a far higher external magnetic field (around
0.5 T), a magnetic field gradient an order of magnitude
higher, and oscillation amplitudes an order of magnitude
lower.

B. Model Hamiltonian

We build on the model presented in Ref. [35] by adding
an extra term describing the artificial spin-orbit field.
The computational subspace of interest is the spin of the
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(a)

(b)

(c)

FIG. 1. Schematic of the manipulation zone in SpinBus. (a) A suitable micromagnet is placed on top of the electrostatic gates (gates
of the same color receive the same phase-shifted sinusoidal signal), which enables shuttling-based single-qubit gates for the electron
spin (blue ball) trapped in the Si quantum well. The trapping potential (shown in red) is moved back and forth to induce EDSR for the
spin. The interface between SiGe and Si can be modeled in two different ways, as shown in (b),(c).

electron in the quantum dot, a two-level system (TLS). The
spin can interact with the so-called valley DOF in Si, also
a TLS [27]. The combined Hilbert space can be written as

H = Hvalley ⊗ Hspin, (1)

with |+kz〉 , |−kz〉 as the valley basis and |0〉 , |1〉 (com-
putational basis) as the spin basis. Here, |+kz〉 , |−kz〉
correspond to the two low-lying valley states after the six-
fold degeneracy in the conduction band of Si is lifted by
strain.

The Hamiltonian has four terms,

H = HZeeman + HRabi + Hvalley + Hspin-valley, (2)

where

HZeeman = 1
2

gμBBz1 ⊗ σz, (3)

in which g is the Landé g factor of the electron (g = 2), μB
is the Bohr magneton, Bz is the constant external magnetic
field applied across the manipulation zone, and σz is the z
Pauli matrix acting on the spin. The value of Bz was chosen
to be 20 mT in this work. The drive term,

HRabi = 1
2

gμBBx(xqd(t))1 ⊗ σx, (4)

corresponds to the perpendicular magnetic field Bx(xqd(t))
= ∂b⊥ · xqd(t) due to micromagnets, which is responsible
for Rabi driving. Here, σx is the x Pauli matrix acting on
spin and xqd(t) is the position of the center of the quantum
dot at time t. The value of ∂b⊥ for the SpinBus is typically
chosen to be 0.1 mT/nm. We first consider the position of

the electron varying as a simple sine wave given by

xqd(t) = x0 sin (ωt + φ), (5)

with x0, ω, and φ denoting the amplitude, frequency,
and phase of the oscillation, respectively. The SpinBus
architecture provides dynamic control over the position
xqd of the trapping potential, using the same finger gates
responsible for shuttling the electron through the device,
which directly translates into spatial control of the elec-
tron trapped inside the potential well. Here, HZeeman causes
precession of the spin around the quantization axis, and
HRabi acts perpendicular to the quantization axis to rotate
the spin in the preferred direction. The choice of the phase
in Eq. (5) gives the usual σx and σy gates in the rotat-
ing frame. Rabi oscillations occur between the spin-up and
spin-down states due to EDSR, with the frequency

ωRabi = gμB∂b⊥x0/�, (6)

which is modified as � =
√

δ2 + ω2
Rabi, where δ is the

detuning from the spin-splitting frequency. In general, the
valley Hamiltonian can be expressed as

Hvalley = �real(xqd(t))τx + �imag(xqd(t))τy , (7)

where τx and τy are Pauli operators in the valley
subspace, and �real(xqd(t)) and �imag(xqd(t)) corre-
spond to the real and imaginary parts of the complex
position-dependent intervalley coupling, respectively. The
magnitude of valley splitting is given by EV(xqd) =
2
√

�2
real(xqd(t)) + �2

imag(xqd(t)), and the valley phase is
given by ϕV = arg(�real(xqd(t)) + i�imag(xqd(t))). The val-
ues of �real(xqd(t)) and �imag(xqd(t)) are generated accord-
ing to two different models for the microscopic valley
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physics [see Figs. 1(b) and 1(c), respectively]. The first
is the Ge-diffusion model [31] which considers the micro-
scopic arrangement of Ge atoms inside the Si well, leading
to larger or smaller valley splittings depending on the
overlap of the electron wave function with Ge atoms. In
this work, we use the same adaptation of the Ge-diffusion
model that can be found in Ref. [35].

