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Storing quantum coherence in a quantum
dot nuclear spin ensemble for over 100
milliseconds

Harry E. Dyte 1, Santanu Manna 2,4, Saimon F. Covre da Silva 2,5,
Armando Rastelli 2 & Evgeny A. Chekhovich 3

States with long coherence are a crucial requirement for qubits and quantum
memories. Nuclear spins in epitaxial GaAs/AlGaAs quantum dots are a great
candidate, offering excellent isolation from external environments and on-
demand coupling to optical flying qubits. However, coherence times are lim-
ited to ≲ 1 ms by the dipole-dipole interactions between the nuclei and by the
nuclear quadrupolar coupling to inhomogeneous crystal strain. Here, we
combine strain engineering of the nuclear spin ensemble and tailored dyna-
mical decoupling sequences to achieve nuclear spin coherence times
exceeding 100ms. Recently, a reversible transfer of quantum information into
nuclear spin ensembles has been demonstrated in quantum dots: our results
provide a path to develop this concept into a functioning solid-state quantum
memory suitable for quantum repeaters in optical quantum communication
networks.

Quantum memories are indispensable in large scale quantum net-
works, which are expected to enable long distance communication of
quantum information1–4. Quantum memories have several key
requirements2, a primary figure of merit is the storage time, which is
directly related to quantum repeater communication distance.
Millisecond-range storage time allows for improvements over direct
transmission through an optical fibre5,6. Another requirement is for the
ratio of the storage timeand the entanglement generation time, known
as quantum link efficiency7, to be as high as possible. Although
entanglement generation time is currently the main limitation8, its
continuous improvement (reduction) highlights the need for even
longer storage times, exceeding 100ms, in order to achieveworldwide
optical communication.

The storage of a quantum state in a memory is limited by the
coherence time T2. Several material systems offer long T2, ranging
from seconds to hours9, including trapped atomic ensembles10,11,
ions12–17, electron spins18,19 and phosphorus nuclear spins20–22 in silicon,
as well as electron and nuclear spins of impurities in diamond23,24.

However, long T2 are often negated by poor optical properties
required for a long-distance quantum network. There are promising
hybrid approaches, such as combination of transmon qubits with
solid-state quantum memories25, but these often suffer from coupling
inefficiencies and bandwidth mismatch9 (see further discussion in
Supplementary Note 4).

Epitaxial quantum dots (QDs) in group III-V semiconductors have
high qubit entanglement rates26 and are excellent on-demand emitters
of single9,27–29 and entangled photons30,31. At the same time, QDs host
material qubits: Electron spin qubits can be interfaced with optical
photon qubits32–34, but the coherence of the electron spin is limited to
≈100μs35. The nuclear spins are isolated from external environments,
resulting in long lifetimes and coherence times36–38. The recent
demonstration of a reversible quantum state transfer between an
electron spin qubit and a nuclear spin ensemble (with fidelity of
≈0.68)39,40 offers a route for electron-mediated storage of a photonic
quantum state in a nuclear ensemble of a QD. However, since all atoms
in group III-V materials have non-zero nuclear spins, the natural
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nuclear spin coherence is limited to a rather modest ≈1ms range41.
Extending nuclear spin coherence is thus a key task in achieving
quantum memories suitable for quantum repeaters42,43.

Here, we achieve nuclear spin coherence of over T2 ≈ 100ms,
made possible by applying two concepts: Firstly, elastic strain is used
to engineer the spin-3/2 nuclei and spectrally isolate the subspacewith
Iz = ±1/2 spin projections. The small inhomogeneity of this subspace
allows application of thousands of coherent control operations, thus
enabling efficient dynamical decoupling. Secondly, a dedicated 40-
pulse decoupling sequence cycle is designed to extend nuclear spin
ensemble coherence while overcoming the parasitic spin locking
effects encountered in previous decoupling experiments44,45. The
analysis of the results shows that residual decoherence is dominated
by the finite-pulse effects and the effective three-body nuclear spin
interactions, which are often overlooked. We predict that even longer
T2 values, on the order of ≈1 s, are well within reach through larger
strains and further advances in dynamical decoupling. The macro-
scopically long coherence times achieved here were previously pos-
sible only in group IV semiconductor spin qubits21,46, where optical
efficiency is limited. Our demonstration of engineered long coherence
unlocks the unrivalled optical properties of group III-V materials for
applications in quantum memory devices.

