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The coherence of electron spin qubits in semiconductor quantum dots suffers mostly from low-frequency
noise. During the past decade, efforts have been devoted to mitigate such noise by material engineering,
leading to substantial enhancement of the spin dephasing time for an idling qubit. However, the role of
the environmental noise during spin manipulation, which determines the control fidelity, is less understood.
We demonstrate an electron spin qubit whose coherence in the driven evolution is limited by highfrequency charge noise rather than the quasistatic noise inherent to any semiconductor device. We employ a
feedback-control technique to actively suppress the latter, demonstrating a π-flip gate fidelity as high as
99.04  0.23% in a gallium arsenide quantum dot. We show that the driven-evolution coherence is limited
by the longitudinal noise at the Rabi frequency, whose spectrum resembles the 1=f noise observed in
isotopically purified silicon qubits.
DOI: 10.1103/PhysRevX.10.011060

Subject Areas: Condensed Matter Physics,
Quantum Information, Spintronics

I. INTRODUCTION: NOISE IN SPIN QUBITS
Since electrical manipulation of a single spin was demonstrated in semiconductor quantum dots [1], enormous
efforts have been devoted to improve spin coherence by
controlling [2,3] or eliminating [4–6] nuclear spins, a
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magnetic noise source inherent to the host material [7–9].
The progress is impressive: For example, dephasing times
of 120 μs in 28Si and 2 μs in GaAs have been demonstrated
[4,10]. It is natural to expect that prolonging the spin
coherence also improves the qubit control fidelity.
However, while the spin coherence is dominated by lowfrequency (quasistatic) noise, the control fidelity of a qubit is
often impeded by noise at higher frequencies [11–14]. The
underlying relationship between the control fidelity and spin
coherence remains elusive, because there are different noise
sources that could dominate in different frequency ranges,
such as nuclear spin diffusion and charge fluctuators (see
Fig. 1). The former shows a 1=f β spectrum with 3 > β > 1
in GaAs [15,16] and possibly in natural Si devices [17],
while the latter with β ∼ 1 can dominate in 28Si devices [6].
In general, the dominant noise source depends on the
material and structure of the quantum dot device as well
as the frequency range of interest. To understand the limits
on the qubit control fidelity imposed by those different
mechanisms, we build a feedback-controlled circuit which
implements realtime Hamiltonian estimation [10]. It allows
us to suppress the low-frequency noise [18] and resolve the
1=f charge and nuclear spin noise at high frequencies. We
analyze how the low-frequency and high-frequency parts of
the noise compete with each other and discuss the limitations
of the high-fidelity control.
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of f MW ¼ 5.55 GHz. The frequency of the measured
oscillations fluctuates around a mean value f MW − f qubit ≈
55 MHz. The fluctuations arise from changes of Bnuc
z due to
nuclear spin diffusion [24], leading to inhomogeneous
broadening of f qubit . Averaging all the measured data
results in damped oscillations shown in the upper panel
in Fig. 2(c). Fitting it with a Gaussian envelope gives a spin
dephasing time of T 2 ¼ 28.4 ns.

High frequency

Original spectrum

Spectrum
suppressed
by feedback

III. THE FEEDBACK PROTOCOL
Frequency

FIG. 1. Example of noise power spectra for spin qubits with and
without feedback. A typical noise spectrum composed of 1=f 2 and
1=f noise is shown in a log-log plot (black line). The feedback
control acts like an active filter suppressing the low-frequency
noise (red line). Shown on the bottom are relevant frequencies with
Δt the feedback latency, t the qubit evolution time at which the
coherence is evaluated, and frabi the Rabi frequency.

II. DEVICE AND EXPERIMENTAL SETUP
We use a triple quantum dot (TQD) device fabricated on
a GaAs=AlGaAs heterostructure wafer. An electron is
confined in each quantum dot (QD) by the electrostatic
potentials induced by Ti=Au gate electrodes. A Co micromagnet is placed on the surface and magnetized by a
magnetic field of Bext ¼ 1.01 T applied in the z direction
[see Fig. 2(a)], creating an inhomogeneous magnetic field
over the QD array. The single-electron spin qubit reported
in this work is located in the middle QD and manipulated
by the electric-dipole spin resonance (EDSR) [19–21]. It is
initialized and measured using the ancilla electron spin in
the right QD [22] [see Fig. 2(b)]. An up-spin state of the
qubit is prepared by initializing a doubly occupied singlet
ground state in the right QD and loading one of the
electrons to the middle QD. The voltage ramp is chosen
to be adiabatic with respect to the interdot tunnel gap
and the local magnetic field difference between the two
dots but nonadiabatic with respect to the hyperfine gap. The
final state is read out by unloading an up-spin state to the
right QD in the reverse process while leaving a down-spin
state blocked in the middle QD. The experiment is
conducted in a dilution refrigerator with an electron
temperature of 120 mK.
We first perform a standard Rabi measurement [22] to
roughly identify the Rabi frequency f rabi and the qubit
resonance frequency f qubit ¼ jgμB Btotal j=h. Here, g is the
electron g factor, μB is the Bohr magneton, and Btotal is
the sum of Bext and the z components of the Overhauser
field Bnuc
and the micromagnet stray field BMM
z
z . After
that, we measure Ramsey oscillations using two π=2
microwave bursts of duration ð4f rabi Þ−1 separated by a
time interval tR . The lower panel in Fig. 2(c) shows the data
gathered over 1200 s with a fixed microwave frequency

