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Three-stage decoherence dynamics of an electron
spin qubit in an optically active quantum dot
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The control of solid-state qubits requires a detailed
understanding of the decoherence mechanisms. Despite
considerable progress in uncovering the qubit dynamics in
strong magnetic fields™, decoherence at very low magnetic
fields remains puzzling, and the role of quadrupole coupling
of nuclear spins is poorly understood. For spin qubits in
semiconductor quantum dots, phenomenological models of
decoherence include two basic types of spin relaxation®”’:
fast dephasing due to static but randomly distributed
hyperfine fields (~2ns)®*" and a much slower process
(>1us) of irreversible monotonic relaxation due either to
nuclear spin co-flips or other complex many-body interaction
effects>. Here we show that this is an oversimplification;
the spin qubit relaxation is determined by three rather
than two distinct stages. The additional stage corresponds
to the effect of coherent precession processes that occur
in the nuclear spin bath itself, leading to a relatively fast
but incomplete non-monotonic relaxation at intermediate
timescales (~750 ns).

A coupling of the central spin to the nuclear spin bath gives rise to
an effective magnetic field, the Overhauser field>*'*'*, around which
the central spin precesses at nanosecond timescales>*"'”. Numerous
theoretical studies predicted that in the absence of external magnetic
fields the coherent character of this precession leads to a character-
istic dip in the central spin relaxation—that is, the spin polariza-
tion reaches a minimum during a few nanoseconds, from which it
recovers before reaching a nearly steady level at 1/3 of the initial
polarization™'®. The fate of the remaining polarization has been the
subject of considerable debate. Early studies predicted, for example,
that the randomness of hyperfine couplings can lead to an interme-
diate stage of a qubit relaxation that has qualitatively similar features
to a dephasing stage’. However, subsequent theoretical®'>'** and
numerical studies” showed that the randomness of parameters leads
only to a slow, ~1/log(¢), and incomplete monotonic relaxation.
Weak dipole interactions between nuclear spins were predicted
to lead to a complete relaxation during millisecond timescales*®,
but even this theory was challenged by the observation of hour-
long nuclear spin relaxation, which suggested the importance of
quadrupole couplings®. Unfortunately, until now it has been im-
possible to test many such predictions experimentally, in particular,
to observe the predicted dip in the qubit relaxation dynamics and
explore phenomena occurring at much longer timescales. Here, we
apply novel experimental techniques that not only clearly resolve
the precession dip in the spin qubit relaxation but also provide new
insights into the time dependence of the central spin qubit during

up to four orders of magnitude longer timescales. Hereby, we make
use of a spin storage device” in which a single electron spin can
be optically prepared in the quantum dot (QD) over picosecond
timescales with near perfect fidelity and stored over milliseconds*.
After a well-defined storage time we directly measure the electron
spin projection along the optical axis and show that the electron
spin qubit exhibits three distinct stages of relaxation. The first
stage arises from a spin evolution in the randomly oriented quasi-
static Overhauser field as a consequence of hyperfine interaction
(Fig. 1a, i) inducing an inhomogeneous dephasing over the initial
few nanoseconds. This is followed by an unexpected stage of the
central spin relaxation, namely the appearance of a second dip in the
relaxation curve after several hundred nanoseconds. We show that
this feature reflects coherent dynamic processes in the nuclear spin
bath itself induced by quadrupolar coupling (Fig. 1a, y4) of nuclear
spins I to the strain-induced electric field gradients VE (refs 25-27).
Eventually, the combined effect of quadrupolar coherent nuclear
spin dynamics and incoherent co-flips of nuclear spins with the
central spin, and possibly other interactions, induce the third stage
with monotonic relaxation that occurs over microsecond timescales
and low magnetic fields.

The electron spin qubit studied in this work is confined in
a single self-assembled InGaAs QD incorporated in the intrinsic
region of a Schottky photodiode structure next to an AlGaAs tunnel
barrier (Methods). As illustrated in the schematic band diagram in
Fig. 1b, such an asymmetric tunnel barrier design facilitates control
of the electron (z.) and hole () tunnelling time by switching the
electric field inside the device. Such a control enables different
modes of operation (Fig. 1c): discharging the QD at high electric
fields (Reset), optical electron spin initialization realized by applying
a single optical picosecond polarized laser pulse (Pump), spin-
to-charge conversion (Probe) after a spin storage time Ty, and
charge read-out (Read) by measuring the photoluminescence (PL)
yield obtained by cycling the optical e~ — X, transition® (for
detailed information see Supplementary Sections 1 and 2). Figure 1d
compares typical PL signatures of the electron spin read-out scheme
for applied magnetic fields of |[B,| =80mT and OmT at a fixed
storage time of 2.8 ns. To measure the spin polarization (S,) we
perform two different measurement sequences; a reset-pump-read
cycle (black points in Fig. 1d) to obtain the PL intensity as a
reference when only one electron is present in the QD and a reset—
pump-probe-read cycle (red points in Fig. 1d) from which we
deduce the average charge occupation of the QD (le or 2e) by
comparing the PL intensities of the X}, ground state recombination
(I,e or I,). The degree of spin polarization is then given by
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Figure 1| Single electron spin preparation, storage and read-out. a, lllustration of the hyperfine interaction (y4r) between an electron spin (blue arrow)
and the nuclear spins (yellow arrows), and quadrupolar interaction (yq) between the strain-induced electric field gradient VE and the nuclear spins .