Results
Strain-engineered nuclear spin ensemble
We study the nuclear spin coherence of GaAs/AlGaAs QDs grown by
molecular beam epitaxy. The right inset of Fig. 1a sketches the QD
nuclear spin system of N ≈ 5 × 104 nuclei. The three isotopes 75As,
69Ga, and 71Ga all have nuclear spin I = 3/2. The sample is cooled to
≈4.2 K. A superconducting magnet is used to apply a static magnetic
field Bz ≈ 5.16 T along the sample growth crystal direction [001],
lifting the degeneracy of the four nuclear spin states with spin pro-
jections Iz = ±1/2, ±3/2 (left inset in Fig. 1a). Optical pumping with
circularly polarized light (Faraday geometry) is used to polarize the

nuclear spins along the static magnetic field47. The nuclear spin life-
time is typically T1 > 10 s48, significantly longer than the coherence
times measured in this work. Nuclear spin polarization is measured
via photoluminescence (PL) spectroscopy49, see examples in Fig. 2a.
A copper coil generates oscillating magnetic field perpendicular to
Bz, enabling optically detected nuclear magnetic resonance
(ODNMR) measurements. Radio frequency (Rf) bursts with raised
cosine envelope are used to transfer coherence in and out of the
storage nuclear spin subspace Iz = ±1/2 and to perform its dynamical
decoupling.

The sample is stressed uniaxially along the [110] crystal direction,
perpendicular to the static magnetic field. The resulting
anharmonicity37,50, is characterised by the first-order nuclear quad-
rupolar splitting ν

ð1Þ
Q . The measured NMR spectrum, shown in Fig. 1a for

75As nuclei in a neutral (0e) GaAs/AlGaAs QD, reveals ν
ð1Þ
Q � 255:1 kHz.

This splitting significantly exceeds the linewidths of the NMR transitions:
the full width at half maximum (FWHM) Δν+1/2↔+3/2 ≈ Δν−3/2↔−1/2 ≈ 13.8
kHz of the satellite transitions (STs) − 3/2 ↔ − 1/2 and + 1/2 ↔ + 3/2 is
dominated by the inhomogeneous quadrupolar broadening, while the
FWHM Δν−1/2↔+1/2 ≈ 0.8 kHz of the central transition (CT) − 1/2↔ + 1/2 is
controlled by a combination of the second-order quadrupolar inhomo-
geneity and the dipole-dipole interactions45,51. The small linewidth,
combined with strain-induced spectral isolation from STs,
makes the CT an ideal spin subspace for coherence storage.
Notably, the lattice-matched GaAs/AlGaAs QDs offer a significant
advantage over Stranski-Krastanov QDs characterised by the much lar-
ger Δν−1/2↔+1/2 ≈ 10 − 40 kHz45.

Hamiltonian engineering of a nuclear spin ensemble
Dynamical control of spin interactions is a powerful technique in
magnetic resonance52,53. The method is based on applying a sequence
of Rf pulses that perform fast coherent rotations of the spins, sepa-
rated by the free evolution intervals. In the interaction picture (the
“toggling” frame of reference) the Rf pulses can be viewed as
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Fig. 1 | Optically detected nuclear magnetic resonance (NMR) of a single
quantumdot. a Right inset shows schematic diagram of Ga and As nuclear spins
in a GaAs/AlGaAs quantum dot (QD). NMR spectrum of the spin-3/2 75As nuclei
(black and blue solid lines, left scale) measured in an uncharged (0e) QD. The
frequency offset is shown with respect to the Larmor frequency νL ≈ 37.981 MHz
arising from the Zeeman splitting at external field of Bz ≈ 5.16 T (left inset). Out of
the three magnetic dipole transitions, the two satellite transitions (STs) undergo
a first-order quadrupolar shift ± νð1ÞQ (where ν

ð1Þ
Q � 255:1 kHz), while the central

transition (CT) is affected only by the second-order quadrupolar shift νð2ÞQ � 3:3
kHz. The CT linewidth (Δν−1/2↔+1/2 ≈ 0.8 kHz) is much narrower than the ST
linewidths (Δν+1/2↔+3/2 ≈ Δν−3/2↔−1/2 ≈ 13.8 kHz). Dashed lines (right scale) show
spectral profiles of the radio frequency (Rf) pulse bursts with duration TRf = 10 or
20 μs, tuned in resonance with the CT. b Schematic diagram of a CHASE-10

sequence cycle, letters and signs denote Rf pulse phases. The pulses are sepa-
rated by the free-evolution intervals τ. The total nuclear evolution time is
TEvolTot = 10TRf + 12τ, while TFreeEvol = 12τ is the pure free evolution time for one
cycle. c The CHASE-40 supercycle constructed of four CHASE-10 steps, with
pulse carrier phase incremented by π/2 in each step. d Timing of the ODNMR
measurement cycle. Optical pumping creates longitudinal nuclear spin polar-
ization. The initialization π/2 Rf pulse converts this into transverse (coherent)
nuclear polarization in the xy plane. Dynamical decoupling is applied, followed
by a finalization π/2 pulse to rotate the remaining transverse polarization back
along the z-axis. Finally, the nuclear polarization is read out using photo-
luminescence (PL) spectroscopy under an optical probe pulse. The sample bias
is pulsed to maximize optical nuclear spin pumping and PL intensity during
optical probing.
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transformations of the spin-interaction Hamiltonian. The π-pulse
rotations invert the sign of the frequency shifts, allowing refocusing of
the dephasing54, which in QDs is caused primarily by inhomogeneous
quadrupolar broadening. However, sequences of π pulses, such as
Carr-Purcell55 or XY856, do not recouple the nuclear spin-spin dipolar
interactions. Instead, these dipolar interactions can be averaged to
zero with a sequence of four phase-shifted π/2-pulses57. The average
Hamiltonian is the leading (0th order) term in the Magnus expansion
of the entire Hamiltonian in the toggling frame. By introducing more
complex sequences of pulses it is possible to eliminate the unwanted
interactions to higher orders, thus engineering the spinHamiltonian to
have the desired form53.

