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We propose an implementation of a universal set of one- and two-quantum-bit gates for quantum compu-
tation using the spin states of coupled single-electron quantum dots. Desired operations are effected by the
gating of the tunneling barrier between neighboring dots. Several measures of the gate quality are computed
within a recently derived spin master equation incorporating decoherence caused by a prototypical magnetic
environment. Dot-array experiments that would provide an initial demonstration of the desired nonequilibrium
spin dynamics are proposed. ⇥S1050-2947⇤98⌅04501-6�
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I. INTRODUCTION

The work of the past several years has greatly clarified
both the theoretical potential and the experimental challenges
of quantum computation ⇥1�. In a quantum computer the
state of each bit is permitted to be any quantum-mechanical
state of a qubit ⇤quantum bit, or two-level quantum system⌅.
Computation proceeds by a succession of ‘‘two-qubit quan-
tum gates’’ ⇥2�, coherent interactions involving specific pairs
of qubits, by analogy to the realization of ordinary digital
computation as a succession of Boolean logic gates. It is now
understood that the time evolution of an arbitrary quantum
state is intrinsically more powerful computationally than the
evolution of a digital logic state ⇤the quantum computation
can be viewed as a coherent superposition of digital compu-
tations proceeding in parallel⌅.

Shor has shown ⇥3� how this parallelism may be exploited
to develop polynomial-time quantum algorithms for compu-
tational problems, such as prime factoring, which have pre-
viously been viewed as intractable. This has sparked inves-
tigations into the feasibility of the actual physical
implementation of quantum computation. Achieving the con-
ditions for quantum computation is extremely demanding,
requiring precision control of Hamiltonian operations on
well-defined two-level quantum systems and a very high de-
gree of quantum coherence ⇥4�. In ion-trap systems ⇥5� and
cavity quantum electrodynamic experiments ⇥6�, quantum
computation at the level of an individual two-qubit gate has
been demonstrated; however, it is unclear whether such
atomic-physics implementations could ever be scaled up to
do truly large-scale quantum computation, and some have
speculated that solid-state physics, the scientific mainstay of
digital computation, would ultimately provide a suitable
arena for quantum computation as well. The initial realiza-
tion of the model that we introduce here would correspond to
only a modest step towards the realization of quantum com-
puting, but it would at the same time be a very ambitious
advance in the study of controlled nonequilibrium spin dy-

namics of magnetic nanosystems and could point the way
towards more extensive studies to explore the large-scale
quantum dynamics envisioned for a quantum computer.

II. QUANTUM-DOT IMPLEMENTATION
OF TWO-QUBIT GATES

In this paper we develop a detailed scenario for how
quantum computation may be achieved in a coupled
quantum-dot system ⇥7�. In our model the qubit is realized as
the spin of the excess electron on a single-electron quantum
dot; see Fig. 1. We introduce here a mechanism for two-
qubit quantum-gate operation that operates by a purely elec-
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FIG. 1. ⇤a⌅ Schematic top view of two coupled quantum dots
labeled 1 and 2, each containing one excess electron (e) with spin
1/2. The tunnel barrier between the dots can be raised or lowered by
setting a gate voltage ‘‘high’’ ⇤solid equipotential contour⌅ or
‘‘low’’ ⇤dashed equipotential contour⌅. In the low state virtual tun-
neling ⇤dotted line⌅ produces a time-dependent Heisenberg ex-
change J(t). Hopping to an auxiliary ferromagnetic dot ⇤FM⌅ pro-
vides one method of performing single-qubit operations. Tunneling
(T) to the paramagnetic dot ⇤PM⌅ can be used as a POV read out
with 75% reliability; spin-dependent tunneling ⇤through ‘‘spin
valve’’ SV⌅ into dot 3 can lead to spin measurement via an elec-
trometer E. ⇤b⌅ Proposed experimental setup for initial test of swap-
gate operation in an array of many noninteracting quantum-dot
pairs. The left column of dots is initially unpolarized, while the
right one is polarized; this state can be reversed by a swap operation
⇥see Eq. ⇤31⌅�.
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Rapid Single-Shot Measurement of a Singlet-Triplet Qubit
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We report repeated single-shot measurements of the two-electron spin state in a GaAs double quantum

dot. The readout allows measurement with a fidelity above 90% with a !7 !s cycle time. Hyperfine-

induced precession between singlet and triplet states of the two-electron system are directly observed, as

nuclear Overhauser fields are quasistatic on the time scale of the measurement cycle. Repeated

measurements on millisecond to second time scales reveal the evolution of the nuclear environment.

