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ABSTRACT: In our toolbox of quantum gates for spin qubits, the
SWAP-family gates based on Heisenberg exchange coupling are
quite versatile: the SWAP gate can help solve the connectivity
problem by realizing both short- and long-range spin state transfer,
while the SWAP gate is a basic two-qubit entangling gate. Here
we demonstrate a SWAP gate in a double quantum dot in
isotopically enriched silicon in the presence of a micromagnet. We
achieve a two-orders-of-magnitude adjustable ratio between the
exchange coupling J and the Zeeman energy difference ΔEz,
overcoming a major obstacle for a high-fidelity SWAP gate. We
also calibrate the single-qubit local phases, evaluate the logical-
basis fidelity of the SWAP gate, and further analyze the dominant
error sources. These results pave the way for high-fidelity SWAP
gates and processes based on them, such as quantum communication on chip and quantum simulation.
KEYWORDS: quantum dot, Si-MOS, spin qubits, two-qubit gate, SWAP gate

A single-spin qubit in a silicon quantum dot is an attractive
platform for quantum information processing due to its

long coherence times,1−4 robustness against thermal noise,5,6

and potential for scalability with advanced semiconductor
manufacturing technology.7−9 Rapid progress over the past
years has seen high fidelity initialization,10−13 readout,12−15

single-qubit operation,12,16,17 two-qubit operation,18−21 and
three-qubit iToffoli gate22 successfully achieved, putting single-
spin qubits at the threshold of demonstrating quantum error
correction22 and the noisy intermediate-scale quantum
(NISQ) era.23

For a fault-tolerant and scalable quantum computer
architecture, efficient quantum information transfer on a chip
is essential. For a single-spin qubit in silicon, the transfer of the
qubit state can be realized by shuttling the electron
directly.24−27 The SWAP gate, via the isotropic Heisenberg
exchange coupling native between quantum dots, can transfer
quantum information as suggested in the original spin qubit
proposal.28,29 the SWAP gate allows two-qubit entangling
operations, and an extra SWAP gate can reduce circuit depth
compared to using only the controlled-phase (CPhase) gate.30

In short, for a large-scale spin qubit array, the SWAP gate is a
crucial element for both quantum computing in general and
on-chip communication in particular.

Although exchange control of spins has been demonstrated
in GaAs quantum dots31 and coupled donors,32 demonstration

of the SWAP gate remains a significant technical challenge for
single-spin qubits in silicon quantum dots. For a high-fidelity
SWAP gate, the main requirement is a highly adjustable ratio
between the exchange coupling J and the Zeeman energy
difference ΔEz.33 For devices with a micromagnet, with the
gradient magnetic field designed to enable single-qubit
addressability, the tunability of J/ΔEz is limited by the field
gradient and the resulting ΔEz.34 For the device without the
micromagnet, the tunability of J/ΔEz is also limited due to the
limited tunability of J.28,35−37 While an equivalent to a SWAP
gate can be constructed in a nonuniform magnetic field, such
as the resonant SWAP gate, this more complex gate suffers
from cross-talk38 and heating, which significantly impact its
applicability in large-scale qubit arrays. A recent work has
demonstrated SWAP operation on a silicon double quantum
dot (DQD),37 though with only limited spin flip probability
due to the finite tunability of J/ΔEz.
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In this article, we experimentally demonstrate a SWAP gate
in an isotopically enriched silicon DQD with a built-in
micromagnet and make suggestions on how to further enhance
gate fidelity. In our experiment, while tuning the detuning ε,
the exchange splitting J increases/decreases rapidly while ΔEz
decreases/increases because of the spin−orbit coupling
(SOC).39 These opposite trends enable us to quickly adjust
the ratio J/ΔEz over more than 2 orders of magnitude and
demonstrate a SWAP gate of high gate fidelity in theory. Using
single-qubit gates, we are also able to calibrate local single-
qubit phase shifts generated during the SWAP gate and
provide a strategy to eliminate them completely. Utilizing
independent spin readouts, we estimate the experimental
logical-basis fidelity of the SWAP gate, analyze the main error
sources, and estimate the actual gate fidelity in our experiment.