To suppress this dephasing, rooted in slow fluctuations
[7] (quasistatic noise) of f qubit , we employ a feedbackcontrol scheme based on the realtime Hamiltonian estimation [25,26] [see Fig. 2(d)]. A similar technique was
previously adopted for singlet-triplet qubits [10] to evaluate
the stability of the idle qubit frequency, expressed by the
dephasing time T 2 , and its improvement upon noise
estimation. Here, we apply this technique to a single spin.
The difference from a singlet-triplet qubit first of all
requires changes in the protocol details, as given below.
Second, the noise field couples to the spin differently,
through its local value rather than its spatial gradient.
However, the most important difference is that we focus
here on the stability of the qubit being driven rather than
sitting idle. The rest of this section describes the details of
the feedback protocol and its benchmarking, by examining
how it boosts the dephasing time T 2 . Readers interested
solely on its benefits for the driven qubit stability can
proceed directly to the next section.
The feedback scheme alternates the probe and target steps.
In the former, the qubit frequency is probed by sampling
150 up- or down-spin outcomes of a Ramsey oscillation with
est
tR ¼ 2; 4; …300 ns using f MW ¼ f est
qubit þ Δp . Here, f qubit is
the result of the qubit frequency estimation in the preceding
probe step, and Δp ¼ 50 MHz is a fixed frequency offset
inserted to ensure f MW > f qubit . With these settings, we use
a Bayesian algorithm to estimate the instantaneous frequency detuning: δf ¼ f qubit − f est
qubit . At the end of the
est
probe step, the value of f qubit is updated to f est
qubit ↦
f est
þ
δf,
and
the
microwave
frequency
is
set to
qubit
est
f MW ¼ f qubit þ Δ. The subsequent target step begins after
a short delay (approximately milliseconds) to stabilize the
signal output. The variable Δ is a controllable offset such that
Δ ¼ 0 corresponds to the target algorithm executed with
f MW equal to f qubit . By continuously looping the probetarget sequence, we can compensate low-frequency fluctuations of f qubit and remove their contribution to various qubit
errors. For example, the dephasing time T 2 is expected to be
boosted by employing such a compensation protocol.
We now evaluate the performance of the feedback control
by executing in the target step a Ramsey measurement
similar to the one in the probe step (Δ ¼ Δp ¼ 50 MHz).
Figure 3(a) shows the values of δf obtained from Ramsey
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FIG. 2. Ramsey measurement and feedback-control scheme of an electron spin qubit. (a) False-colored scanning electron micrograph
image of the TQD device. An electron spin qubit in the middle QD (red arrow with a circle) is controlled by the EDSR where the spin is
coupled to a microwave (MW) electric field via a stray magnetic field of the micromagnet deposited on the wafer surface [19]. The right
QD hosts an electron spin (blue arrow with a circle) used as a readout ancilla, while the left QD hosts another electron which is unused
and decoupled from the two spins. The energy detuning between the middle and the right QDs (ε) is gate tunable, and the QD electron
occupancies are probed by a proximal single-electron transistor [23]. (b) Schematic of the Ramsey measurement. Two electrons (qubit
and ancilla) are initialized to a doubly occupied singlet state in the right QD, and an up-spin qubit is prepared by adiabatically loading
one of the electrons to the middle QD [22]. Two π=2 microwave bursts, separated by time tR , are applied (before and between these
bursts, off-resonant microwave bursts are optionally applied). The ancilla-spin state is not affected by the microwave bursts. The final
state is read out by unloading an up-spin (antiparallel to the ancilla) state from the middle QD, while a down-spin (parallel to the ancilla)
state remains blocked. (c) Up-spin probability P↑ as a function of tR . The lower panel shows the Ramsey oscillations whose frequency
varies with the laboratory time due to Overhauser field fluctuations. Each data point of P↑ is calculated from 100 single-shot readout
outcomes. The upper panel shows the trace obtained by averaging all the oscillations in the lower panel. The decay envelope gives the
dephasing time of T 2 ¼ 28.4 ns, a value typical for electron spins in GaAs heterostructures. (d) Schematic of the feedback-control loop
for a spin qubit. Data of a Ramsey oscillation as shown in (c) are processed in a digital signal processing (DSP) hardware with
programmable logic (FPGA) to estimate the frequency detuning δf ¼ fqubit − f est
qubit between the current qubit frequency f qubit and its
est
est
est
previous estimate fqubit (“probe” step). The value of fqubit is updated to f qubit ↦ f est
qubit þ δf (“update” step), after which the target
experiment follows (“target” step). In the ideal case, the subsequent qubit algorithms can be executed with a microwave frequency fMW
matching f qubit exactly (by choosing Δ ¼ 0).