Here, we engineer a “time suspension”58 type of sequence, where
the Hamiltonian terms are eliminated as much as possible to preserve
an arbitrary coherent state of the nuclear spinensemble for the longest
possible time. As a starting point we use a CHASE-10 cyclic sequence45

shown in Fig. 1b. By combining π/2 and π pulses, this sequence elim-
inates the average (0th order) free-evolution Hamiltonian both for the
resonance frequency shifts and the spin-spin interactions. Simulta-
neous suppression of both types of interactions is crucial for dyna-
mical decoupling in a dense nuclear spin ensemble of GaAs. By
symmetrizing the sequence, a CHASE-20 supercycle is formed, which
further eliminates all the 1st-order terms in the Hamiltonian. The
CHASE-20 sequence has been applied to QDs previously, demon-
strating its ability to suppress decoherence even under large inho-
mogeneous resonance broadenings in Stranski-Krastanov InGaAs/
GaAs QDs45. In low-strain GaAs/AlGaAs QDs, nuclear spin coherence

times up to T2 ≈ 20 ms have been achieved37. However, the π pulses
cause spin locking44,45 which selectively accelerate decoherence of the
spin states polarized along a certain equatorial axis of the Bloch sphere
in the rotating frame, while artificially enhancing ("locking”) the
coherence of the states polarized along the orthogonal equatorial axis.
This behaviour is unwanted in quantummemory applications as itmay
lead to distortion of the state during storage.

Herewe use a different approach, where four CHASE-10 cycles are
combined into a CHASE-40 supercycle shown in Fig. 1c. The phases of
theRf pulses in eachCHASE-10 subcycle are steppedbyπ/2.While each
subcycle causes spin locking, the preferential direction of the “lock”,
when viewed in the rotating frame, makes a full rotation about the
direction of the staticmagnetic field (z) over the CHASE-40 supercycle.
This four-step “rotating spin lock” eliminates thenet spin locking effect
for an arbitrary coherent state, as demonstrated through rigorous
calculation (See Supplementary Note 5). Furthermore, the leading
order residual Hamiltonian of CHASE-40 is twice smaller than in
CHASE-20, resulting in extended coherence.

Extended spin coherence under dynamical decoupling
Westart by examining experimentally thenuclear spindynamicsunder
continuous resonant Rf driving. The results shown in Fig. 2b reveal
Rabi oscillations, which confirm the coherent nature of spin driving
and allow the π/2 and π Rf pulses to be calibrated for dynamical
decoupling (See Supplementary Note 2C). We then apply dynamical
decoupling to the isolated Iz = ±1/2 nuclear spin subspace with two
varying parameters: the number of sequence cycles nCycles and the
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Fig. 2 | Dynamical decoupling of QD nuclear spins. a Two photoluminescence
(PL) spectra of a neutral exciton in the same individual QD measured after optical
pumping with σ+ (σ−) polarized light, which results in negative (positive) nuclear
spin polarization. The PL spectral splitting ΔEPL is a sum of the constant Zeeman
splitting and the nuclear hyperfine shiftΔEhf, which is derived from the variationsof
ΔEPL.b Rabi oscillations of the nuclear spins in a neutral (0e) QDobserved under an
increasing duration TRf of an Rf pulse of constant amplitude. c Nuclear spin
decoherence measured by optically detected nuclear magnetic resonance

(ODNMR) under free induction decay (FID, open squares), Hahn echo (solid
squares) and an increasing number of CHASE-40 dynamical decoupling cycles
nCycles = 1 − 48 (see legend). Rf pulses, with duration TRf = 20μs, are applied to the
central spin transition − 1/2↔ + 1/2 in a neutral (0e) QD. Nuclear spin polarization is
initialized with an x pulse (ϕ = 0). d Numerical modelling of nuclear spin deco-
herence on a homogeneous ensemble of N = 12 spins under the same decoupling
sequences as in (c).
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total free evolution time TFreeEvol. Figure 2c shows nuclear spin
coherence decaymeasured using ODNMR. In the simplest case of free
induction decay (FID), without any dynamical decoupling (open black
squares), the dephasing time is T *

2 � 0:46 ms and is a combined effect
of quadrupolar inhomogeneity and dipole-dipole interactions. By
using a singleπpulse as a decoupling sequence (solid squares), we find
theHahn echo54 coherence time THE

2 � 1:38ms, which is dominated by
the dipole-dipole interactions.