The second valley model is the so-called step model,
which is a legacy model introduced as an early interpreta-
tion of valley-splitting fluctuations [32]. With appropriate
parameters, it results in a different distribution of valley-
splitting values when compared to the Ge-diffusion model,
and we adopt it here to study the effect of different statistics
for the valley DOF, matching mean and standard deviation.

The step model assumes that the shuttling device can be
divided into regions with smooth and uniform walls such
that the valley Hamiltonian is constant inside the region.
Changes to the valley Hamiltonian happen only at the
regions’ interfaces, and the effective intervalley coupling is
the average of the regions’ intervalley couplings weighted
by the probability of the wave function being inside that
region. Assuming, for simplicity, that the region interfaces
are perpendicular to the direction of motion, and indicating
the borders of the j th region as [xj −1, xj ], we compute the
probability of finding the electron in this region as

pj (t) = CDF
(

xj − xqd(t)
σqd

)
− CDF

(
xj −1 − xqd(t)

σqd

)
,

(8)

where CDF((x − μ)/σ) = (1 + erf((x − μ)/(σ
√

2)))/2
is the cumulative distribution function of a normal distri-
bution with mean μ and standard deviation σ , and erf is
the error function. The intervalley coupling is therefore

� =
∑

j

pj (t)�j =
∑

j

pj (t)|�j |(cos(ϕV,j ) + i sin(ϕV,j )).

(9)

The last term in the Hamiltonian is a position-dependent
effective ZZ interaction between the valley and spin DOF,
given by

Hspin-valley = −κz
(
τ̃z(xqd) ⊗ σz

)
, (10)

where κz is typically chosen to be of the order of 1 × 10−6

to 5 × 10−6 meV, which is proportional to the relative
g-factor variation δg/g ≈ 10−3 [30,38]. Here, τ̃z(xqd) =
{cos(ϕV(xqd))τx + sin(ϕV(xqd))τy} is the z Pauli matrix act-
ing on the ground and excited states of valley, and ϕV(xqd)

is the valley phase at a chosen starting position.

III. DYNAMICS AND OPTIMIZATION

The combined spin-valley system follows open sys-
tem dynamics, with the valley DOF decaying in contact

with the crystal environment and the spin DOF dephas-
ing because of charge noise. The density matrix of the
combined system, ρ(t), evolves according to the master
equation

dρ

dt
(t) = − i

�
[H

(
xqd(t)

)
, ρ(t)]

+ 1
T1,v

D [
τ̃−

(
xqd(t)

)]
(ρ(t)) + 1

T2,s
D[σz](ρ(t)),

(11)

where we have the dissipative operator D[L](ρ) = LρL† −
(ρLL† + LL†ρ)/2, T1,v = 100 ns (corresponding to valley
decay), and T2,s = 20 to 80 µs (corresponding to spin
dephasing). The jump operator used for the valley relax-
ation is given by [35]

τ̃−(xqd) = 1
2

(
1 e−iϕV(xqd)

−eiϕV(xqd) −1

)
, (12)

which is the lowering operator from the local valley
excited state to the local valley ground state.

A. GRAPE with JAX

The shuttling path, or the trajectory of the electron as
shown in Eq. (5), is discretized into piecewise-constant
functions, as in the usual approach of the well-known
GRAPE algorithm [39]. The time step is chosen so as
to capture the relevant spin-valley dynamics, and this is
calculated to be around 0.8 ps from the average valley
splitting along the length of the device. The discretized tra-
jectory is used to perform state evolution, and finally, the
average gate fidelity is calculated as explained in Sec. III C.
Performance improvements for state evolution and fidelity
evaluation are achieved using the JAX library in PYTHON
[40]. This also enables autodifferentiation of the cost func-
tion, which is essential for backpropagating the errors
to perform the optimization. The gradients found using
autodifferentiation are used with the L-BFGS optimization
method in SCIPY [41] to minimize the average gate infi-
delity (1 − F̄). The optimization is carried out with fewer
controls (fixed to ten controls per nanosecond) than the
time-discretized steps, and it is then interpolated when
calculating the final gate fidelity [42].