measurements with feedback off (f MW ¼ 5.55 GHz) and
feedback on (f MW adjusted to f est
qubit ), respectively. The
fluctuation of δf is significantly suppressed by the feedback,
exhibiting a Gaussian distribution with a variance σ 2 ¼
ð0.294 MHzÞ2 as shown in the inset. As a result, the Ramsey
oscillation is substantially prolonged, as shown in Fig. 3(b).
Averaging the data with the overall acquisition time of
1200 s gives a decay envelope well p
inﬃﬃline
ﬃ with the dephasing

time expected from σ, T 2 ¼ 1=ðπ 2σÞ ¼ 766.7 ns.
The gain of T 2 is therefore directly associated with
the achievable value of σ, which, in turn, is limited by the
resolution of the Bayesian estimation. To demonstrate this
association, we plot σ 2 in Fig. 3(c) as a function of the
feedback latency Δt, defined as the time interval between
the probe and target steps plus the average time spent in

each step (see Appendix A). For large latency, σ 2
approaches the variance of the qubit frequency correlator
in the laboratory frame, σ 2B ðΔtÞ ≡ h½f qubit ðt þ ΔtÞ −
f qubit ðtÞ2 i. It implies that in this regime σ 2 is dominated
[27] by the Overhauser field fluctuations during Δt. For
small latency, σ 2 converges to ð0.288 MHzÞ2 . This value is
comparable to the bin width of the frequency discretization
(0.25 MHz) used in the Bayesian estimation algorithm
performed by the feedback hardware. We believe that the
variance σ 2 could be further decreased by using a smaller
bin width as σ 2B continues to decrease with Δt within the
measured range, although we are not able to do so due to
hardware limitations. The value of σ 2 , and thereby that of
T 2 , can be controlled by Δt, allowing for studying the
effects of noise in different frequency ranges.
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FIG. 3. Suppressed dephasing of an electron spin qubit in a
feedback-controlled rotating frame. (a) Time dependence of the
frequency detuning δf ¼ fqubit − fest
qubit extracted from Ramsey
measurements. The blue trace is taken with a fixed f MW , and the
red trace is taken with a feedback-controlled fMW . The inset
shows the histograms of δf in the two cases. The histogram with
the feedback control exhibits a normal distribution with a
variance σ 2 ¼ hðδfÞ2 i ¼ ð0.294 MHzÞ2 (black dashed curve).
(b) Ramsey oscillations as in Fig. 2(c) but obtained with the
feedback control (Δ ¼ 50 MHz). The envelope of the oscillation
in the upper panel is a Gaussian
decay function drawn using
pﬃﬃﬃ

dephasing time T 2 ¼ 1=ðπ 2σÞ ¼ 766.7 ns. (c) Variance of δf,
σ 2 ¼ hðδfÞ2 i, as a function of the latency Δt between the probe
and target steps (orange circles) and that of the frequency
correlator σ 2B in the laboratory frame (blue circles) as a function
of the time difference Δt. A blue line is a fit to σ 2B ¼ DΔtα and
shows subdiffusive behavior with the exponent α ¼ 0.84 similar
to a value found for singlet-triplet oscillations [27]. The orange
curve is a fit to σ 2 ¼ DΔtα þ ð0.288 MHzÞ2 .

IV. IMPROVEMENTS OF THE QUBIT CONTROL
We now turn to benchmarking of the qubit-control
fidelity with the boosted dephasing time. Figure 4(a) shows
Rabi oscillations of the single-spin qubit measured with a
varied frequency offset Δ. We observe a clear chevron
pattern with the symmetry axis offset from Δ ¼ 0. This

