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The supplementary information is divided into sections, which discuss the following topics:

1. Calibration of π pulses

2. Semiclassical model of decoherence due to nuclear noise

3. Estimating N and δB from Hahn echo signal

4. Estimating TSD and β from scaling of coherence time

5. Extension of the model to take into account anisotropy of electron g-factor. Discussion of the origin of the splitting of
the first revival peak.

1. Calibration of π pulses

To generate decoupling sequences consisting of as
many as 1000 π pulses we took advantage of charge-
noise-insensitive symmetric exchange pulses. This new
technique improves the quality factor of exchange oscil-
lations by a factor of six relative to conventional method
of tilting the double dot potential [S1, S2]. A detailed
analysis of this technique, and results obtained in the pre-
ceding experiment from the same setup and same sample,
can be found in Ref. [S1, S3].

The optimization was performed by maximizing the
Hahn echo signal by varying the amplitude of the sym-
metric exchange pulse, γX , while keeping detuning εX =
0 mV, exchange time tX = 4.167 ns and total evolution
time τ = 0.75 µs fixed (Fig. S1). The experiment was
performed on the same device and in identical tuning as
Ref. [S1], where γX and εX are defined and discussed in
detail.

We note that symmetric exchange pulses show a
weaker dependence on gate voltages than ordinary tilt
pulses. Hence, symmetric π pulses are more robust
against fluctuations of pulse amplitudes. On the other
hand, symmetric pulses require a larger amplitude, re-
sulting in somewhat slower exchange gates compared
to conventional tilted exchange gates. This limitation
makes π pulses more susceptible to errors induced by gra-
dients of the Overhauser field, causing a tilted rotation
axis of the qubit. In future experiments, larger pulse am-
plitudes can be achieved straightforwardly by decreasing
the attenuation in the transmission lines in the cryostat.

Nevertheless, the CPMG sequence is particularly ro-
bust to two kinds of π pulse errors that affect exchange
gates [S4]. The first is over or under rotation around the
vertical axis of the Bloch sphere due to miscalibration
of pulse amplitude and duration. The second is tilt of
the rotation axis in the |S〉-|T0〉–|↑↓〉-|↓↑〉 plane due to
uncontrolled gradients of the Overhauser field.

FIG. S1: Calibration of π pulses Singlet return probabil-
ity PS as a function of a symmetric exchange pulse amplitude,
for exchange time of 4.167 ns in a Hahn echo experiment. The
maximum probability indicates π pulse. Solid line is a guide
to the eye. Inset: around the maximum the parabola is fitted
to the data. Symbol π indicates value of γX corresponding to
the π pulse.

2. Semiclassical model for decoherence

The inset of Fig. 4 shows theoretical results for coher-
ence revivals. The model is derived closely following the
semiclassical approach developed in Ref. [S5]. The start-
ing point is to express the Hamiltonian for the |↑↓〉, |↓↑〉
subspace of the two-spin system as

Ĥ(t) = g∗µB

∑
d=L,R

(
Bnuc

z,d (t) +
|Bnuc

⊥,d(t)|2

2|Bext|

)
c(t)Ŝz

d ,

(S1)
where g∗ is the electron g-factor, µB is the Bohr mag-
neton, Bext is the external magnetic field, Bnuc

z,d (Bnuc
⊥,d)

is the Overhauser field component parallel (perpendicu-
lar) to external magnetic field, Ŝz

d is the electron spin
operator, d = L,R labels the left and right dots, and we
assume |Bext| � |Bnuc

d |. Here, the sequence of π pulses
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applied to the qubit is captured by

c(t) =

n∑
j=0

(−1)jθ(tj+1 − t)θ(t− tj), (S2)

where tj is the time at which the j-th π pulse of the
CPMG sequence is applied (with t0 = 0, tn+1 = T ), and
θ(t) is the Heaviside step function.