B. Shaping function

The initial control pulse is sinusoidal, as in Eq. (5). To
ensure that the pulse starts and ends at the same point, we
shape it using a Gaussian ramp envelope, given as

G(t) =

⎧
⎪⎨
⎪⎩

fs(t − tr) if t ≤ tr,

1 if t ≥ tr ∧ t ≤ Tg − tr,

fs(t̃ + tr) if t ≤ Tg − tr,

(13)
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where fs(t) = α[exp(−t2/2σ 2) − exp(−t2r/2σ 2)], with
t̃ = t − tf , σ = tr/4, and α = [1 − exp(−t2r/2σ 2)]−1. Here,
tr is the rise time, set here to 1 ns, and Tg is the gate
time. The shaped pulse to be optimized will be x̃qd(t) =
G(t) · xqd(t).

C. Cost function

The function to be maximized is the average gate fidelity
of the quantum channel E , evolving an initial spin state
according to Eq. (11) and subsequently tracing out the
valley DOF, compared to a desired unitary U. We use

F̄(E , U) = dFent(E , U) + 1
d + 1

, (14)

as defined in Ref. [43], with d = 2. Here, Fent(E , U) is
the entanglement fidelity and is denoted by Fent(E , U) =
〈φ| (1 ⊗ U† ◦ E)(φ) |φ〉, where |φ〉 is a maximally entan-
gled state of the spin with an ancilla qubit and U†(ρ) =
U†ρU. In practice, the calculation of Fent(E) involves
the propagation of four initial spin states (see for exam-
ple Ref. [35]). We note that the coherent and incoherent
errors might be weighted differently [44] if there is signif-
icant leakage into valley states, given that we are using
the average gate fidelity as a figure of merit. Nonethe-
less, with optimal control, the coherent errors are explicitly
suppressed, effectively lifting the quadratic relationship on
coherent error.

For our simulations, the target gate UG was chosen to be
a rotation of π about the y axis, given by

UG = exp
(−iπσy/2

)
. (15)

Note that there is no constraint against choosing UG as any
other desired gate. As the simulated evolution in Eq. (11)
is in the lab frame, the spin precesses under the action of
HZeeman and Hspin-valley, in addition to the desired gate. In
the ideal case of the electron always remaining in the val-
ley ground state throughout the evolution, the frequency of
precession is ��R = 2μBBz + 2κz. We counter-rotate the
final spin state to transform into a precession-free rotating
frame via UR = exp (−i�Rσz). Finally, in Eq. (14), we use
U = URUG, which ensures that the optimizer will favor the
trajectory that keeps the electron in the valley ground state.

IV. RESULTS

This section is divided into three parts. We first com-
pare shuttling-based EDSR with static EDSR by relating
the influence of transverse magnetic field gradients on spin
dephasing and average gate fidelity. Next, we investigate
the spin-valley interplay mechanism and the use of optimal
control as a means to perform high-fidelity gates for driv-
ing pulses with various amplitudes and durations. Finally,
we show the differences in single-qubit gate fidelity for

competing valley models. Device-specific and ensemble-
averaged gate fidelities are analyzed to understand the
limitations imposed by spin-valley decoherence.

A. Static versus shuttled quantum dots: Effect on spin
dephasing

Static quantum dots in a Si-SiGe heterostructure
have achieved high-fidelity single-qubit operations using
micromagnet-enabled EDSR, with T∗

2 = 20 µs [8], while
operating in the regime mentioned in Sec. II A. EDSR
based on lower amplitudes limits the achievable gate time,
resulting in slower gates. In principle, a larger x0 value
combined with large ∂b⊥ could lead to faster gates, but
keeping small gradients reduces the effects of charge noise.

Charge noise arising from voltage fluctuations in con-
finement potentials is transferred to the spin as dephasing
noise by the longitudinal component of the magnetic gra-
dient, ∂b‖. This reduces the T∗

2 value of a device, which
is reported in Ref. [46] as T∗

2 = �
√

2/(gμBδBrms), where
δBrms = ∂b‖δxrms is the root-mean-square (rms) variation
of magnetic field and δxrms denotes the rms displacement
of the electron position xqd caused by voltage fluctuations
(see Ref. [8] supplementary). This yields

T∗
2 = �

√
2

gμB∂b‖δxrms
. (16)

Changing the geometry of the micromagnet can maximize
the ratio Q = ∂b⊥/∂b‖ between transverse and longitudi-
nal gradients to improve the T∗

2 value of a device [26].
Although design dependent, the maximum and minimum
values of Q are generally finite and typically span about
one order of magnitude. It follows that the choice of
transverse gradient used for EDSR will influence spin
dephasing. Substituting ∂b‖ = ∂b⊥/Q in Eq. (16), we
obtain