b, Schematic representation of the band profile of the spin memory device. ¢, Representation of the applied electric field and optical pulse sequence as a
function of time. The measurement cycle consists of four phases: discharging the QD (Reset), electron spin preparation (Pump), spin-to-charge conversion
for spin measurement (Probe) and charge read-out (Read). d, Photoluminescence (PL) signature of the electron spin read-out for storage times of

Tstore =2.8 ns. The X;}Z PL intensity reflects the charge state of the QD, 1e or 2e, by comparison of the luminescence yield obtained with (red points) and

without (black points) the application of a probe pulse.

(S,) = L4e — L) /(1. + Le). As can be seen in Fig. 1d, on reducing
the magnetic field, the probability of finding the dot charged with 2e
rises (I,. > 0), indicating that electron spin relaxation has occurred
and consequently we find (S,) < 1.

The temporal evolution of (S,) at zero external magnetic field
is presented in Fig. 2a. Over the initial 20 ns the average electron
spin polarization exhibits a strong decay due to precession of
the initial electron spin S, around a frozen Overhauser field B,
(as schematically depicted in Fig. 2b, top). At these short timescales
the Overhauser field experienced by the electron can be treated as
being quasi-static but evolving between measurement cycles during
the few-second integration time of our experiment. The magnitude
and direction of B, are described by a Gaussian distribution
function W (B,) x exp(—B2/20?), with o, being the dispersion of
the Overhauser field®. As a consequence of the field fluctuations
with dispersion o, the electron Larmor precession around the
Overhauser field, averaged over many precession frequencies,
leads to a characteristic dip in (S,) reflecting the inhomogeneous
dephasing time T, =2ns. The initial degree of spin polarization
after the electron has been initialized amounts to S, = 85%. This
observation may be indicative of a weak magnetic interaction
between the tunnelling hole and the stored electron during the
partial exciton ionization. This conclusion is supported by the
fact that S, returns to ~100% when a weak static magnetic field
(IB,| > 50mT) is applied.

In the second phase of spin relaxation observed in Fig. 2a, which
takes place from 20ns to 1ps, the degree of spin polarization is
further reduced from (S,) ~1/3 to a small non-vanishing value
(S,) ~1/9. After this stage, only a small monotonic relaxation is
observed up to 10 us. In order to quantify the experimental data in
Fig. 2a, we developed a semi-classical model in which the nuclear
spins precess around the random static quadrupolar fields combined
with a time-dependent hyperfine field of the central spin (Methods).
The quadrupolar coupling of an ith nuclear spin is characterized by

1006

the direction of the coupling axis n’ and by the size of the energy level
splitting y/, along this quantization axis. In a self-assembled quan-
tum dot, electric field gradients have a broad distribution of their
direction and magnitude. We modelled them by assuming that the
directions of quadrupolar coupling axes are uniformly distributed
and the characteristic level splittings have Gaussian distribution
throughout the spin bath: W (y) ocexp(—(¥})?/203), with oq be-
ing the single parameter that characterizes the distribution of the
quadrupolar coupling strengths in the spin bath.