Reference [S5] treated only the Hahn echo sequence.
This corresponds to n = 1 in the above. Following
the same sequence of steps, we obtain results for ar-
bitrary n. As in that case, the decoherence function

W (τ) = Wz(τ)W⊥(τ) is separated into a product of
contributions from the longitudinal and transverse noise
sources. The low-frequency longitudinal noise contribu-
tion is of the form Wz(τ) = e−(τ/TSD)α , where α = β + 1
is related to the exponent in the power law 1/fβ describ-
ing the spectrum of this noise source [S6], and TSD is
the spectral diffusion time. Because the transverse field
enters the Hamiltonian (S1) as a square, |Bnuc

⊥,d(t)|2, this
noise source is effectively non-Gaussian [S5, S7]. As a
result, the decoherence function for dot d is of the form
W⊥,d(τ) = 1/ det(1+iTd) with components of the matrix
Td given by

Tkl,d =
5Aξ(k)Aξ(l)

√
NkNl

2g∗µB |Bext|
ωkl

ω2
kl −A2

kl

{
1−

cos
(
AklT
2n

)

cos
(
ωklT
2n

)
}
sin

(
ωklT + nπ

2

)
ei

ωklT+nπ

2 . (S3)

Here k, l labels groups of nuclei associated by isotope and
local nuclear Zeeman coupling, Aξ(k) is the hyperfine cou-
pling constant for nuclei in group k, Akl = Aξ(k) −Aξ(l),
Nk is number of nuclei in a group, ωkl = ωk − ωl is a
difference of Larmor frequencies between nuclei from two
groups, and T = nτ is the total evolution time. Specifi-
cally, the nuclei of each isotope are divided into K groups
using the relation Nk = nξ(k)N/(2K), where nξ is the
number of nuclei of isotope ξ per unit cell, and where
all nuclei within each group have the same Larmor an-
gular frequency ωk. The value of ωk for each group is
drawn from a Gaussian distribution centered at the bare
Larmor frequency ωξ for the corresponding isotope, with
standard deviation δB. The broadening δB is introduced
as a phenomenological parameter to take into account an
effective spread in the Larmor frequencies due to inhomo-
geneous quadrupolar splittings and dipole-dipole interac-
tions. For the simulation shown in Fig. 4, differences be-
tween hyperfine couplings within the same isotope were
neglected, and convergence was obtained with K = 4
groups.

Larmor frequencies and hyperfine couplings used to
perform the simulation shown in Fig. 4 were taken from
Ref. [S8] (table S1). The remaining parameters are: the
effective number, N , of nuclei interacting with each elec-
tron, inhomogeneity, δB, of the effective magnetic field
acting on the nuclei, the spectral diffusion time, TSD, and
the exponent, β, associated with the low-frequency noise.
The following sections explain how these parameters are
obtained.

3. Estimating N and δB from Hahn echo signal

The simulation of revivals under CPMG sequences re-
quires knowledge of four device-specific parameters, two
of which, the effective number, N , of nuclei interacting
with each electron and the inhomogeneity, δB, of the ef-
fective magnetic field acting on the nuclei, are extracted
from Hahn echo data obtained at several magnetic fields
(Fig. S2). Following previous work [S5, S9] we first fit
theory to Hahn echo data at each magnetic field sep-
arately, keeping δB, N , the spectral diffusion time for
Hahn echo, THahn

SD , vertical offset, and vertical scaling as
free parameters. Setting THahn

SD � 1 ms gives essentially
equally good fits (i.e. THahn

SD cannot be determined accu-
rately by this method) but values for δB and N obtained
at various magnetic fields (150-350 mT) differ from each
other by less than 20%. Therefore we average these val-
ues and obtain δB = 1.1 mT and N = 7 × 105. Fixing
these values and THahn

SD = ∞, we leave the vertical offset
and vertical scaling as the only free parameters, and ob-
tain excellent agreement for all magnetic fields, as seen in
Fig. S2. Visibility and offset are left as free parameters,
independent for each curve, to accommodate a fluctuat-
ing readout visibility that is likely due to a buildup of
the gradient of Overhauser field for large Bext [S10].

TABLE S1: Bare Larmor angular frequencies, ωξ, hyperfine
constants, Aξ, in units of angular frequency, and abundances,
nξ, of

69Ga, 71Ga and 75As, taken from Ref. [S8].