The measured effect of dynamical decoupling with one cycle of
CHASE-40 is shownby the circles in Fig. 2c. Thedecayof the transverse
nuclear polarization is plotted as a function of the total free evolution
timeTFreeEvol (i.e. excluding the duration of theRf pulses), and reveals a
significant extension of the coherence time T 1xCHASE�40

2 � 12:3 ms.
With the increasing number of CHASE-40 cycles the coherence time is
extended further, reaching T48xCHASE�40

2 � 106:6 ms for nCycles = 48
(orange triangles), an improvement by 2 orders of magnitude com-
pared to the bare Hahn echo coherence time. The achieved nuclear
spin coherence is also 3 orders of magnitude longer than the coher-
ence of a dynamically decoupled electron spin in these QDs35. These
results demonstrate the superior properties of the nuclear spins as a
coherence-storage medium.

It can be seen from Fig. 2c that under an increasing number of
decoupling cycles nCycles the coherence (the NMR echo signal) is
reduced even in the limit of TFreeEvol→ 0.Moreover, the dependence of
transverse nuclear spin polarization on TFreeEvol becomes non-
monotonic. These are the indications of nuclear spin decoherence
during the finite (nonzero duration) Rf pulses. For quantum memory
applications, we are interested in minimising decoherence, whether
caused by the Rf control pulses or spin interactions during free evo-
lution.We seek this optimumby replotting the data of Fig. 2c in Fig. 3a,
where the normalized nuclear spin coherence is shown as a function of

the total evolution (free evolution plus Rf pulses) time TEvolTot (hor-
izontal axis) and the duration TCycle of one CHASE-40 cycle (vertical
axis). The individualdecayplots of Fig. 2cmeasured atfixednCycles now
appear along the diagonal lines in Fig. 3a.Wefit the decay of coherence
with an exponential function of TEvolTot: the resulting decay time,
which we denote as spin memory time TM, is distinct from the coher-
ence time T2 and is shown as a function of TCycle by the single solid line
in Fig. 3e. The maximum TM ≈ 136ms is achieved not under the fastest
possibleRf pulsing, but atTCycle≈ 2ms,which is 5 times longer than the
minimum TCycle ≈ 0.8 ms achieved at TRf = 20 μs. The non-monotonic
dependence TM(TCycle) also manifests in non-monotonic decay of spin
coherence when plotted as a function of TFreeEvol (nCycles = 32 and 48
shown in Fig. 2c).We conclude that thefinite-pulse effects are themain
limitation to extending coherence storage through fast dynamical
decoupling.

Decoherence during the Rf pulses can in principle be sup-
pressed by reducing TRf. However, experiments conducted on the
Iz = ±1/2 spin states with a reduced TRf = 10 μs yield faster deco-
herence than under TRf = 20 μs (see Supplementary Note 3A). This
seemingly contradictory result is understood by considering the
spectral profiles of the Rf pulses (dashed lines in Fig. 1a). While the
unwanted spin decoherence is indeed suppressed under the
shorter TRf = 10 μs pulses, their broader spectral profile results in a
stronger overlap with the STs. Such overlap leads to a faster “leak-
age” of coherence from the storage Iz = ±1/2 subspace into the
Iz = ±3/2 states. Thus, there is an optimal pulse duration that bal-
ances the finite-pulse and the leakage effects. For the studied
structure with the strain-induced quadrupolar splitting of ν

ð1Þ
Q �

255:1 kHz, this optimum is close to TRf = 20 μs. Increasing elastic
strain from ≈ 0.0025 in the studied sample to the ≈0.01 range59 is a
promising route for applying shorter Rf pulses and a further

10 10

10

10

10

100

1×10 1×10 1×10 1×10 1×100
1×10

1×10

1×10

1×100
C

H
AS

E-
40

cy
cl

e
tim

e,
T C

yc
le

(s
)

Total evolution time, TEvolTot (s)

0.10

0.30

0.50

0.70

0.90

1.1

Normalized
echo amplitudeQD experiment,

75As, CT 1/2 +1/2,
TRf = 20 �s

TFreeEvol

nCycles

a

1×10 1×10 1×10 1×10 1×100
1×10

1×10

1×10

1×100

C
H

AS
E-

40
cy

cl
e

tim
e,
T C

yc
le

(s
)

Total evolution time, TEvolTot (s)

0.10

0.30

0.50

0.70

0.90

1.1

Normalized
echo amplitudeNumerical model,

N = 12 spins,
homogneous

c

ST experiment &
inhomogeneous model

Measured TM

Numerical model TM

First-principle (2/M2)

N
uc

le
ar

sp
in

m
em

or
y

tim
e,
T M

(s
)

CHASE-40 cycle time, TCycle (s)

e CT experiment & homogeneous model
Measured TM

Numerical model TM

First-principle (2/M2)

1×10 1×10 1×10 1×10
1×10

1×10

1×10

1×100

C
H

AS
E-

40
cy

cl
e

tim
e,
T C

yc
le

(s
)

Total evolution time, TEvolTot (s)

0.10

0.30

0.50

0.70

0.90

1.1

Normalized
echo amplitudeNumerical model,

N = 12 spins,
inhomogeneous

d

1×10 1×10 1×10 1×10
1×10

1×10

1×10

1×100

C
H

AS
E-

40
cy

cl
e

tim
e,
T C

yc
le

(s
)