result implies that the qubit frequency f qubit is shifted by a
finite ac electric field E of the driving microwave burst,
while the frequency probed in a Ramsey measurement
corresponds to that of E ¼ 0. The magnitude of this shift
[Δf qubit ðE; tÞ ¼ f qubit ðE; tÞ − f qubit ð0; tÞ] increases quadratically with E, as shown in Fig. 4(b). Similar frequency
shifts are observed in silicon devices with micromagnets,
attributed to a spatial displacement of the electron wave
function [28,29]. This effect is detrimental to our feedback
protocol, because Δf qubit ðE; tÞ may vary with time t due to
the spatial dependence of the Overhauser field. In order to
obtain f est
qubit ¼ f qubit ðE; tÞ directly in the probe step, we
apply an off-resonant microwave burst at f off ¼ 5.4 GHz
[f qubit − f off > 200 MHz] during the interval of tR which
induces nominally the same displacement and the same
Δf qubit ðE; tÞ as for the target step. In addition, a 200-nslong off-resonant preburst is applied to stabilize a
transient component of the microwave-induced frequency
shift [29]. The frequency is switched between f off and f MW
within 1 ns using a high-speed microwave switch (see
Supplemental Material [30]). We use this modified Ramsey
sequence in the probe step and focus on the target step
performed at zero detuning [Δ ¼ 0; f est
qubit ¼ f qubit ðE; tÞ] in
all measurements described below.
Figure 4(c) shows a typical Rabi oscillation at zero
detuning. It shows a nearly exponential decay, which is
common for silicon QDs [6,31] but atypical for GaAs
[21,32]. We extract the Rabi frequency f rabi and the decay
time of the driven oscillation T rabi
2 from fitting and plot their
dependence on the driving field amplitude in Fig. 4(d). For
a given field amplitude, we find that both f rabi and T rabi
2 are
influenced by interdot detuning energy that modulates spinelectric-coupling (SEC) strength (see Appendix C). We
therefore optimize the detuning energy for the highest
quality factor, defined as the number of typical qubit
operations available within the Rabi decay time. We reach
a quality factor of Q ¼ 2f rabi T rabi
2 ¼ 85  8 [see Fig. 6(b)
in Appendix C], comparable to natural silicon QDs [17,31].
The value predicts the fidelity of a π gate of e−1=Q ¼
98.8  0.1%. We test this prediction using randomized
benchmarking [33] and find an X π gate fidelity of 99.04 
0.23% [see Fig. 4(e)], close to the Q-factor limited value.
This fidelity is the highest for single-spin qubits in GaAs
reported so far. We notice, however, that the average singlegate fidelity is 97.50  0.05%, most likely limited by
systematic errors in the other gates (unitary errors) due
to the microwave setup in the present study (see
Supplemental Material [30]). This issue would be readily
resolved by integrating an established technique of quadrature amplitude modulation [18,31] with the FPGA in the
microwave generation setup. The Xπ gate is least affected
by microwave imperfections, as we calibrate the control
pulse line primarily for this gate.
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FIG. 4. Coherent control and benchmarking of a single-electron spin with the feedback. (a) Typical Rabi oscillations versus the offset
Δ obtained in the feedback-controlled rotating frame. A horizontal white dashed line indicates the microwave-induced shift of the qubit
frequency, Δf qubit . (b) Microwave-amplitude dependence of the qubit frequency shift. A blue line is a fit to the data showing that the
amplitude dependence is quadratic (∝E1.950.18 ). (c) Rabi oscillations obtained at zero detuning upon compensating for the induced shift
Δf qubit . Namely, an off-resonant microwave burst with the same amplitude as the one used for the Rabi measurement is applied before
and during the Ramsey measurement [see Fig. 2(b)]. A similar off-resonant burst is also applied for 200 ns before the Rabi drive of
duration tb to stabilize the value of the frequency shift. (d) Microwave-amplitude dependence of the Rabi frequency (blue circles) and
the Rabi decay time (red squares with lines). A blue line is a linear fit to the low-amplitude data of the Rabi frequency. (e) Normalized
sequence fidelities for standard (top) and interleaved (others) randomized benchmarking. Traces are offset by 0.4 for clarity. The
standard sequence shows an exponential decay with an average single-gate fidelity of 97.50  0.05%. Interleaved sequences are
annotated with corresponding single-qubit gates and extracted fidelities.

V. DISCUSSION: LIMITS ON THE SPIN-QUBIT
CONTROL FIDELITY
What is the physical mechanism limiting the Rabi decay
time and the ultimate control fidelity of a single-spin qubit
in this system? One obvious candidate is the residual
inhomogeneity of f qubit or, in other words, the quasistatic
noise δf. However, this contribution should lead to a
power-law envelope [34,35] of the Rabi decay
½1 þ ð2πσ 2 t=f rabi Þ2 −1=4 , as opposed to the exponential
one seen in Fig. 4(c). For f rabi ≫ σ, the initial decay could
0
be approximated by a Gaussian envelope with [21] T rabi
¼
2
0
2
rabi
f rabi =ðπσ Þ, leading to T 2 ¼ 74 μs with f rabi ¼ 20 MHz.
This value is an order of magnitude larger than the
measured decay time. Also, assuming that unitary errors
are removed [18], the qubit control fidelity as high
0 −2
as exp ½−ð2f rabi T rabi
2 Þ  > 99.9999% could be reached.