The red line in Fig. 2a shows the prediction of this model ob-
tained in the limit that disregards the impact of the central spin on
the nuclear spin dynamics. Even in this limit the model correctly
captures the appearance of both relaxation dips. The position of
the first dip is determined by the Overhauser field distribution
0,=10.3mT. Our semi-classical model explains the second dip
as being due to coherent precession of nuclear spins around the
quadrupolar axes. The time-correlator of the Overhauser field pro-
duced by all precessing nuclear spins then has a dip at a char-
acteristic precession frequency and saturates at a non-zero value.
Throughout this regime the central spin follows the Overhauser
field adiabatically, and thus its relaxation directly reflects the shape
of the Overhauser field correlator. The position of the second dip
is then determined only by the quadrupolar coupling strength,
Tq=+/3/0q, resulting in a value 0q =23 us ™", and is in good
agreement with the quadrupole splitting of ~1.4us™' obtained
in ref. 26 using optically detected nuclear magnetic resonance
(ODNMR) spectroscopy at large magnetic fields. Finally, to capture
the many-body co-flip effects beyond perturbative limits within
the nuclear spin bath, we performed numerical simulations of our
semi-classical model including up to N =50,000 spins. The result
of these simulations at o = 2(yu) is presented in the inset of
Fig. 2a. It demonstrates that complex many-body interactions, such
as spin co-flips, do not remove either of the relaxation dips provided
the quadrupolar coupling strength exceeds the hyperfine coupling
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Figure 2 | Dynamics of the electron spin relaxation. a, Experimental data
reveal a fast inhomogeneous electron spin dephasing T3. The quadrupolar
coupling of nuclear spins induces oscillatory fluctuations of the Overhauser
field at Tq, which further reduces (S,). The red line compares experimental
results with analytical predictions based on the semi-classical model
(Supplementary Equations 7 and 14). The inset presents results of more
rigorous numerical simulations based on the theoretical model of central
spin decoherence by a nuclear spin bath (Methods). The long relaxation tail
at longer times (>1us) is due to combined effects of hyperfine and
quadrupolar coupling. b, lllustration of electron spin evolution with an initial
spin Sg in a total magnetic field Bt. ¢, Evolution of the electron spin in weak
out-of-plane magnetic fields. The width of the dip characterizes the
variance of the Overhauser field distribution. A semi-classical model (red
line) was used to simulate the experimental data (Supplementary
Equations 6 and 15).

0q> (Yur), (see Supplementary Fig. 5 and associated discussion).
Moreover, numerical results show that quadrupole coupling en-
hances the remaining irreversible relaxation via co-flips of nuclear
spins with the central spin. Hence, it can be responsible for the irre-
versible third stage of central spin relaxation at zero external fields.

To obtain the Overhauser field dispersion experimentally
we performed magnetic-field-dependent measurements of (S,),
presented in Fig. 2c. The data clearly show that (S,) resembles a
dip at low magnetic fields, which can be explained as follows: in
the presence of the Overhauser field B, the electron spin precesses
about the total field B, =B, + B,, as schematically depicted in Fig. 2b
(bottom). At strong external magnetic fields (|B,|>>|B,|) the total
magnetic field B, is effectively directed along B, and the Zeeman
interaction of the electron spin with the magnetic field is larger
than the interaction with the Overhauser field. As a consequence,
the electron spin relaxation is suppressed by an application of B,,
resulting in (S,) 2~ 1, as can be seen in Fig. 2c for |B,| > 50 mT. By
fitting our data using a semi-classical model (red solid line in Fig. 2c)
we extract a dispersion of o, =10.5 mT that remains approximately
constant at the storage times explored.
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Figure 3 | Evolution of the electron spin in an in-plane magnetic field.

a, Free-induction decay of the electron spin qubit. The Larmor oscillations
are damped owing to fluctuations of the Overhauser field. b, The Fourier
component of the Larmor oscillations decays according to a Gaussian
function, revealing the spin dephasing time T3. Error bars represent
one-standard-deviation confidence intervals from a sinusoidal fit to the
data over two Larmor periods. ¢, Echo signal as a function of the total
evolution time at different magnetic fields. The fit of the data at high (black)
and low (blue) magnetic fields are obtained using a theoretical model
which is described in the Supplementary Section 4. Error bars represent
one-standard-deviation confidence intervals estimated by taking multiple
measurements of the same delay curve.

In addition to the out-of-plane magnetic field measurements,
where the electron spin is prepared in a spin-eigenstate, we show in
Fig. 3a spin-precession measurements in a fixed in-plane magnetic
field. Here, the electron spin, prepared along the optical z-axis,
precesses with the Larmor frequency (|g.| =0.55) around B,, mainly
directed along B,. Again, owing to fluctuations of the Overhauser
field, the electron spin experiences a dephasing leading to damped
oscillations in the evolution of (S,). In Fig. 3b we analysed the
Fourier component of the Larmor oscillations, revealing a Gaussian
envelope function indicating the Gaussian-like distribution of the
Overhauser field. The variance of the fit in Fig. 3b reflects the
inhomogeneous dephasing time T, = 1.99 4 0.03 ns, which is in
perfect agreement with the value obtained in Fig. 2a, and is not
affected by an application of an external magnetic field. The
dephasing time and the Overhauser field dispersion are connected
via T} =h/g.pupo,. Using g, =0.55 we obtain 0, =10.3 mT.