DOI: 10.1103/PhysRevLett.103.160503 PACS numbers: 03.67.Lx, 73.63.Kv

Qubits constructed from spin states of confined electrons
are of interest for quantum information processing [1], for
investigating decoherence and controlled entanglement,
and as probes of mesoscopic nuclear spin environments.
For logical qubits formed from pairs of electron spins in
quantum dots [2], several requirements for quantum com-
puting [3] have been realized [4–7]. To date, however,
measurements of these systems have constituted ensemble
averages over time, while protocols for quantum control,
including quantum error correction, typically require high-
fidelity single-shot readout. Coherent evolution conditional
on individual measurement outcomes can give rise to
interesting nonclassical states [8,9]. Rapidly repeated
single-shot measurements can also give access to the dy-
namics of the environment, allowing, for instance,
feedback-controlled manipulation of the nuclear state.
Single-shot measurements of solid-state quantum systems
have been reported for superconducting qubits [10], the
charge state of a single quantum dot [11], the spin of a
single electron in a quantum dot in large magnetic fields
[12,13], and the two-electron spin state in a single quantum
dot [14].

In this Letter, we demonstrate rapidly repeated high-
fidelity single-shot measurements of a two-electron spin
(singlet-triplet) qubit in a double quantum dot. Singlet and
triplet spin states are mapped to charge states [4], which are
measured by a radio-frequency quantum point contact (rf-
QPC) that is energized only during readout. The measure-
ment integration time required for>90% readout fidelity is
a few microseconds. On that time scale, nuclear
Overhauser fields are quasistatic, leading to observed pe-
riodic precession of the qubit. By measuring over longer
times, the evolution of the Overhauser fields from milli-
seconds to several seconds can be seen as well. We apply a
model of single-shot readout statistics that accounts for T1

relaxation, and find good agreement with experiment.
Finally, we examine the evolution of the two-electron
spin state at the resonance between the singlet (S) and
the m ¼ þ1 triplet (Tþ) via repeated single-shot measure-
ment, and show that the transverse component of the

Overhauser field difference is not quasistatic on the time
scale of data acquisition, as expected theoretically.
The double quantum dot is formed by Ti=Au depletion

gates on a GaAs=Al0:3Ga0:7As heterostructure with a two-
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FIG. 1 (color online). (a) Charge occupancy (left, right) of the
double dot, detected using rf-QPC reflectometer voltage vrf in
continuous-sensing mode [7] rather than single-shot readout.
The triangle in (0,2) indicates where charge state (1,1) is
metastable. Markers indicate gate voltages used in single-shot
mode. Preparation of (0,2) singlet (P); separation for S$ T0

mixing (S) and S$ Tþ mixing (I); measurement (M); operating
point with 0 V pulse amplitude (D). (b) Two-electron energy
levels as a function of detuning " from (0,2)–(1,1) degeneracy.
(c) Micrograph of device identical to measured device, indicat-
ing Ohmic contacts (boxes), fast gate lines, reflectometry circuit,
grounded contacts, and field direction. (d) Pulse sequence of ",
controlled by VR and VL, cycling through the points P, S, M.
Sensor signal vrf indicates triplet (green, marked T) or singlet
(blue, marked S) outcome for #S ¼ 100 ns. Integration subin-
terval time #M chosen in postprocessing.
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instance, a dgQPC=0.01 e2 /h conductance change to be mea-
sured with unity SNR in !int=500 ns. Above !8 MHz, the Q
factor "!15# of the impedance matching circuit limits the
sensitivity, as shown in Fig. 2"b#. The SNR increases with
applied carrier power $Fig. 2"c#% up to the energy scale set by
the one-dimensional subband spacing "typically several mil-
livolts#. A source-drain bias of 1 mV requires a carrier power
of approximately −70 dBm. For the charge sensing measure-
ments described below, carrier power was set to −75 dBm.
For this power, !80% of the output noise is the intrinsic shot

noise of the QPC. Figure 2"d# shows the dependence of the
sideband SNR on carrier frequency, consistent with reflected
power measurements $Fig. 1"c#%.

We demonstrate the operation of the rf-QPC by detecting
single-electron changes in charge configuration of a double
quantum dot in the few-electron regime. For this demonstra-
tion, the QPC was biased on the steep edge of a conductance
riser at gQPC!0.3 e2 /h, where the conductance is a sensitive
function of the local electrostatic potential $see Fig. 1"d#%.
Figure 3 shows dVrf /dVL as a function of gate voltages VL
and VR, which control the number of electrons in the left and
right dots. Stable charge configurations of the double dot
correspond to the red colored regions with labels "n, m# in-
dicating the electron occupancy on the left and right dot.
Charge transitions appear in the derivative of Vrf as black and
yellow lines.