Our DQD two-qubit device (Figure 1(a-b)) is fabricated on
a 70 nm 28Si epilayer with a residual 29Si concentration of 60

ppm40−42 (see Supporting Information, S1). An external
magnetic field B0 = 605 mT is applied perpendicular to the
interdot axis, as shown in Figure 1(b). A rectangular
micromagnet on the top of the device enables electric dipole
spin resonance (EDSR) by providing the slantzing magnetic
field gradient ∼0.06 mT/nm, which is one order smaller than
the horseshoe geometry and causes a worse single-qubit
operation quality (see Supporting Information, S5). Figure
1(c) shows the charge stability diagram of the DQD with
charge occupancy (NL, NR).

43 Here we define the detuning ε at
the symmetric operation point as zero, which is located at
point c in Figure 1(c). The pulsing path of the readout and

initialization process is illustrated by the white arrows and
colored dots in Figure 1(c)44,45 (details in Supporting
Information, S2).

In this work we focus on the (3,1) - (2,2) region. In our
single-reservoir device, the (3,1) - (2,2) configuration ensures
that the electron wave functions have appropriate size for
readout and gate operations. In this regime, the tunnel rate of
both qubits can be suitable for Elzerman readout, while the
tunnel coupling is proper for two-qubit gate operations. With
two inner-shell electrons in the left dot remaining inert, the
low-energy dynamics of the DQD are equivalent to those in
the (1,1) - (0,2) regime. In the two-spin basis of (|↑↑⟩, |↑↓⟩, |↓
↑⟩, |↓↓⟩)T, a SWAP gate is given by the following unitary
operator:
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where = +E E JZ
2 2 is the energy difference between the

antiparallel eigenstates | and | .
We first measure the energy spectrum of the two-qubit

system. This is realized by pulsing the DQD to the symmetric
operation point after preparing the system in the |↓↓⟩ state and
then modifying the detuning ε diabaticly. At various detuning
ε, a frequency-chirped microwave pulse flips one of the spins.
With an increased detuning ε, we plot the spin-up probability
of QL as a function of the microwave frequency in the bottom
half of Figure 1(d). Two resonance peaks corresponding to the

|↓↓⟩ to | and | |to transitions appear when the two
qubits are in the |↓↓⟩ state at the beginning. We can then

prepare the qubits to | with the extracted frequency and
measure the resonance frequency corresponding to the

| | transition while increasing the detuning ε. The
result is shown in the top half of Figure 1(d). When we
measure the energy spectrum, we readout the spin up
probability of both QL and QL. The results are given in Figure
S8. With the extracted resonance frequencies, we can draw the
energy-level structure schematic in Figure 2(a) and map the
exchange interaction J(ε), as well as ΔE(ε) and ΔEz(ε), at
different detuning ε, as shown in Figure 2(b). Notice that here
ΔE(ε) and J(ε) are directly measured, while the Zeeman
e n e r g y d i ff e r e n c e i s c a l c u l a t e d f r o m

=E E J( ) ( ) ( )z
2 2 . It is noteworthy that Figure 2(a)

is an exaggerated depiction of the energy spectrum to clearly
illustrate its structural characteristics and does not represent
actual data values.

The DQD spectrum can be conveniently tuned electrically,
which indicates the possibility of high tunability of J/ΔEz.
When the detuning ε is varied in the DQD by modifying gate
voltage on each plunger gate, the electric field in the vicinity of
the electron wave function also changes, which in turn modifies
the qubit frequencies through an effective Stark shift. The
effects of the intrinsic spin−orbit coupling (ISOC)1,46−48 and
the synthetic spin−orbit coupling (SSOC)40,49 (the spin−orbit
coupling brought by the micromagnet) are comparative, both

Figure 1. Two-qubit system and DQD spectrum. (a)-(b) Schematic
and false-color scanning microscope image of a device identical to the
one measured in the experiment. Schematic (a) illustrates the profile
map along the white dotted line. (c) Charge stability diagram of the
DQD formed underneath PL and PR. The different transition slopes
of the right quantum dot are caused by the slow tunnel rate of the
right quantum dot in the single reservoir device. Points a to e indicate
the initialization, control, and readout positions. (d) DQD spectrum
shows the spin-up probability of QL versus the microwave frequency