T∗
2 = Q�

√
2

gμB∂b⊥δxrms
= QTgx0

√
2

πδxrms
, (17)

directly relating T∗
2 with Q as well as the amplitude of

oscillations x0 and the analytical gate time Tg , which is
computed as

Tg = π

ωRabi
= π�

gμB∂b⊥x0
. (18)

We estimate δxrms = 2 pm from the analysis of Ref. [8]
(supplementary) as well as by matching the value of T∗

2
in Eq. (16) with the experimental value of 20 μs from
Ref. [8]. The quantum dot is operated at ∂b⊥ = 1 mT/nm
and ∂b‖ = 0.2 mT/nm. To study the effect of ∂b⊥ on
T∗

2, we relate these quantities by fixing Q = 5. In the
case of EDSR by shuttling, as one reaches amplitudes an
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(a) (b) (c)

FIG. 2. Effect of transverse magnetic gradient on spin dephasing and average gate fidelity for varying valley splittings. The Ge-
diffusion model is used to generate a prototypical device, and three points along the device are sampled. Pulses with varying x0 (and
corresponding analytical Tg) are used to obtain the average gate infidelity (1 − F̄) at each point. The minimum of 1 − F̄ with respect
to x0 (indicated by ∗), for varying ∂b⊥ and corresponding spin-dephasing rates are plotted here. (a),(b) A large valley splitting helps
to retain good fidelity as the spin-dephasing rate increases (red line). (c) An LVSP combined with large spin-valley coupling leads
to an average gate fidelity that is an order of magnitude worse (red line with triangles). In all cases, the advantage of shuttling the
qubits over operating them statically can be seen by comparing their infidelities, as indicated by the green (∂b⊥ = 0.1 mT/nm) and red
(∂b⊥ = 1 mT/nm) stars, respectively [45]. Irrespective of the competing physical mechanisms causing decoherence, optimal control
always converges below 10−3, with a significant advantage from shuttling (teal dash-dot line).

order of magnitude higher, the transverse gradient can be
∂b⊥ = 0.1 mT/nm [18], and therefore we assume ∂b‖ =
0.02 mT/nm. We use the Ge-diffusion model to generate
a valley landscape, and we base our study on two dif-
ferent spin-valley couplings, specifically κz = 10−6 meV
(typically expected value [30]) and κz = 5 × 10−6 meV.
Three points are sampled from this valley landscape, corre-
sponding to valley splittings of 54.53, 23.52, and 2.61 μeV.
For each point, ∂b‖ is varied from 0.02 to 0.2 mT/nm,
yielding the corresponding ∂b⊥ and T∗

2 [see Eq. (16)]. It
follows from Eq. (6) that the Rabi frequency is directly
proportional to ∂b⊥x0. For each value of ∂b⊥, we vary the
analytical Tg from 5 to 360 ns to generate electron tra-
jectories with the corresponding analytical x0 value and
calculate the average gate infidelity. From this, the min-
imum of the infidelity, (1 − F̄)∗, with respect to x0 is
calculated (Fig. 2, brown solid line). The same procedure
is repeated for optimized electron trajectories (as explained
in Sec. III) corresponding to each Tg and x0 value (Fig. 2,
teal dash-dot line).

The following observations are in order. First, smaller
magnetic gradients result in smaller spin-dephasing rates
for relatively larger values of valley splitting, as shown by
the brown solid lines in Figs. 2(a) and 2(b). The advan-
tage of smaller gradients wanes at significantly lower
valley splitting, highlighting the importance of spin-valley
physics at larger amplitudes, as shown in Fig. 2(c). The
effect of larger spin-valley couplings becomes noticeable
only in the case of small valley splitting. Second, optimal

control of electron trajectories ensures an average gate infi-
delity below 10−3, irrespective of the magnitude of the
valley splitting or spin-valley coupling, for all magnetic
gradients.