Total evolution time, TEvolTot (s)

0.10

0.30

0.50

0.70

0.90

1.1

Normalized
echo amplitudeQD experiment,

75As, ST 3/2 1/2,
TRf = 20 �s

b

Fig. 3 | Coherence storage in a nuclear spin ensemble under dynamical
decoupling. aDecoherence of the Iz = ± 1/2 subspace of the 75As nucleimeasured in
a neutral (0e) QDunder dynamical decouplingwith Rf pulse durationofTRf = 20μs.
The normalized echo amplitude (colour scale) is shown as a function of the total
evolution time TEvolTot = nCyclesTCycle (free evolution plus Rf pulses, horizontal axis)
and the rate ofRfpulsing expressed in terms of thedurationTCycle = 40TRf + 48τof a
singleCHASE-40cycle (vertical axis). The axesof the plot correspond to a nonlinear
transformation from the variables nCycles and TFreeEvol = 40τnCycles used in Fig. 2c.
The plot combines data obtained with different numbers of CHASE-40 cycles and
with shorter subcycles such as CHASE-10. b Decoherence of the Iz = (−3/2, −1/2)
subspace of the 75As nuclei measured under dynamical decoupling with TRf = 20μs.

c Decoherence under dynamical decoupling derived from first-principles numer-
ical modelling of spin dynamics of a homogeneous ensemble of N = 12 nuclei.
d Numerically modelled decoherence of N = 12 nuclei subject to inhomogeneous
spectral broadening. e Nuclear spin memory time TM derived from exponential
fitting of decoherence measured as a function of TEvolTot. Single lines show results
for CT experiments and numerical modelling with the Iz = ±1/2 homogeneous
subspace, while double lines show results for ST experiments and Iz = (−3/2, −1/2)
inhomogeneous subspace. Solid lines show fitting of experimental data, dotted
lines show fitting of the data from numerical modelling, dashed lines show TM
calculated analytically from the second moment M2 of the residual Hamiltonian
under dynamical decoupling.
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significant improvement of the storage time and fidelity in a QD
nuclear spin quantum memory.

CHASE decoupling of an inhomogeneous spin ensemble
In order to demonstrate the importance of isolating the homogeneous
Iz = ±1/2 CT storage subspace, we examine the opposite case of a
Iz = (−3/2, −1/2) ST subspace. The considerably larger inhomogeneous
broadening is characterised by the spectral shape of the ST NMR
transitions. For each ST, this is a weighted sum of a peak observed in
Fig. 1a with a linewidth of Δν+1/2↔+3/2 ≈ Δν−3/2↔−1/2 ≈ 13.8 kHz (65%
weight), and a much broader peak (35% weight), that requires a dif-
ferent NMR technique to be observed. That broad spectral component
is not shown in Fig. 1a, but was measured previously35 to stretch to
≈±100 kHz and is caused by the atomic-scale strain of the randomly
positioned Al and Ga atoms. The measured ST decoherence under
CHASE decoupling is shown in Fig. 3b, and the resulting spin memory
timeTM is shownby the double solid line in Fig. 3e. Unlikewith Iz = ±1/2,
thebestpossibledynamical decouplingof the Iz = (−3/2,−1/2) subspace
is achieved at the shortest possible TCycle. Despite this fastest possible
Rf pulsing, the maximum achieved memory time is TM ≈ 31 ms.
Although this storage time is a factor of ≈15 improvement over the
simple Hahn echo, it is a factor of ≈4.4 worse than TM achieved for the
spectrally narrow Iz = ± 1/2 subspace.

The inferior spinmemory time for an inhomogeneously broadened
spin ensemble demonstrates how CHASE-40, as any other dynamical
decoupling protocol, reaches the limit of its performance when the
interaction that is being decoupled is no longer a small perturbation.
The inhomogeneous broadening of the Iz = ± 1/2 CT subspace is a small
perturbation, characterized byΔν−1/2↔+1/2TRf ≈0.015≪ 1. By contrast, the
relative broadening of the Iz = (−3/2, −1/2) subspace is comparable to
unity for the observed part of the ST NMR peak (Δν−3/2↔−1/2TRf ≈ 0.28)
and violates the perturbative approximation (Δν−3/2↔−1/2TRf > 1) for the
broad component of the ST. The large inhomogeneity of the ST
exacerbates decoherence through spin evolution during the finite Rf
pulses.Moreover,Δν−3/2↔−1/2TRf ≳ 1means that Rf control pulses become
more “soft” (i.e. not infinitely broad spectrally), resulting in imperfect
rotations of the nuclear spins60,61. On the other hand, CHASE-40 shows
no sign of spin-locking even for the Iz = (−3/2, −1/2) subspace, despite its
larger inhomogeneous broadening (See Supplementary Note 3B).