We conclude that such quasistatic noise is, therefore, not
the main limiting factor of the ultimate qubit control
fidelity.
We consider three other noise sources as possibly
relevant to the Rabi decay [14,36]: the quasistatic noise
in f rabi , the transverse noise at the electron Larmor
frequency leading to spin relaxation, and the longitudinal
noise in f qubit at the Rabi frequency. The quasistatic noise
in f rabi could be caused by fluctuations of the microwave
driving amplitude or SEC. However, this mechanism would
−1
also lead to a Gaussian decay envelope with T rabi
2 ∝ f rabi ,
inconsistent with Fig. 4(c). The spin relaxation is also
unlikely, at least in the range of f rabi < 20 MHz, because it
cannot explain the increase of T rabi
2 with f rabi . Therefore, we
conclude that T rabi
is
most
likely
dominated by the high2
frequency (on the order of f rabi ) longitudinal noise in f qubit ,
which inherently leads to an exponential Rabi decay.
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FIG. 5. Rabi noise spectroscopy. (a) Power spectral density SðfÞ of the longitudinal noise in f qubit (red circles) extracted from the data
in Fig. 4(d). Vertical gray lines show Larmor precession frequencies for three nuclear species (75As, 69Ga, and 71Ga) calculated with the
¼ 70 mT. Black and green lines are guides to the eye for f −1 and f 2 dependence,
micromagnet-induced field component of BMM
z
respectively. The inset illustrates electron-nuclear spin coupling in an inhomogeneous magnetic field. Each nuclear spin is randomly
oriented and precesses around a local magnetic field vector Bðrk Þ, leading to an oscillatory Overhauser field in the z direction.
(b) Comparison of SðfÞ in (a) and those extracted from Ramsey measurements. The power spectral density of δf in Ramsey
measurements is calculated by the fast Fourier transform of δfðtÞ. The spectral density taken with small SEC and feedback off (blue)
shows the f −1.7 dependence (black dashed line) similar to those observed for nuclear spin diffusion noise [15,16]. The spectral density is
significantly suppressed with feedback on (orange) down to a level determined by the precision of the feedback control. The flat noise
spectrum suggests that the residual low-frequency noise is uncorrelated. A peak at 2 Hz is due to the vibration of the dilution refrigerator.
The power spectral density increases as the SEC is increased (red curve in the top left), and it follows the f−1 dependence (black solid
line) in line with SðfÞ extracted from the Rabi spectroscopy in (a) (red curve in the bottom right).

When the high-frequency noise in f qubit dominates, one
can relate [14,36] the noise power spectral density SðfÞ at the
Rabi frequency to the exponential-decay rate of the Rabi
oscillations [see Appendix C]. The power spectral density
SðfÞ extracted in this way is plotted in Fig. 5(a). For
f > 20 MHz, it grows rapidly with f. It could be due to
thermal noise caused by microwave-induced heating [29],
with the consistent scaling P ∝ E2 ∝ f 2rabi . On the other hand,
we cannot exclude a Rabi decay through spin relaxation in
this range, possibly caused by, for example, electron
exchange with reservoirs due to photon-assisted tunneling
[37,38]. Since we cannot extract more information of the
intrinsic noise density, we do not discuss this range further.
We turn to the other frequency range, f < 20 MHz.
Here, SðfÞ shows three prominent peaks at nuclear Larmor
precession frequencies of 75As, 69Ga, and 71Ga. It clearly
suggests that such high-frequency noise sources indeed
influence the Rabi decay of the spin qubit. The hyperfine
coupling between a single-electron spin Ŝ and nuclear spins
P
Îk is given by Hhf ¼ k Ak Ŝ · Îk, where Ak is a coupling
constant dependent on each nuclear site rk indexed by k.
This coupling results in an Overhauser field component
P
z
parallel to the external field, Bnuc
z ∝
k Ak Î k . When
nuclear spins precess around the z axis, Bnuc
is constant
z
and there is no noise at the Larmor frequencies. In the
present device, however, the stray magnetic field from the