B. Dependence of average gate fidelity on pulse
parameters

Electron trajectories can be engineered for a variety of
amplitudes (x0), frequencies (ω), and pulse lengths (Tg). To
study how the system responds to these different parame-
ters, a Ge-diffusion-model-based device is used to create
a well-defined valley landscape, with κz = 5 × 10−6 meV
and EV = 103 ± 49 µeV. An LVSP for which the val-
ley splitting is approximately 7 μeV is chosen along the
length of the device for Rabi pulsing to demonstrate
the advantage of optimal control. The micromagnet con-
figuration chosen in Ref. [14] is predicted to limit the
maximum amplitude of oscillations to 20 nm to perform
EDSR. Sweeping the values of ω for x0 up to 20 nm, we
calculate the average gate infidelity in the absence and
presence of spin-valley coupling, as shown in Figs. 3(a)
and 3(b), respectively. Figure 3(a) shows the case where
κz = 0 meV, with optimal fidelities obtained for ω ∼ 560,
corresponding to an external field of Bz = 20 mT.
Increasing the spin-valley coupling to κz = 5 × 10−6 meV
[Fig. 3(b)] produces a shift in resonant ω (to around
562.3), leading to optimal fidelities. The well-known
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(a) (b)

(c) (d)

FIG. 3. Trajectory parameters and optimization. The amplitude of the driving pulse is swept along with the (a),(b) driving frequency
and (c),(d) pulse length to calculate the average gate infidelity for a device simulated using the Ge-diffusion model with spin-valley
coupling κz = 5 × 10−6 meV. (a) The case with no spin-valley coupling. When the driving frequency is closer to the spin-splitting
frequency, higher fidelity is achieved. In the presence of spin-valley coupling, the spin-splitting frequency is modified (visible from
the upward shift), and Landau-Zener-Stückelberg-Majorana (LZSM) interference of valley excited states leads to fringes, as shown
in (b). The distinctive Chevron patterns are visible in (c), with no parameter combinations yielding infidelities below 10−3 before
optimization. Pulses obtained through optimal control perform better at preserving the average gate fidelity, minimizing infidelities to
well below 10−3, as shown in (d).

Landau-Zener-Stückelberg-Majorana (LZSM) interfer-
ence [47], which causes phase accumulation between the
excited and ground states when passing an anticrossing
point in energy periodically, occurs in the valley DOF.
A strong spin-valley coupling results in fringes along the
frequency band. The fringes are predominant for ampli-
tudes <10 nm, suggesting that valley excitations are less
significant at larger amplitudes.

A sweep of x0 and Tg is also performed, and the entire
parameter grid is optimized, as mentioned in Sec. III, for
300 iterations. Figure 3(c) shows the parameter grid before
optimization, with no parameter combination yielding the
desired fidelities. Fringes due to LZSM interference are
visible at lower amplitudes, as noted above. The right-
hand panel, Fig. 3(d), shows the same parameter grid after
trajectory optimization, leading to 88.68% of the param-
eter grid yielding infidelity below 10−3, highlighting the
potential improvement from using optimal control. For
all amplitudes, pulse lengths <42 ns resulted in high-
fidelity gates. Meanwhile, driving amplitudes >14 nm
yielded high-fidelity gates for all pulse lengths. This sug-
gests that, even though there is a wide range of parameters
for which the optimal control performs better, specific
ranges of amplitudes and pulse lengths are more desirable

when optimizing the average gate infidelity. Moreover, we
note that there are a few relatively red points remaining
in the parameter grid that did not yield optimal fidelities.
This is primarily due to the inverse relationship between
the driving amplitude and the gate time, which limits the
fidelity of certain parameter combinations. After optimiza-
tion, we still find these red points, and this could be due
the presence of local minima in the cost landscape near the
problematic parameter combinations.

C. Valley-model-agnostic optimal control

Valley models are differentiated by the choice of
sampling the real and imaginary parts of the complex-
position-dependent valley splitting, as mentioned in
Sec. II. Ge-diffusion and step models of valley splitting
can be used to simulate different functional distributions.
This section is divided into two parts. The first part deals
with the positioning of the micromagnet along the length
of the device, and the second part deals with sampling
valley profiles of 1000 different devices. In both parts,
we show that very low average gate infidelities can be
obtained, irrespective of the valley model used. In par-
ticular, optimal control always ensures trajectories that
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 4. Dependence of average gate fidelity on micromagnet position in the manipulation zone. For a device simulated using the
Ge-diffusion model, the position of the micromagnet is varied over a chosen length. (a) Dependence of valley splitting on position.
Corresponding to the valley splitting in (a), we calculate the (b) analytical [see Eq. (18)] (brown line), (ω, Tg)-optimized (orange
dashed line), and trajectory-optimized (teal dash-dot line) infidelity as a function of position, for κz = 10−6 meV. As the valley splitting
decreases, the infidelity increases and becomes worse when it encounters an LVSP. Optimal control improves the average gate fidelity
even at hard-to-navigate LVSPs. (c) For κz = 5 × 10−6 meV, this effect is enhanced for the analytical and (ω, Tg)-optimized lines,
while optimal control succeeds in retaining high fidelity. (d)–(f) The same for the step model of valley splitting.

result in high-fidelity single-qubit gates for the SpinBus
architecture.