Uniform decoupling of an arbitrary coherent nuclear spin state
An ideal quantummemorymust store any given statewith equally high
fidelity. However, dynamical decoupling can create parasitic spin

locking regimes, where storage effectiveness depends on the initial
state44,45. We examine the uniformness of the quantum state
storage by measuring dynamical decoupling of the homogeneous
Iz = ± 1/2 subspace with different initial states. We use CHASE-40 with
nCycles = 4 cycles, which provides a balance between extending the
coherence time by an order of magnitude, while keeping to a mini-
mum the finite-pulse decoherence. The phase ϕ of the initialization
Rf pulse is varied to prepare transverse nuclear spin polarization
along the different axes in the equatorial xy plane of the rotating
frame (ϕ = 0 corresponds to a “+x” Rf pulse and prepares polarization
along the −y axis, a “+y” pulse with ϕ = π/2 prepares polarization
along the x axis). We further perform a measurement, where the
initialization pulse is omitted, corresponding to initial nuclear spin
polarization along the strong magnetic field (θ = 0). The measured
decay curves are shown in Fig. 4a. The coherence times obtained
from fitting are shown in Fig. 4b, and are around T2 ≈ 18 ms, nearly
independent of the initial state.

The uniform dynamical decoupling of different initial states
confirms experimentally the design principle of the CHASE-40
supercycle. Stepping of the Rf pulse phases between the four con-
stituent CHASE-10 subcycles can be understood intuitively as a
“rotary spin lock”: the axis of spin locking is slowly precessing with
respect to the rotating frame, with a net effect of removing
any preferential spin locking axis over the entire CHASE-40 cycle.
Rigorous calculations confirm this result, showing that the symmetry
axis of the residual Hamiltonian of CHASE-40 is along the
strong static magnetic field (z axis). It is also worth noting that the
measurement without any initialization pulse (θ = 0 in Fig. 4b)
yields the longitudinal spin relaxation time T1, as opposed to the
transverse coherence time T2 measured with an initialization π/2 Rf
pulse (θ = π/2). In the absence of dynamical decoupling, the strong
static magnetic field imposes a pronounced anisotropy with
T1 > 10 s48 much larger than T2 ≈ 1 ms. Under CHASE-40 decoupling T1
decreases and T2 increases, converging to very similar values. This
confirms that CHASE-40 is a well-balanced time-suspension sequence
that eliminates not only the spin locking anisotropy in the xy trans-
verse plane but also the anisotropy of the strong quantizing mag-
netic field along the z axis.

The rotary spin lock offers a simple and reliable approach for
reusing the dynamical decoupling sequences where spin locking is
otherwise present45,62,63. The robustness of CHASE-40 against spin
locking is key to achieving long spin memory times TM ≳ 100 ms
through repeated cycling (with up to 2400 pulses).

Fig. 4 | Uniform decoupling of an arbitrary coherent nuclear spin state.
a Nuclear spin decoherence measured under 4 cycles of CHASE-40 with different
phases ϕ of the initialization Rf pulse, which initializes transverse nuclear polar-
ization alongdifferent azimuth angles in the xyplane (θ=π/2). Themeasurement of
the longitudinal nuclear spin relaxation under CHASE-40 (without the initialization

pulse, θ = 0) is shown by the open diamonds.b The nuclear spin decay times T2 and
T1 obtained from fitting the data in (a). Error bars are 95% confidence intervals.
Schematics show orientation of the nuclei on the Bloch sphere after the initializa-
tion pulse, where present.
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Predicting dynamical decoupling performance through analy-
tical and numerical modelling
For anydynamical decoupling sequence the effective spinHamiltonian
can be calculated as a Magnus expansion series. However, finding the
spin dynamics from a known Hamiltonian is still a difficult problem.
This problem is simplified by noting that the exact spin dynamics is
related to the exact NMR spectral lineshape through Fourier trans-
form. The NMR lineshape can be approximated as a Gaussian, and its
linewidth can be approximated in terms of the second moment M2,
which in turn can be found from the Hamiltonian through direct cal-
culation. The coherent memory time can then be approximated as
TM �

ffiffiffiffiffiffiffiffiffiffiffiffi

2=M2

p

53. The residual Hamiltonian of CHASE-40 has been
computed analytically up to second order: it is too bulky to reproduce
in full, a more detailed discussion can be found in Supplementary
Note 5. The Hamiltonian depends on two parameters: the magnitude
of the dipole-dipole interaction and the quadrupolar inhomogeneity.
These parameters are derived from FID and Hahn Echo experimental
data, allowing TCHASE�40

M to be calculated up to second order in ana-
lytical form and without any fitting parameters. The results are shown
by the dashed lines in Fig. 3e. For the homogeneous subspace Iz = ±1/2
(single dashed line), the analytical model accurately predicts the peak
in the spinmemory timeTMatTCycle≈ 2ms.The actual peakvalueofTM
is underestimated but matches the experiment within a factor of ≈2.
By contrast, for the inhomogeneous subspace Iz = (−3/2, −1/2), the
model underestimates TMby an order ofmagnitude. This indicates the
limited accuracy of the perturbative Magnus expansion, which breaks
down when the inhomogeneous broadening (in frequency units) is no
longer small in comparison to the reciprocal cycle time 1/TCycle. In
principle, the analytical model could be improved by extending the
Magnus expansion. However, the increasing complexity of the high-
order terms makes this approach impractical.