To remove the inhomogeneous dephasing T; and investigate
T, decoherence, we extended our pulse sequence by an additional
optical (Echo) pulse which allows the implementation of spin-
echo pulse sequences®’. The result is shown in Fig. 3c. At
strong magnetic fields (|By|=4T) the nuclear Zeeman splitting
exceeds the quadrupolar splitting of 2.3 us™" considerably, which
effectively suppresses the dephasing effect of quadrupole coupling
and, in contrast to the |B;| =0T measurements discussed above, a
transition to a mono-exponential decay is observed. From the fit
we obtain a decoherence time of T, =1.28 +0.07 us. Such mono-
exponential decay at very high magnetic fields is notable and
contrary to theoretical predictions® and experimental observations
in gate-defined QDs (ref. 3), where the decoherence could clearly
be attributed to spectral diffusion arising from dipolar interactions
between nuclei with much longer coherence times. However, such a
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mono-exponential behaviour was also observed in earlier studies of
spin-echo decay on optically active QDs (ref. 17). The exact origin
of such a decoherence in self-assembled QDs is so far not fully
understood and therefore still under debate. A possible source of this
behaviour could arise from effects of charge-noise-induced spectral
diffusion. Our theoretical model based only on quadrupole and
hyperfine interactions does not explain this relaxation at large fields.
However, it does explain the qualitative behaviour of the spin-echo
signal at lower field. In particular, on reducing the magnetic field
to the range |B,| ~ \/Fg.0,00/g% s ~ 1.5 T, where gy is the nuclear
spin g-factor, our model predicts that the quadrupolar coupling
should lead to an oscillatory behaviour of the spin-echo signal (see
Supplementary Section 4). Indeed, at such values of the external field
we observe such oscillations. At even lower external fields, the model
predicts a phase with relatively fast monotonic spin-echo relaxation
as exp(—aT*), with a~1/(T; Ty)? again in excellent qualitative
agreement with our experimental observations.

Our findings have major implications for extending the
coherence time evolution of electron spin qubits at low magnetic
fields. Whereas the inhomogeneous dephasing time T; can be
reversed by the application of spin-echo methods, the strong back-
action of quadrupolar couplings in the spin bath demonstrates the
necessity of the development of strain-engineered QD structures
for extended coherence times T,, which may also help pave the way
towards creating useful semiconductor-based spin qubits that can
be incorporated into quantum information devices.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Sample. The sample studied consists of a low-density (<5 um~2) layer of nominally
In,sGa, s As-GaAs self-assembled QDs incorporated into the d = 140 nm-thick
intrinsic region of a Schottky photodiode structure. A opaque gold contact with
micrometre-sized apertures was fabricated on top of the device to optically isolate
single dots. An asymmetric Al;Gay;As tunnel barrier with a thickness of 20 nm
was grown immediately below the QDs, preventing electron tunnelling after
exciton generation.

Theoretical model and numerical approximations. The minimal Hamiltonian of
the central spin interacting with a nuclear spin bath with quadrupole couplings is
given by

N A N oVE L
H= Z <VIXII’ S+ geteBe - S+ g Be - I'+ 7‘1 - nx)2> 1)

i=1

where § and T’ are operators for, respectively, the central spin and the ith nuclear
spin; ;; and y, are the strengths of, respectively, the hyperfine and the quadrupole
couplings of ith nuclear spin, I' > 1/2 are the sizes of the nuclear spins, for example,
I=3/2 for Gaand I =9/2 for most abundant In isotopes; B,, is the external
magnetic field; n’ is the unit vector along the direction of the quadrupole coupling
anisotropy, which generally has a broad distribution inside a self-assembled

NATURE PHYSICS | www.nature.com/naturephysics

quantum dot. The analytical and even numerical treatment of evolution with
equation (1) would be too complex to achieve for a realistic number of nuclear
spins N ~10°. To obtain such estimates, we used an observation made in ref. 30
that essential effects of the quadrupole coupling in (1) are captured by a much
simpler model of a spin bath with spins-1/2 only:

N
H=B-8+ i8-8+, n)+b-§

i=1

with B=g, it.B., and b=gyuxB., the effective Zeeman fields acting on,
respectively, electron and nuclear spins. The spin-1/2 operator §' stands for the ith
nuclear spin. The quadrupole coupling is mimicked here by introducing random
static magnetic fields acting on nuclear spins with the same distribution of n’ as in
(1)—that is, the vector n’ points in a random direction, different for each nuclear
spin. Parameter y,, is connected to y, as y, ~,I/2. It is the characteristic nearest
energy level splitting of a nuclear spin due to the quadrupole coupling.
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