1. Micromagnet-position dependence

A prototypical device is simulated using both valley-
splitting models, with κz = 10−6 meV and κz = 5 ×
10−6 meV. In a realistic scenario, Figs. 4(a) and 4(d) show
the valley landscapes for the Ge-diffusion and step mod-
els, respectively. At each point along the valley landscape,
a sinusoidal electron trajectory with amplitude x0 = 10 nm
and corresponding analytical Tg [see Eq. (18)] at driv-
ing frequency ω ∼ 562.3 MHz is used to calculate average
gate infidelity. Empirically, tuning ω to account for shifts
due to spin-valley dynamics, and tuning Tg to correct any
over- or under-rotation of the spin while performing the
desired gate, could improve the average gate fidelity in
experiments. In a real experiment, calibration of ω and
Tg could be done independently to find the sweet spot for
attaining larger gate fidelities. This process is numerically
simulated using Bayesian optimization based on Gaus-
sian processes [48], implemented in the PYTHON library
SCIKIT-OPTIMIZE [49]. This method is faster than brute-
force parameter sweeps for calibration because we start the
optimization in a well-defined initial interval around ωRabi

and analytical Tg . Conservatively, fidelities in a real exper-
iment might fall between the analytical and Bayesian-
optimized distributions due to limitations in the precision
of evaluating fidelities for the respective valley splittings.
Furthermore, the initial trajectory based on analytical Tg is
optimized as discussed in Sec. III.

The results of optimization for the Ge-diffusion and
step models corresponding to κz = 10−6 meV are shown
in Figs. 4(b) and 4(e), and those corresponding to κz =
5 × 10−6 meV are shown in Figs. 4(c) and 4(f), with the
red solid lines denoting the analytical infidelity, the orange
dotted lines denoting the (ω, Tg)-optimized infidelity, and
the teal dash-dot lines denoting the trajectory-optimized
infidelity. It is observed that the gate infidelities are valley-
landscape dependent, which makes it important to choose
an appropriate operating point for placing the micromag-
net to increase the probability of performing a high-fidelity
single-qubit operation in SpinBus. As noted in Sec. IV A,
larger values of valley splitting inherently help achieve
high fidelities, even in the presence of an unfavorable spin-
valley coupling. This is evident from the flat profile of
the (ω, Tg)-optimized infidelity at larger valley-splitting
values, irrespective of the spin-valley coupling strength.

It can also be noted that the gradient of valley splitting
with respect to position works in conjunction with the
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valley splitting strength to decrease average gate fidelity
[for instance, between 200 and 300 in Fig. 4(c)], due to
LZSM interference. Spin decoherence due to LVSPs is
more prevalent at larger spin-valley couplings. The differ-
ence in the valley models chosen does not appear to change
the analytical and postoptimization fidelity characteristics.
Calibrating ω and Tg might suffice to provide competi-
tive fidelities for a vast majority of points along the valley
landscape, as shown in Figs. 4(b)–4(f); however, trajec-
tory optimization always allows the average gate fidelity to
converge below 10−4 despite encountering the competing
physical effects discussed above.

2. Device sampling

The valley landscape is highly variant, and it is impor-
tant to gather more statistics over many prototypical
devices to ascertain the advantage of using optimal con-
trol. The valley-splitting models are used to generate 1000

devices of the same length, with varying valley landscapes.
We assume that the center of the micromagnet is placed
exactly at the center of the 200-nm-long device (at 100
nm), which is chosen as the initial point of the sinusoidal
electron trajectory with amplitude x0 = 10 nm.

a. Ge-diffusion model. As mentioned in Sec. II, a val-
ley profile is generated by relative positioning of Ge
atoms in the Si well. The presence of Ge atoms alters
the intervalley coupling, causing a spatially varying dif-
ference in energy. To sample devices simulated using the
Ge-diffusion model, a seed is chosen to randomly place
Ge atoms along the Si well. Figure 5(a) (left-hand panel)
shows the valley-splitting profile for the sampled devices.
The average valley splitting at the center taken over the
1000 devices is approximately 88 ± 46 µeV, while the
average splitting over the full length of the 1000 devices
is approximately 88 ± 17 µeV. The distribution of valley
splittings is skewed toward lower splittings, with 53.9% of