The advantage of the analyticalmodel is that it allows insights into
the underlying physics. In particular, we find that direct dipole-dipole
interactions of the ith and jth spins of the ensemble, characterised by
the coupling constant νij, is eliminated by CHASE-40 up to second
order inclusive. However, the dipolar interaction of the spins i, j
remains, but with a coupling constant ∝ νikνkj, where k ≠ i, j is any other
spin. Such a term can be interpreted as an effective three-particle
coupling, where the interaction of any two spins i and j is mediated by
any other spin k. Although often ignored, herewe find that the residual
decoherence of the homogeneous subspace Iz = ±1/2 can be explained
only by taking into account this effective three-body interaction. The
three-body second-order interaction limits TM under slow dynamical
decoupling (long TCycle). In the opposite limit of fast decoupling (short
TCycle) the memory time TM is limited by the zero-order dipole-dipole
term arising from spin evolution during the finite Rf pulses (TRf > 0).
A combination of these two effects results in a non-monotonic
dependence TM(TCycle) with a maximum in TM, as shown by the single
lines in Fig. 3e. By contrast, the decoherence in the inhomogeneous
subspace Iz = (− 3/2, −1/2) is dominated by the quadrupolar offset
inhomogeneity under finite (TRf > 0) control pulses.

We analyse the data from an alternative perspective by conduct-
ing numerical modelling of the CHASE dynamical decoupling. The
exact Schrödinger equation of a system of N = 12 spins is solved using
mixed initial spin states with large transverse polarization, mimicking
the NMR experiments (see details in Supplementary Note 6). Selected
results are shown in Fig. 2d and reproducewell all themain features of
experimental results in Fig. 2c. The detailed results for the case of the
inhomogeneous subspace Iz = (−3/2, −1/2), are shown in Fig. 3d. Since
the decoherence rate is dominated by the quadrupolar offsets, which
is a single-particle effect, a good quantitative agreement with the
experiment (Fig. 3b) is obtained by using realistic values of the inho-
mogeneous quadrupolar shifts in the numerical model. The results for
the Iz = ±1/2 subspace, where quadrupolar inhomogeneity is taken to
be zero, are shown in Fig. 3c. The numerical model reproduces the

main features of the experimental data on the Iz = ±1/2 subspace
(Fig. 3a), in particular the nonmonotonic dependence of the spin
memory time TM on the decoupling sequence cycle time TCycle. How-
ever, the agreement is only within an order of magnitude: the
numerically-simulated maximum TM ≈ 2 s occurs at TCycle ≈ 8 ms,
compared to the measured maximum TM ≈ 0.136 s at TCycle ≈ 2 ms
(Fig. 3e). This discrepancy may seem unexpected, given that the
numerically-simulated coherence time under simple Hahn echo THE

2 �
1:4 ms is very close to the measured THE

2 � 1:38 ms. However, the
decoherence under Hahn echo is governed by the direct (pairwise)
dipole-dipole interaction of the nuclear spins, whereas decoherence
under CHASE-40 is dominated by the residual effective three-spin
interaction. We therefore ascribe the discrepancy in TM to the limited
number of spins in the numerical model: the number of three-spin
combinations contributing to decoherence in an ensemble with N = 12
is considerably smaller than in a real crystal lattice of a QD (see Sup-
plementary Note 6). The discrepancy is also likely to include the small
but nonzero quadrupolar inhomogeneity of the Iz = ± 1/2 subspace,
which reduces CHASE-40 TM in a real QD.

Decoupling of coherent spin wave states
The dynamical decoupling experiments of this work are conducted on
nuclear spin states with macroscopic transverse polarization, which
corresponds to multiple-quantum coherence. By contrast, recent
proposals for nuclear-spin-based quantum memories40 rely on single-
quantum spin wave (magnon) nuclear spin states. The applicability of
CHASE-40 dynamical decoupling to the spin wave coherent states is a
non-trivial question, which we now investigate using numerical mod-
elling on an ensemble of N = 12 spins. We compare two types of initial
wavefunction statesψInit. One is a statewith full transverse polarization
(macroscopic magnetization), while the other is a superposition of a
ground statewith full longitudinal polarization and a spinwave excited
state. The spin wave is a single-quantum excitation of the ground
state64 (see details in Supplementary Note 6). The Schrödinger equa-
tion is propagated to find the final state ψFin of the spin ensemble, and
the overlap probability is calculated as ∣〈ψInit∣ψFin〉∣2 with results shown
in Fig. 5.