micromagnet induces field inhomogeneity, making each
nuclear spin at rk precess around a local magnetic
field vector Bðrk Þ slightly off the z axis [see the inset in
Fig. 5(a)]. The inhomogeneity of the nuclear spin polarization leads to small but finite residual oscillations of Bnuc
z
at the nuclear precession frequencies.
Apart from the three spectral peaks, we find that SðfÞ
follows f −1 dependence at f < 20 MHz. It suggests that
the f −1 noise background in the range of tens of megahertz
is the dominant limiting factor of the qubit control fidelity.
The f −β dependence with β ¼ 1 differs from β ∼ 1.7 for
the nuclear spin diffusion noise [15,16] at low frequencies
[see Fig. 5(b)] extracted from the data in Figs. 2 and 3
(small-SEC regime). In addition, we confirm that the
amplitude of SðfÞ is larger for a larger SEC (see Fig. 7
in Appendix C). We therefore conclude that the f −1
spectrum arises from charge noise and SEC provided by
the micromagnet stray field [6]. Indeed, from a Ramsey
measurement performed in the condition optimized for the
large quality factor (large-SEC regime), we extract the
low-frequency (f < 100 Hz) noise in line with the f −1
dependence [Fig. 5(b)]. A similar f −1 noise spectrum over
seven decades of frequency has been observed in an
isotopically purified 28Si device [6]. Approximating
SðfÞ ¼ A2 =f, however, we find A ∼ 0.6 MHz being 2
orders of magnitude larger than A ∼ 1.6 kHz found in
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the 28Si device. It is also an order of magnitude larger than
A ∼ 0.1 MHz observed in a GaAs device without a micromagnet [16]. The difference can be partly attributed to large
SEC in the present device, as SðfÞ is reduced by 2 orders of
magnitude by decreasing SEC [see Fig. 5(b)], at least at low
frequencies. SEC also depends on the orbital energy
splitting determined by the confinement potential and
effective mass. However, the influence of other factors
on A, such as material properties and experimental setups,
requires further investigations.
In summary, we demonstrate 24-fold enhancement of the
dephasing time T 2 of a GaAs single-electron spin qubit.
The enhancement relies on suppressing the nuclear spin
noise by feedback and is limited by classical control
electronics that can be improved further. The feedback
also boosts the qubit overall performance: We reach the
quality factor of Q ¼ 85  8 and the π-gate fidelity of
99.04  0.23%. We find that, despite our device being a
GaAs quantum dot, the ultimate fidelity with the feedback
is not limited by nuclear-spin noise. The culprit is the 1=f
charge noise leaking into the qubit through the micromagnet field gradient at megahertz frequencies.
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APPENDIX A: ADDITIONAL DETAILS OF
THE FEEDBACK PROTOCOL
Our feedback-control protocol is implemented on a
Xilinx ZedBoard device equipped with a coupled central
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processing unit and programmable logic. The device is
interfaced with an AD-FMCOMMS2-EBZ peripheral
board from Analog Devices which provides integrated rf
demodulators, 12-bit digital-to-analog converters (DACs)
with a sampling rate up to 122.88 million samples per
second, and local oscillators (LOs) operating at up to
6 GHz. The demodulators and DACs are used to digitize
the rf charge-sensing signal for single-shot spin readouts,
and one of the LOs generates the driving microwave at f MW
for the EDSR. This system enables rapid switching of f MW
conditioned on the spin measurement outcomes without
overhead for the data transfer between different equipments. The off-resonant microwave burst is generated from
a discrete signal generator and fed to the same signal path
via a microwave switch. The whole setup is described in
Supplemental Material [30].
For the realtime feedback control, we first take 150
single-shot data points of a Ramsey oscillation with varied
intervals tR ¼ 2; 4; …300 ns in the probe step. Each
measurement sequence shown in Fig. 2(b) takes T R ¼
31.71 μs, giving T p ¼ 150T R ≈ 4.8 ms for one probe step.
We update the value of f est
qubit based on δf obtained from the
Bayesian estimation [10,27] and adjust the microwave
frequency to f MW ¼ f est
qubit þ Δ for the target experiment.
We wait for T w before starting the target step, and we find
that T w needs to be longer than 2 ms to stabilize the
microwave output. The time T t spent in the target step
depends on the type of the experiment, and it is T t ¼ T p in
the case of the measurement shown in Fig. 3. Thus, we
define the feedback latency between the probe and target
steps as Δt ¼ T p =2 þ T w þ T t =2, which can be controlled
by changing T w .
APPENDIX B: DECOHERENCE OF SPIN QUBITS
Here, we summarize our model of spin (qubit)
decoherence in free and driven evolutions using the
formulation in Ref. [12], which is independent of the
microscopic origin of the noise.
1. Decay in free evolution
The spin coherence during free evolution is characterized
by the decay envelope of Ramsey oscillations, also called a
free induction decay. The dynamics of a spin is described
by two processes: the longitudinal relaxation (depolarization) and the pure dephasing. The longitudinal relaxation
leads to an exponential decay with the rate Γ1 ¼ T −1
1 .
Fermi’s golden rule gives Γ1 ¼ π 2 ST ðf qubit Þ, where
ST ðf qubit Þ is the power spectral density (PSD) of the
transverse noise at the qubit resonance frequency f qubit.
On the other hand, the pure dephasing is caused by the
longitudinal noise (fluctuation of the Rqubit frequency δf),
∞
with the PSD given by SL ðfÞ ¼ −∞
hδfðtÞδfðt þ τÞi
expð−i2πfτÞdτ. If the noise is short correlated (white
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noise), it leads to an exponential decay with the rate
Γφ ¼ 2π 2 SL ð0Þ. In this case, the transverse relaxation
(dephasing) of the free evolution is given by an exponential
1
envelope with the rate Γ2 ¼ T −1
2 ¼ 2 Γ 1 þ Γφ .
The pure dephasing of a spin qubit is often dominated by
a longer correlated noise, with its spectral density increasing at lower frequencies. The decay envelope is then
generally nonexponential, which we here express as the
decoherence function WðtÞ. For Gaussian noise, WðtÞ is
expressed as
 2