and the detuning ε after initializing the system in | (top) and |↓↓⟩
(bottom) states. From the spectrum, we estimate tc = 1.5 GHz and the
Stark shift near the symmetric operation point to be 128.6 MHz/V.
The lever arm along the detuning axis is 0.14 meV/mV, which is
extracted from the magneto-spectroscopy.
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of which are dependent on the quantum dot position (see
Supporting Information, S6). In our device, an increase in ε
leads to a decrease in ΔEz. With the parameters in Figure 2(b),
the ratios J/|ΔEz| and J/ΔE as functions of detuning ε are
given in Figure 2(c). With increasing detuning ε, J/|ΔEz|
increases rapidly and reaches a sweet spot when ΔEz equals
zero, near which J ≫ ΔEz is easily satisfied. In our experiment,
we find that ratio J/|ΔEz| can be modified by ε from 0.04 to
8.4, which is more than 2 orders of magnitude. To demonstrate
a high-fidelity SWAP gate benefiting from the operation sweet
spot, an implicit assumption here is that ΔEz has to be smaller
than a few tens of MHz at the symmetric operation point due
to the limited adjusting ability of the effective Stark shift.
Meanwhile, to increase the effect of the Stark shift, the ISOC
part should be as large as possible,46,47 and a smaller blong is
preferred, which has the added benefit of improving single-
qubit coherence.16,50 The requirements on ΔEz and the Stark
shift can be satisfied for silicon quantum dot devices,1,45−47,51

though further efforts are still needed to improve the
micromagnet design,49 substrate interface smoothness,47 and
control of the distance between quantum dots.52 Here the
barrier gate is not connected with the high bandwidth line and
therefore cannot be pulsed to implement the SWAP gate. For
the scenario of tuning the barrier gate, the SSOC will be more
important than ISOC considering the location shift of the

electron wave function. The micromagnet should be designed
to give a higher longitude magnetic field gradient along the x-
axis, while the single-qubit coherence will not be influenced.
Moreover, for the platforms with strong spin−orbit coupling,
such as hole spin qubits in Germanium, the ISOC will induce a
stronger Stark shift; hence, there is more potential for realizing
high-fidelity SWAP gates.

With a clear understanding of the energy spectrum of our
DQD, we are ready to explore the two-electron dynamics of
the system. First, we demonstrate the exchange oscillation,
which underlies the SWAP gate, as shown in Figure 2(d). After
initializing the system to the |↓↓⟩ state at operation points a
and b in Figure 1(c), an adiabatic microwave pulse with a 2
MHz chirp modulation53 flips the state of QL at operation
point c. As illustrated in Figure 2(a) inset iii, when ΔEz ≫ J, |↑
↓⟩ and |↓↑⟩ are the eigenstates. Hence, the two qubits will be
driven to the |↑↓⟩ state at point c. After these single-qubit
preparations, predistorted diabatic pulses54 on gates PL and
PR rapidly increase the detuning ε, which brings the system to
the regime where ΔEz ≪ J while still maintaining the two-
qubit state in |↑↓⟩. When ΔEz ≪ J, the eigenstates of the two-
qubit system are the singlet−triplet (S-T0) states, and the spin
states of the two qubits will exchange with each other at a
frequency fex = ΔE. The exchange oscillation between the two
antiparallel states as a function of ε and the pulse duration τS is
shown in Figure 2(d). We simulate the process by solving the
time-dependent Schrödinger equation with J(ε) and ΔEz(ε)
extracted from energy spectroscopy. The simulated exchange
oscillation fringe shown in Figure 2(e) fits the experimental
results quite well.

When we implement a SWAP gate with an exchange
oscillation, the single-qubit local phases will inevitably
accumulate, which could have direct consequences in a
quantum circuit if not properly corrected. We find that there
are two types of local phases for a SWAP gate (Supporting
Information, S3). One part is “axis-dependent”: it only
depends on the starting moment of the SWAP gate, which
makes the rotation axis of the SWAP gate rotate in the x−y
plane. It will accumulate at a frequency of ΔEz at the
symmetric operation point. Another part is “duration-depend-
ent”: it only depends on the pulse duration, which brings a Z-
phase accumulation on each qubit. For the SWAP gate, only
the duration-dependent part of the local phases can be
compensated by a virtual Z-gate.55,56 To eliminate the axis-
dependent local phase, the idle time between the start time of
the first single-qubit gate and the start time of the SWAP gate
should ensure that the axis-dependent local phase equals to
2nπ (n = 1,2,3···).57