Focusing on the "2,0#-"1,1# transition, Fig. 4"a# shows Vrf
as a function of VR and VL with each data point averaged 32

FIG. 1. "Color online# "a# Schematic of measurement setup including false-
color scanning electron microscopy "SEM# image of a representative device.
Gates shaded green are held at !1 V throughout. Niobium coax and !50 "
ohmic contacts minimize losses between sample and cryogenic amplifier. A
stripline fabricated on a sapphire substrate is used to thermalize the inner
conductor of the Nb coax. Demodulation is performed by mixing the rf
signal with a LO to yield an IF that is low-pass filtered before further
amplification and digitization. "b# Photograph of rf circuit board showing
sample, matching circuit, and components used to make a bias-tee. "c# Re-
flection coefficient S11 of impedance transformer with changing gQPC "reso-
nance at 220.2 MHz#. "d# Demodulated response "Vrf# measured simulta-
neously with dc conductance as the QPC gate "shaded blue in SEM image#
bias is varied "VL=−700 mV#. Dashed line indicates bias point for charge
sensing. Inset shows transfer function of Vrf vs conductance. "e# Demodu-
lated time-domain response to 50 MHz gate signal with QPC biased to
!e2 /h and matching inductance reduced to 560 nH "different devices to all
other measurements presented#.

FIG. 2. "a# AM response of rf-QPC to 1 MHz gate modulation, VR

=0.7 mV "rms#. SNR of sidebands yields a sensitivity Sg=5
#10−6 e2 /h Hz−1/2. "b# SNR of upper sideband as a function of modulation
frequency. Curve is a guide for the eye. "c# SNR of upper sideband as a
function of carrier power. "d# SNR of upper sideband as a function of carrier
frequency, consistent with Fig. 1"c#. All SNR measurements made in a reso-
lution bandwidth $f =10 kHz.

FIG. 3. "Color online# Derivative of Vrf "in arbitary units# as a function of
VL and VR, magnetic field B=100 mT. VL is rastered at !1mV/150 %s
"!106 data points acquired in !180 s#. Labels indicate numbers of electrons
in the left and right dots.
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stripline fabricated on a sapphire substrate is used to thermalize the inner
conductor of the Nb coax. Demodulation is performed by mixing the rf
signal with a LO to yield an IF that is low-pass filtered before further
amplification and digitization. "b# Photograph of rf circuit board showing
sample, matching circuit, and components used to make a bias-tee. "c# Re-
flection coefficient S11 of impedance transformer with changing gQPC "reso-
nance at 220.2 MHz#. "d# Demodulated response "Vrf# measured simulta-
neously with dc conductance as the QPC gate "shaded blue in SEM image#
bias is varied "VL=−700 mV#. Dashed line indicates bias point for charge
sensing. Inset shows transfer function of Vrf vs conductance. "e# Demodu-
lated time-domain response to 50 MHz gate signal with QPC biased to
!e2 /h and matching inductance reduced to 560 nH "different devices to all
other measurements presented#.

FIG. 2. "a# AM response of rf-QPC to 1 MHz gate modulation, VR

=0.7 mV "rms#. SNR of sidebands yields a sensitivity Sg=5
#10−6 e2 /h Hz−1/2. "b# SNR of upper sideband as a function of modulation
frequency. Curve is a guide for the eye. "c# SNR of upper sideband as a
function of carrier power. "d# SNR of upper sideband as a function of carrier
frequency, consistent with Fig. 1"c#. All SNR measurements made in a reso-
lution bandwidth $f =10 kHz.

FIG. 3. "Color online# Derivative of Vrf "in arbitary units# as a function of
VL and VR, magnetic field B=100 mT. VL is rastered at !1mV/150 %s
"!106 data points acquired in !180 s#. Labels indicate numbers of electrons
in the left and right dots.