Z ∞
t
2
2
WðtÞ ¼ exp − ð2πÞ
dfSL ðfÞsinc ðπftÞ ;
2
−∞

ðB1Þ

with sincx ¼ sin x=x. We divide WðtÞ into two parts,
WðtÞ ¼ W static ðtÞW high ðtÞ, where W static describes the contribution from the quasistatic noise (jfj < 1=t) and W high
describes the higher-frequency contribution (jfj > 1=t).
Combined with the longitudinal relaxation, the decay
envelope of the free evolution is given by
Efree ðtÞ ¼ W static ðtÞW high ðtÞ expð−Γ1 t=2Þ:

ðB2Þ

In the pure dephasing of the free evolution, the effect of
W high can be neglected [W high ðtÞ ¼ 1]. The quasistatic part
is evaluated using sincðπftÞ ∼ 1 for jfj ≪ 1=t as

 2
t
static
2
W
ðB3Þ
ðtÞ ≈ exp − ð2πσÞ ;
2
R
R∞
where σ 2 ¼ limT→∞ ð1=TÞ 0T jδfðtÞj2 dt ¼ −∞
SL ðfÞdf is
the variance of the qubit frequency detuning δf. Thisppart
ﬃﬃﬃ
corresponds to the Gaussian decay with T 2 ¼ 1=ðπ 2σÞ
usually obtained in the quasistatic approximation, where δf
is considered constant during each qubit evolution but
Gaussian distributed in an experimental run. This approximation is valid in our case, where σ and T 2 are dominated
by the quasistatic noise due to the Overhauser field
fluctuation with SL ðfÞ ∝ f −β and β ∼ 2. The feedback
control with the latency Δt described in the main text sets
a low-frequency cutoff of SL ðfÞ at f c ∼ 1=Δt, thereby
reducing σ 2 and enhancing T 2 . On the other hand, the
feedback would be less effective for β ≤ 1, where noise at
higher frequencies contributes more to T 2 .
2. Decay in driven evolution
Now, we turn to the spin coherence during driven
evolution, considering a measurement of Rabi oscillations.
The spin dynamics is described in the frame rotating with
the driving frequency f MW. The spin rotates around the
vector sum of the driving field f rabi along the x axis and
the microwave frequency detuning Δq ¼ f MW − f qubit
along the z axis. The total field is tilted by an angle
η ¼ arctanðf rabi =Δq Þ from the z axis, and its length is

fR ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f 2rabi þ Δ2q . Decoherence in driven evolution is

considered by separating the quasistatic (jfj < 1=t) part
and the higher-frequency (jfj > 1=t) part of the noise. The
Rabi decay envelope is given by
high
Erabi ðtÞ ¼ W static
rabi ðtÞW rabi ðtÞ expð−Γ̃2 tÞ;

ðB4Þ

with Γ̃2 the transverse relaxation rate in the rotating frame.
The contribution of the higher-frequency noise is calculated by mapping SL ðfÞ and ST ðfÞ to the components
transverse and longitudinal with respect to the total field
in the rotating frame. Assuming η is constant (Δq ¼ Δ
and f qubit ¼ f est
qubit ), the longitudinal relaxation rate in the
rotating frame is
Γ̃1 ¼ sin2 ηΓν þ

1 þ cos2 η
Γ1 ;
2

ðB5Þ

with Γν ¼ 2π 2 SL ðf R Þ. Similarly, ST ðf qubit Þ contributes to
the pure dephasing via Γ̃φ ¼ 12 Γ1 sin2 η, leading to the
transverse relaxation rate
1
3 − cos2 η
1
Γ̃2 ¼ Γ̃1 þ Γ̃φ ¼
Γ1 þ Γν sin2 η:
2
4
2

ðB6Þ

The longitudinal noise SL ðfÞ also contributes to W high
rabi ðtÞ,
which is obtained by replacing SL ðfÞ in Eq. (B1) with
SL ðfÞ cos2 η and setting a low-frequency cutoff to 1=t.
The contribution of the quasistatic noise is calculated
by averaging the Rabi oscillations with the Gaussiandistributed noise of Δq around Δ, Δq − Δ ¼ f est
qubit −
f qubit ¼ −δf. At zero detuning Δ ¼ 0, this calculation
gives a power-law decay [35]
W static
rabi ðtÞ