(a)

(b)

FIG. 5. Optimal control improves average gate fidelity over 1000 sampled devices. The Ge-diffusion model and the step model
are used to generate 1000 different shuttling devices of 200-nm length, with varying valley-splitting distributions. (a) Valley-splitting
distribution calculated at the center of each device (at 200 nm). (b) Bar plots of average gate infidelity versus valley splitting with the
mean marked for the Ge-diffusion model (top row) and the step model (bottom row). Increasing spin-valley coupling leads to poor
average gate fidelity for LVSPs, as shown by the analytical infidelity bars (brown). Here, (ω, Tg) optimization can improve fidelity for
larger valley splittings, but this is limited by LVSPs (orange bars). Pulse engineering improves the average gate fidelity by at least 3
orders of magnitude even after encountering LVSPs (teal bars).
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the samples below a splitting of 88 µeV. Valley splittings
below 33 μeV are encountered with 12.3% probability.

b. Step model. The relative placement of miscuts along
the device is tuned using a chosen seed so as to generate
different valley profiles. The corresponding valley-splitting
profile is shown in Fig. 5(a) (right-hand panel). The aver-
age valley splitting at the center is approximately 100 ±
44 µeV, while the average splitting over the full length of
the 1000 devices is approximately 92 ± 15 µeV. The val-
ley splittings are skewed more toward the larger values,
with 56.6% of the samples above a splitting of 88 μeV.
Valley splittings below 33 μeV are encountered with 5.6%
probability, relatively less than the Ge-diffusion model.
This could be attributed to lower intervalley coupling
being concentrated around the step edges.

For both models, we employ the same methodology as
discussed in Sec. IV C 1 to calculate analytical, (ω, Tg)-
optimized, and trajectory-optimized gate infidelities, with
the electron always oscillating about the center of the
device for each sample. Figure 5(b) shows the results for
the Ge-diffusion model (top row) and the step model (bot-
tom row) after optimization. We observe that the analytical
Rabi pulses result in poor gate fidelities as the valley split-
ting decreases below 60 μeV, progressively getting worse
for lower valley splittings [see Fig. 5(b), brown bars].
Calibrating ω and Tg can improve the fidelity for a vast
majority of samples (orange bars), but this is limited by
LVSPs and relatively larger spin-valley coupling values.
It can be easily seen that optimized electron trajectories
perform at least 3 orders of magnitude better than the
analytical Rabi pulses for all values of valley splitting.

It is evident that an important factor other than the valley
splitting strength that plays a role in limiting the average
gate fidelity is the spin-valley coupling. Gradually increas-
ing the spin-valley coupling shifts the attainable infideli-
ties upward, generally implying more spin decoherence.
For κz = 10−6 meV, none of the samples using analyti-
cal pulses converged below an average gate infidelity of
10−3, while 779 (Ge-diffusion) and 899 (step model) out
of 1000 samples using (ω, Tg)-optimized pulses converged
below an average gate infidelity of 10−3. Trajectory shap-
ing using optimal control for the same leads to an average
gate infidelity below 10−3 for all samples, irrespective of
the underlying valley model or spin-valley coupling, pos-
ing a significant advantage over the usual Rabi pulses. In
conclusion, the detrimental effects of encountering LVSPs
can be effectively mitigated by optimal control.

V. DISCUSSION

Conveyor-mode shuttling-based architectures can be
engineered with better spin-dephasing times than their
static-quantum-dot counterparts due to their ability to

perform larger amplitudes of electron-position oscilla-
tion. We have shown that for realistic spin-decoherence
rates, an order-of-magnitude improvement over standard
EDSR may be attainable, making the SpinBus architecture
a promising candidate for scalable high-fidelity single-
qubit operations, which are essential for fault-tolerant
quantum computation [50–52]. Oscillating the electron at
larger amplitudes increases the chance of valley excitations
and position-dependent frequency offsets, thus hindering
spin coherence and high-fidelity gates. The existence of
LVSPs can severely limit fidelity, to the extent of mak-
ing these manipulation zones unusable. In this work, we
have shown that such drastic measures are unneeded, and
applying optimal control still permits error rates below
10−3, enabling full use of the SpinBus architecture. While
we have focused here on model-based control, most of
the conclusions should still hold in the case of in situ
closed-loop control.