162101-2 Reilly et al. Appl. Phys. Lett. 91, 162101 !2007"
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ticles will depend on size due to quantum con-
finement effects.
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Coherent Control of a Single Electron
Spin with Electric Fields
K. C. Nowack,*† F. H. L. Koppens,† Yu. V. Nazarov, L. M. K. Vandersypen*

Manipulation of single spins is essential for spin-based quantum information processing. Electrical
control instead of magnetic control is particularly appealing for this purpose, because electric fields
are easy to generate locally on-chip. We experimentally realized coherent control of a single-
electron spin in a quantum dot using an oscillating electric field generated by a local gate.
The electric field induced coherent transitions (Rabi oscillations) between spin-up and spin-down
with 90° rotations as fast as ~55 nanoseconds. Our analysis indicated that the electrically induced
spin transitions were mediated by the spin-orbit interaction. Taken together with the recently
demonstrated coherent exchange of two neighboring spins, our results establish the feasibility of
fully electrical manipulation of spin qubits.

Spintronics and spin-based quantum infor-
mation processing provide the possibility
of adding new functionality to today’s elec-

tronic devices by using the electron spin in ad-

dition to the electric charge (1). In this context, a
key element is the ability to induce transitions
between the spin-up and spin-down states of a
localized electron spin and to prepare arbitrary
superpositions of these two basis states. This is
commonly accomplished by magnetic resonance,
whereby bursts of a resonant oscillating magnetic
field are applied (2). However, producing strong
oscillating magnetic fields in a semiconductor
device requires specially designed microwave

cavities (3) or microfabricated striplines (4),
and this has proven to be challenging. In
comparison, electric fields can be generated
much more easily, simply by exciting a local
gate electrode. In addition, this allows for
greater spatial selectivity, which is important
for local addressing of individual spins. It
would thus be highly desirable to control the
spin by means of electric fields.

Although electric fields do not couple di-
rectly to the electron spin, indirect coupling can
still be realized by placing the spin in a mag-
netic field gradient (5) or in a structure with a
spatially varying g tensor, or simply through spin-
orbit interaction, present in most semiconductor
structures (6, 7). Several of these mechanisms
have been used to electrically manipulate elec-
tron spins in two-dimensional electron systems
(8–11), but proposals for coherent electrical con-
trol at the level of a single spin (5, 12–15) have
so far remained unrealized.

We demonstrate coherent single spin rota-
tions induced by an oscillating electric field. The
electron is confined in a gate-defined quantum
dot (Fig. 1A), and we use an adjacent quantum
dot, containing one electron as well, for readout.
The ac electric field is generated through excita-
tion of one of the gates that form the dot, thereby
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ticles will depend on size due to quantum con-
finement effects.
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Coherent Control of a Single Electron
Spin with Electric Fields
K. C. Nowack,*† F. H. L. Koppens,† Yu. V. Nazarov, L. M. K. Vandersypen*

Manipulation of single spins is essential for spin-based quantum information processing. Electrical
control instead of magnetic control is particularly appealing for this purpose, because electric fields
are easy to generate locally on-chip. We experimentally realized coherent control of a single-
electron spin in a quantum dot using an oscillating electric field generated by a local gate.
The electric field induced coherent transitions (Rabi oscillations) between spin-up and spin-down
with 90° rotations as fast as ~55 nanoseconds. Our analysis indicated that the electrically induced
spin transitions were mediated by the spin-orbit interaction. Taken together with the recently
demonstrated coherent exchange of two neighboring spins, our results establish the feasibility of
fully electrical manipulation of spin qubits.

Spintronics and spin-based quantum infor-
mation processing provide the possibility
of adding new functionality to today’s elec-

tronic devices by using the electron spin in ad-

dition to the electric charge (1). In this context, a
key element is the ability to induce transitions
between the spin-up and spin-down states of a
localized electron spin and to prepare arbitrary
superpositions of these two basis states. This is
commonly accomplished by magnetic resonance,
whereby bursts of a resonant oscillating magnetic
field are applied (2). However, producing strong
oscillating magnetic fields in a semiconductor
device requires specially designed microwave

cavities (3) or microfabricated striplines (4),
and this has proven to be challenging. In
comparison, electric fields can be generated
much more easily, simply by exciting a local
gate electrode. In addition, this allows for
greater spatial selectivity, which is important
for local addressing of individual spins. It
would thus be highly desirable to control the
spin by means of electric fields.

Although electric fields do not couple di-
rectly to the electron spin, indirect coupling can
still be realized by placing the spin in a mag-
netic field gradient (5) or in a structure with a
spatially varying g tensor, or simply through spin-
orbit interaction, present in most semiconductor
structures (6, 7). Several of these mechanisms
have been used to electrically manipulate elec-
tron spins in two-dimensional electron systems
(8–11), but proposals for coherent electrical con-
trol at the level of a single spin (5, 12–15) have
so far remained unrealized.