σ 2 t 2 −1=4
¼ 1 þ 2π
:
f rabi

ðB7Þ

In addition, this averaging leads to an initial phase shift [34]
in the Rabi oscillation, which, however, is negligibly small
for f rabi ≫ σ 2 t relevant here. Since W high
rabi ðtÞ ¼ 1 for Δ ¼ 0
and jδfj ≪ f rabi , the decay envelope at zero detuning is
simplified to

 
3
1
rabi
static
E0 ðtÞ ¼ W rabi ðtÞ exp − Γ1 þ Γν t :
ðB8Þ
4
2
For SL ðf rabi Þ ≫ ST ðf qubit Þ, it is Γν ∝ SL ðf rabi Þ that dominates the exponential part.
APPENDIX C: EXTRACTION OF THE NOISE
POWER DENSITY S(f )
To increase the qubit control fidelity by increasing f rabi ,
a larger SEC is favorable. In the present device, we can tune
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(b)

FIG. 6. Coherent oscillations with a large SEC. These data are taken in a gate-bias condition similar to those of Figs. 4 and 5, where the
SEC is increased. (a) Ramsey oscillation. Spin-up probability P↑ is measured as a function of tR with the feedback on (Δ ¼ 30 MHz).
The solid curve is a fit to the Gaussian-decaying oscillation with T 2 ¼ 103.7 ns. (b) Rabi oscillation for Q ¼ 85. The solid curve is a fit
to the exponentially decaying oscillation with f rabi ¼ 33.64  0.01 MHz and T rabi
¼ 1.26  0.12 μs.
2

the SEC by gate-controlled interdot energy detuning which
could change either the electron confinement or the local
slanting magnetic field [20]. However, a larger SEC also
enhances the susceptibility of the spin qubit to charge
noise, leading to a larger PSD of the qubit frequency noise.
After increasing the SEC for Figs. 4 and 5, we notice that
the dephasing time is indeed reduced to T 2 ∼ 100 ns as
shown in Fig. 6(a). This result suggests that the dephasing
time observed in free evolution (a Ramsey experiment) is
dominated by charge noise in this regime.
To extract SL ðfÞ in Fig. 5 by fitting the Rabi decay
envelopes with Eq. (B8), we calculate σ 2 from the Ramsey
decay envelope. If SL ðfÞ ¼ A2 =f holds in the whole
frequency range of interest, f c < jfj < 1=t, and Γ1 is
neglected, the decay envelope in Eq. (B2) reduces to
free

E

ðtÞ ≈ W

static



1
2
2
ðtÞ ¼ exp −t ð2πAÞ ln
fc t

ðC1Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
with 1=T 2 ¼ 2πA lnð1=f c tÞ. Using T 2 ¼ 103.7 ns,
f c ¼ 0.5 kHz, and t ¼ 100 ns, we obtain A ¼ 0.5 MHz.
(a)

(b)

FIG. 7. Microwave amplitude dependence of the Rabi frequency (a) and Rabi noise spectroscopy (b) with different SECs.
Red circles are taken in the “large SEC” condition with A ¼
0.6 MHz as shown in Fig. 5. Blue squares are taken in a condition
where the SEC is increased to A ¼ 1.0 MHz and the Q factor is
slightly lower.

In the Rabi decay, on the other hand, the high-frequency
cutoff is determined by t ∼ T rabi
2 ∼ 2 μs. The variance relevant
to W static
is
therefore
estimated
to be σ 2 ¼ 2A2 lnð1=fc tÞ ¼
rabi
3.3 MHz2 .
The expression of T 2 in the above also explains why the
dephasing time shown in Fig. 6(a) remains so short with the
feedback control. The T 2 value is improved only logarithmically by increasing the low-frequency cutoff f c .
Nevertheless, the feedback control is essential to suppress
quasistatic noise especially during driven evolution. As
shown by Eq. (B8), significant portion of SL ðfÞ in W high
rabi ðtÞ
is decoupled from the Rabi decay by maintaining Δ ¼ 0
using the feedback control, so that one can reach the
Γν -limited regime.
To examine the validity of the analysis, we analyze
another set of data taken at an even larger SEC. Figure 7
shows the comparison of the extracted PSD and the one
plotted in Fig. 5(a). Because of the increased (transverse)
SEC, the Rabi frequency is 1.9 times larger at the same
driving microwave field. The high-frequency noise PSD is
also increased as shown in Fig. 7(b). The value of A is
found to increase by a factor of 1.7 in agreement with the
increase of the longitudinal SEC. This consistency confirms that the main source of the Rabi decay is the highfrequency charge noise coupled to the spin qubit.
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