Due to the difficulties in driving QL in this device (see
Supporting Information, S5), we have designed a quantum
circuit to demonstrate the existence of the axis-dependent local
phase using only single-qubit operations on QR. As illustrated
in Figure 3(a), in this quantum circuit, the axis-dependent local
phase accumulated before the first SWAP gate was counter-
acted, and only the part that accumulated during the wait time
remains. The spin-up-probability of QR is read out, and the
fitted oscillation frequency fmp = 7.90 MHz is very close to ΔEz
at zero detuning ΔEz(0) = 7.73 MHz, which confirms the
existence of the axis-dependent phase. To calibrate the
duration-dependent local phase, we use a SWAP2 operation
rather than the SWAP operation for which the duration-
dependent phase would be twice that of the SWAP operation.
Compared to the measurement result without the SWAP2

Figure 2. Energy-level structure. (a) Schematic of the energy-level
structure of the two-electron spin states as functions of the detuning ε
between the (3,1) and (2,2) charge states. By exploiting the Stark
shift, the energy levels of the two antiparallel spin states cross with
each other (inset (i)). At the anticrossing between (3,1) and (2,2),
the energy levels of the two antiparallel spin states shift by J/2 (inset
(ii)). (b) ΔEz, J, and ΔE as functions of the detuning ε. The exchange
interaction is fitted with J ∝ ecε, and ΔEz is fitted with a fifth-order
polynomial curve. With the influence of the Stark shift, the single-
qubit resonant frequencies as a function of ε are given in the inset. (c)
Ratios J/ΔE and J/|ΔEz| as functions of the detuning ε. The data
without a fitting line can be found in Supporting Information Figure
S9. (d-e) The measured and simulated probability of |↑↓⟩ as a
function of ε and the pulse duration τs after preparing the two-qubit
system to |↑↓⟩.
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operation, the extra local phase is 0.65π, and it should equal to
2[(ω − Ez) + dω]*T (details in Supporting Information, S3),
where Ez and ω are the average Zeeman energies at the SWAP
operation point and the single-qubit operation point (the
symmetric point), respectively, and dω is the Zeeman energy
difference at the single-qubit operation point. From the DQD
spectrum, the local phase can be theoretically calculated as
0.62π, which matches the experimental result. Likewise, the
local phase on QL can be estimated as −0.62π.

To assess the fidelity of the SWAP gate, we first prepare the
system in four different states |↓↓⟩ ,|↑↓⟩, |↓↑⟩, and |↑↑⟩ and
then apply the exchange gate with pulse duration τs. As τs
increases, we observe the oscillation between P|↑↓⟩ and P|↓↑⟩ for
the initial states |↑↓⟩ and |↓↑⟩, while P|↓↓⟩ and P|↑↑⟩ remain
constant (Figure 4(a)). With the correlation between the input
and output states, we can construct the truth table Mgate (see
Supporting Information, S2) with ρout = Mgate(ρin), which
describes the linear map between the input and output states.
It is worth noting that the truth table is not the operation
matrix and thus cannot be used to calculate the gate fidelity
directly. However, we can calculate the logical-basis fidel-
ities58,59 with it, which is defined as

= | | | |
=

F
N

f M n n f1
( )n f

n

N

n n
1

gaten

Here |n⟩ are the orthogonal input states, and |f n⟩ are the
corresponding ideal output states. Both |n⟩ and |f n⟩ are along
the computational basis (ZZ axis here). The logical-basis
fidelity, not the same as the operation fidelity, is a classical
metric used to characterize the averaged probability of
obtaining the correct output for each of the input states and
can provide only the upper bound of the full operation fidelity
in theory.58 From our experimental measurements, the logical-
basis fidelity of the gate operations is FSWAP = 82.3% ± 11.8%
(see Supporting Information, S2). In our work, constrained by
the lack of single-qubit control on QL, we can probe only the
projection states and provide the classical fidelity. A more
comprehensive and precise fidelity metric13,18−21 would have
been the better choice if all controls were available.