The squares in Fig. 5 show the evolution without dynamical
decoupling (free induction decay). The state with full transverse
polarization exhibits a Gaussian decay on a timescale of THE

2 � 0:9 ms
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Fig. 5 | Decoupling of coherent nuclear spin wave states. Decoherence under
dynamical decoupling derived from first-principles numerical modelling of spin
dynamics of a homogeneous ensemble of N = 12 nuclei. Overlap probability
between the initial and final wavefunctions is shown as a function of the free evo-
lution time TFreeEvol. Results are shown for free induction decay (FID, squares) and
nCycles = 4 cycles of CHASE-40 (triangles). The spin ensemble is initialized into a
coherent state either with transverse polarization (multiple-quantum coherence,
solid symbols) or a spin wave (single-quantum coherence, open symbols).
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(full squares), which is a closematch to THE
2 � 1:4 ms computed above

for an initial mixed state with partial transverse polarization. Inter-
estingly, the decoherence of the spin wave superposition (open
squares) is considerably slower even without any active dynamical
decoupling. Some periodic oscillations and revivals are observed and
can be ascribed to the smallness of the spin ensemble (N = 12) com-
bined with the pure nature of the initial state. Next we model spin
ensemble evolution as a function of TFreeEvol under dynamical decou-
pling with a fixed number nCycles = 4 of CHASE-40 cycles (triangles in
Fig. 5). Once again, the decay exhibits periodic partial revivals, both for
macroscopically polarized (full triangles) and spin wave (open trian-
gles) coherent states. Most importantly, compared to free induction
decay, CHASE-40 decoupling is found to slow down the decoherence
both for macroscopically polarized and single-quantum spin wave
coherent states. The computed coherence times T4xCHASE�40

2 � 90 ms
for pure initial states are found to be very similar to coherence times
calculated above formixed initial states. Notably, the spinwave state is
more robust against the finite-pulse decoherence (limit of short
TFreeEvol) than the macroscopically polarized state. These results sug-
gest that numerical modelling and NMR experiments on spin states
with macroscopic transverse polarization can be used to predict the
dynamics of a single-quantum spin wave excitation. This initial finding
confirms the prospect of using dynamical decoupling in spin wave
quantum memories, which will be explored further in future work.

Discussion
We have demonstrated very long coherence storage times of over 100
ms, achieved despite the dense nature of the nuclear spin ensemble in
GaAs, where coherence extension via isotope enrichment21,46 is not
possible. The optically-active GaAs QDs are a promising candidate for
quantum memory, which integrates a spin qubit with a single photon
sources9, thus avoiding the need for complex hybrid schemes25. The
long-term preservation of nuclear spin coherence demonstrated here
is a key step in bringing the concept of QD-based optical quantum
memory40 to practical implementation. The extended coherence is
enabled by strain engineering of the nuclear spin ensemble and the
tailored 40-pulse time-suspension decoupling sequence.

We use a three-pronged approach to the design of dynamical
decoupling sequences. Numerical modelling can predict the overall
performance of a dynamical decoupling protocol, but its accuracy is
limited by the small number of spins N, constrained in turn by the
exponential scaling of the required classical computing resources with
increasing N. As a result, numerical simulations are time-consuming:
full datasets of Fig. 3c, d require many days of computations on a
workstation PC, which is comparable to experimental time required
for Fig. 3a, b. Analytical calculations provide good predictions in case
of small inhomogeneity. However, for a sequence with 40 pulses,
derivation of the residual Hamiltonian takes several hours of
computer-assisted algebraic derivations and further tedious manual
work to analyse the bulky analytical results. Thus, the two modelling
approaches encounter their different limitations, leaving experiment
as the ultimate verification of the excellent coherence protection
achieved with CHASE-40. The sequence is robust against spin locking,
imperfections in control pulses, and is applicable to spin ensembles
with a substantial inhomogeneous broadening.

Strain engineering is a key enabling technique, as it allows spectral
isolation of the homogeneous Iz = ±1/2nuclear spin subspace. A further
increase of elastic strain by a factor of ≈4 is within the yield strain of
GaAs and is feasibleusingmembranemicrostructures59,65,66. Thiswould
allow quadrupolar splitting in excess of νð1ÞQ ≳1 MHz, enabling further
improvement in quantum memory storage time and fidelity. More
importantly, the MHz-range quadrupolar splitting would be required
to exceed the electron-nuclear hyperfine interaction, which is ≲200
kHz in the studied GaAs QDs50. While dynamical decoupling of nuclear
spins in presence of the central electron spin qubit is possible in

principle38, achieving long nuclear spin coherence would require
spectral isolation (through increased strain) of the hyperfine-
broadened nuclear spin transitions.

The maximum storage time TM under CHASE-40 decoupling is
limited by thefinite durationof the control pulses, which causes a drop
in TM in the limit of frequent Rf pulsing (single lines in Fig. 3e, limit of
small TCycle). By eliminating the zero-order finite-pulse effects52,67 it
should bepossible to achieveTM≈ 1 s even at the current level of elastic
strain, limited only by the second-order three-particle spin-spin inter-
actions. More broadly, dynamical decoupling can be used to study
spin-spin entanglement, thermalization in disordered quantum sys-
tems, and many-body localization68,69.

Data availability
The data generated in this study are provided in the Source Data file
SourceData.zip. Additional information and data related to this study
are available from the corresponding author upon request. Source
data are provided with this paper.
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