ωξ/B [s−1T−1] Aξ [s−1] nξ

69Ga 64.2 5.47× 1010 0.604
71Ga 81.6 6.99× 1010 0.396
75As 45.8 6.53× 1010 1
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The only systematic deviation between the experimen-
tal results and the model is a slight, rapid, initial decay
of the signal (first 3-5 data points of each data set). This
effect was also observed in Refs. [S9, S11]. The effect
depended on the external magnetic field as well as the
gradient of the Overhauser field [S11], and was specu-
lated to be related to the entanglement of the qubit with
the nuclear bath or to π pulse errors [S9].

4. Estimating TSD and β scaling of coherence time

To estimate the spectral diffusion time TSD for the sim-
ulation in Fig. 4a we quantify the scaling of the CPMG
coherence time with the number of π pulses n in a regime
where revivals are not yet developed (i.e., for n ≤ 32 at
750 mT) [S6]. The coherence time is found to be pro-
portional to nγ , with γ ∼ 0.75 [S12]. Using this scaling
behaviour we infer TSD ≈ 0.6 ms for a CPMG sequence
with 256 π-pulses. Using the relationship β = γ/(1− γ)
[S6] the exponent γ = 0.75 corresponds to a power law
of low-frequency noise governed by 1/fβ behaviour, with
β = 3, in reasonable agreement with previous measure-
ments [S6].

5. Splitting of the first revival peak

A possible explanation for the observed splitting in the
first revival peak (Fig. 4a) is based on the anisotropy of
the electronic g-factor. The g-factor anisotropy between
[011] and [01-1] primary axes can be as high as 15%
in asymmetric GaAs/AlGaAs quantum wells [S13]. In
Ref. [S11] it was shown that the anisotropy has a strong
impact on S-T0 qubit coherence when the magnetic field
is not parallel to one of the main axes. The combination
of the anisotropy and small misalignment of the exter-
nal magnetic field with the [011] crystal axis changes the
magnetic field term in the system Hamiltonian (S1) to:

Bnuc
z,d (t) +

|Bnuc
⊥,d(t)|2

2|Bext|
+

g⊥
g‖

[
Bnuc

x,d (t) +Bnuc
y,d (t)

]
, (S4)

where g‖ (g⊥) are diagonal (off-diagonal) elements of a
g-tensor in the basis set by direction of the external mag-
netic field. The latter leads to the appearance of individ-
ual nuclear Larmor frequencies in the nuclear noise spec-
trum in addition to nuclear difference frequencies [S11].
As a result, the CPMG sequence will not be as efficient
in suppressing nuclear noise even when the pulses are
commensurate with all three difference frequencies.

In Fig. S3 we present simulations showing the conse-
quences of g-factor anisotropy. Panel (a) shows the sim-
ulation presented in the inset of Fig. 4a, i.e. g⊥/g‖ = 0.
In panel (b) we show a simulation that assumes g⊥/g‖ =
0.01. Although our external magnetic field was nomi-
nally aligned with the [011] crystal axis (cf. Fig. 1a),

FIG. S2: Revival of coherence under Hahn-echo se-
quence. Singlet return probability PS as a function of sepa-
ration time τ for various magnetic fields. Datasets are offset
for clarity. Dotted lines indicate PS = 0.5 for data plot-
ted in corresponding color. Black lines are simulations with
δB = 1.1 mT, THahn

SD = ∞, N = 7 × 105. They are fitted
to experimental data using offset and visibility, different for
each curve.

the choice of g⊥/g‖ = 0.01 is consistent with the smallest
value observed in [S11] for the same direction of magnetic
field as in our setup. In our simulation a splitting of the
first revival peak appears (indicated by a white arrow)
as well as more complex fine structure in other revival
peaks. Such fine structure is beyond the resolution of
the experimental data.
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FIG. S3: Simulation of revivals of coherence under CPMG sequence for 256 π pulses. a, Simulation omitting effects
of g-factor anisotropy, identical to map in the inset of Fig. 4a, i.e., g⊥/g‖ = 0. b, Simulation assuming g⊥/g‖ = 0.01.

We note that a splitting of the first revival peak ap-
pears exactly when the frequency of π pulses coincides
with a difference of Larmor frequencies f71Ga−f69Ga and
f69Ga − f75As. Therefore other mechanisms might also
lead to the appearance of the splitting. We speculate
that weak driving of the nuclei by a periodic Knight field
could enhance flip-flops between nuclei of different species
and therefore increase spin diffusion, leading to faster de-
coherence.
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