To analyze the effect of various error sources, we simulate a
two-qubit system with the parameters extracted from the
energy spectrum and calculate the influence of different error

sources, including J/|ΔEz|, finite Joff, and quasi-static charge
noise. Quasi-static charge noise induces exchange oscillation
decay through coupling with ε and causes single-qubit
frequency fluctuations, which degrade single-qubit operation
quality via coupling with the gradient magnetic field.60 Due to
the lack of single-qubit operation characterization, for the
quasi-static charge noise, we consider only the quasi-static61,62

charge noise on ε, while we consider the charge noise coupling
to the single qubit via the micromagnet as the unquantified
error source. First, we incorporate coherent error sources J/
|ΔEz| and a finite Joff into the simulation by using different
Hamiltonians. The gate fidelity is calculated as Fgate =
tr(U†Uideal), where U is the operator with errors and Uideal is
the ideal gate operator (see Supporting Information, S4). As
shown in Figure 4(b), the infidelity considering only finite J/
|ΔEz| is strongly dependent on detuning ε. This is evident
because J/|ΔEz| is a sensitive function of ε and determines the
rotation axis. Another error source is the nonvanishing
exchange coupling Joff at the idle point, which changes the
eigenstates at the symmetric operation point, and the
operation fidelity in the new basis is lower. Here we use Joff
= 0.8 MHz in our simulation, which is the value we have in the
experiments. The result in Figure 4(b) shows that Joff reduced
the operation fidelity by 0.25% at the sweet spot operation
point. The influence of charge noise is considered with respect
to the gate fidelity via Monte Carlo simulation. The standard
deviation σε of the charge noise can be acquired by
reproducing the damping in the exchange oscillation decay
(see Supporting Information, S3). The result indicates that the
gate infidelity due to charge noise on ε is about 0.05% (see
Supporting Information, S4). This small contribution from
charge noise on ε is a direct result of the operation sweet spot,
where ΔEz = 0 MHz, with the operation point far from the

Figure 3. Local phase calibration. (a) The axis-dependent local phase
accumulates as a function of waiting time τwait. After initializing the
qubits to the |↓↓⟩ state, the diabatic pulse is inserted in an Hahn echo
sequence, and the spin-up probability of QR is read-out. Here, the
pulse duration τS equals to the duration of a SWAP gate T. (b) The
duration-dependent local phase of a SWAP2 operation is calibrated by
sweeping the phase of the latter

2
rotation in an echo sequence. Here

the pulse duration τs equals to 2T.

Figure 4. Gate fidelity and error source analysis. (a) The two-qubit
probabilities as a function of τs with the initial state in |↓↓⟩ |↑↓⟩ |↓↑⟩
and |↑↑⟩, respectively. The solid lines fit to the oscillations of P|↑↓⟩ and
P|↓↑⟩. (b) The infidelity of the SWAP gate as a function of ε. The
colored curves indicate the simulated infidelities with different error
sources included. (c) The logical-basis fidelity and simulated gate
fidelity as a function of ε. The data points calculated from the truth
tables.
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(3,1) - (2,2) anticrossing. Moreover, a fast gate operation
speed also reduces the level of accumulation of the noise effect,
leading to suppression of incoherent errors.

As shown in Figure 4(c), the tendency of the simulated gate
fidelity fits well with the experimental result. For the coherent
error sources, to realize the single-qubit gate and SWAP gate
with a gate fidelity higher than 99% simultaneously, the ratio

J

dE
tr

tr
at least must be tuned from lower than 0.1 to larger than 10

diabaticly, where Jtr and dEtr are the exchange coupling and the
Zeeman energy difference in the new basis (see Supporting
Information, S4). We ascribe the remaining deviation between
the logical-basis fidelity and the simulated gate fidelity to the
SPAM (spin preparation and measurement) error and the
unaccounted charge noise coupling to the single qubit. The
SPAM errors, including the cross-talk error of the single-shot
readout and the initialization error, are not fully separated from
the logical-basis fidelity, making it deviate from the theoretical
upper limit value. The charge noise coupling to the single qubit
should be further removed by an improved micromagnet or
faster gate operation.

In summary, we demonstrate the native SWAP gate for spin
qubits in a gate-defined DQD in isotopically purified 28Si. We
implemented a strategy to calibrate and eliminate local phase
shifts induced during the SWAP gate. The truth tables are
measured to give logical-basis fidelity, and the influences of
various error sources are analyzed to estimate and further
improve the gate fidelity. The demonstration of adjustable J/
ΔEz indicates that a high-fidelity SWAP gate can be achieved
even in the presence of a micromagnet, which can in turn
facilitate on-chip quantum communication and act as an
essential two-qubit gate for quantum information processing.
Future experiments will focus on improving single-qubit
operation quality, reducing SPAM errors, and optimizing the
control pulse scheme, so that we can realize a high-fidelity
SWAP gate even with a larger ΔEz.
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