Meanwhile, we have shown that the valley DOF, with
sufficiently large splitting (>60 μeV), does not signifi-
cantly hamper the spin unless the spin-valley coupling is
pessimistically large; however, appropriate calibration to
account for position-dependent frequency shifts is needed.
The single-qubit gate fidelities after calibration can be used
to probe the unknown valley landscape along a device
to map out potential LVSPs. This can guide the choice
of the initial operating position of the electron to yield
high-fidelity gates without the use of optimal control. Full
optimal control enables high-fidelity gates even if there is
a chance of encountering such spin-valley couplings in a
realistic device. We have modeled both the Ge-diffusion
and step-model scenarios in detail and shown that in both
cases, even under pessimistic conditions, control theory
can greatly enhance device operability. It is in principle
also possible to engineer electron-oscillation trajectories
that are inherently robust to differences in valley land-
scapes, as mapping out the valley landscape for large-scale
devices might not be practical. Moreover, uncertainties in
measuring valley splittings in an experimental scenario
could be mitigated using closed-loop control techniques,
allowing the trajectories to be modified in real time to yield
optimal gate fidelities. Since the average number of itera-
tions required to yield high-fidelity gates for the open-loop
scheme discussed in this work is around 100, extend-
ing it to a closed-loop control scheme might increase
the iterations by a factor of roughly 10 [53], which still
is a break-even trade-off to achieve high-fidelity gates,
especially given fast duty cycles for these devices. Energy-
optimized optimal control techniques [54] could also be
beneficial for addressing additional hardware power con-
straints along with the physical constraints of the system
studied in this work.

It is also important to note that low-frequency noise,
coming from nuclear spins in residual 29Si or from
non-Markovian effects of charge fluctuators, could cause
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further dephasing of the spin. This would have to be
addressed with well-established methods, such as dynam-
ical decoupling pulses [8,55]. The interplay and compati-
bility between dynamical decoupling pulses and the opti-
mized pulses to avoid valley leakage suggested in our work
constitute an interesting open question, which warrants
further investigation.

VI. CONCLUSION

A quantum bus architecture paired with micromagnets is
promising for large-scale universal quantum computation.
We have quantitatively shown that an order-of-magnitude
improvement over standard EDSR is possible for shuttling-
based EDSR. Nonetheless, the choice of the material
stack for the device (Si-SiGe in this work) presents addi-
tional complexity in the Hamiltonian and decay channels
that cause decoherence of the information encoded in the
spins of the electron. Higher gate fidelities are limited by
the so-called valley degree of freedom arising from the
conduction-band minima of Si, and they are further limited
by the charge noise mediated through the micromagnets
used for single-qubit manipulation.

We show that straightforward control-theoretic routines
can improve the gate fidelities by at least 3 orders of mag-
nitude compared to analytical formulas. These results are
tested for two competing models for the description of
valley splittings, namely the Ge-diffusion and step mod-
els. Even for valley splittings below 15 μeV, which would
otherwise be essentially unusable for computation, the

optimized pulses result in 99.9% gate fidelity, thus improv-
ing controllability in tough-to-navigate LVSPs that could
be present along the length of the device.
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APPENDIX: OPTIMAL ELECTRON
TRAJECTORIES

We discuss briefly the optimal electron trajectories
obtained by following the procedure laid out in Sec. III.
The valley landscape chosen is the same as the one dis-
cussed in Sec. IV B, with the initial position of the quantum
dot corresponding to a valley splitting of 7 μeV. For sim-
plicity, we choose Tg = 50 ns and focus on the trajectories
obtained for various selected initial amplitudes, specifi-
cally x0 = 7.6, 10.7, 15.3, and 20 nm. Figure 6(a) shows
the optimized trajectories for each of the initial amplitudes,
and the corresponding single-sided amplitude spectrum of
the trajectories is plotted in Fig. 6(b).

(a)

(b)

FIG. 6. (a) Optimized trajectories, and (b) corresponding single-sided amplitude spectra.
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The following observations are in order. First, the
obtained optimal trajectories are overall smooth, and the
frequencies for all trajectories are predominantly around
the spin-splitting frequency. Second, the amplitudes of the
optimized trajectories are within the desired range, avoid-
ing any additional charge noise due to the micromagnet.
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