We demonstrate coherent single spin rota-
tions induced by an oscillating electric field. The
electron is confined in a gate-defined quantum
dot (Fig. 1A), and we use an adjacent quantum
dot, containing one electron as well, for readout.
The ac electric field is generated through excita-
tion of one of the gates that form the dot, thereby
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periodically displacing the electron wave function
around its equilibrium position (Fig. 1B).

The experiment consists of four stages (Fig.
1C). The device is initialized in a spin-blockade
regime where two excess electrons, one in each

dot, are held fixed with parallel spins (spin
triplet), either pointing along or opposed to the
external magnetic field [the system is never
blocked in the triplet state with antiparallel
spins, because of the effect of the nuclear fields

in the two dots combined with the small interdot
tunnel coupling; see (16) for details]. Next, the
two spins are isolated by a gate voltage pulse,
such that electron tunneling between the dots or
to the reservoirs is forbidden. Then, one of the
spins is rotated by an ac voltage burst applied to
the gate, over an angle that depends on the
length of the burst (17) (most likely the spin in
the right dot, where the electric field is expected
to be strongest). Finally, the readout stage allows
the left electron to tunnel to the right dot if and
only if the spins are antiparallel. Subsequent tun-
neling of one electron to the right reservoir gives
a contribution to the current. This cycle is re-
peated continuously, and the current flow through
the device is thus proportional to the probability
of having antiparallel spins after excitation.

To demonstrate that electrical excitation can
indeed induce single-electron spin flips, we ap-
ply a microwave burst of constant length to the
right side gate and monitor the average current
flow through the quantum dots as a function of
external magnetic field Bext (Fig. 2A). A finite
current flow is observed around the single-
electron spin resonance condition, i.e., when
|Bext| = hfac/gmB, with h Planck’s constant, fac
the excitation frequency, and mB the Bohr
magneton. From the position of the resonant
peaks measured over a wide magnetic field
range (Fig. 2B), we determine a g factor of |g| =
0.39 ± 0.01, which is in agreement with other
reported values for electrons in GaAs quantum
dots (18).

In addition to the external magnetic field, the
electron spin feels an effective nuclear field BN
arising from the hyperfine interaction with
nuclear spins in the host material and fluctuating
in time (19, 20). This nuclear field modifies the
electron spin resonance condition and is gener-
ally different in the left and right dot (by DBN).
The peaks shown in Fig. 2A are averaged over
many magnetic field sweeps and have a width
of about 10 to 25 mT. This is much larger than
the expected linewidth, which is only 1 to 2 mT
as given by the statistical fluctuations of BN

(21, 22). Looking at individual field sweeps
measured at constant excitation frequency, we
see that the peaks are indeed a few mT wide
(Fig. 2C), but that the peak positions change in
time over a range of ~20 mT. Judging from the
dependence of the position and shape of the
averaged peaks on sweep direction, the origin of
this large variation in the nuclear field is most
likely dynamic nuclear polarization (4, 23–26).

To demonstrate coherent control of the spin,
we varied the length of the microwave bursts
and monitored the current level. In Fig. 3A we
plot the maximum current per magnetic field
sweep as a function of the microwave burst
duration, averaged over several sweeps (this is a
more sensitive method than averaging the traces
first and then taking the maximum) (17). The
maximum current exhibits clear oscillations as a
function of burst length. Fitting with a cosine
function reveals a linear scaling of the oscilla-

Fig. 1. (A) Scanning elec-
tron micrograph of a de-
vice with the same gate
structure as the one used
in this experiment. Metallic
TiAu gates are deposited
on top of a GaAs hetero-
structure that hosts a two-
dimensional electron gas
90 nm below the surface.
Not shown is a coplanar
stripline on top of the
metallic gates, separated
by a dielectric [not used
in this experiment; see also
(4)]. In addition to a dc
voltage, we can apply fast
pulses and microwaves to
the right side gate (as indi-
cated) through a homemade
bias-tee. The orientation of
the in-plane external magnetic field is as shown. (B) The electric field generated upon excitation of the
gate displaces the center of the electron wave function along the electric field direction and changes
the potential depth. Here, D is the orbital energy splitting, ldot = ħ/

ffiffiffiffiffiffiffiffiffi

m!D
p

the size of the dot, m* the
effective electron mass, ħ the reduced Planck constant, and E(t) the electric field. (C) Schematic of the
spin manipulation and detection scheme, controlled by a combination of a voltage pulse and burst, V(t),
applied to the right side gate. The diagrams show the double dot, with the thick black lines indicating
the energy cost for adding an extra electron to the left or right dot, starting from (0,1), where (n,m)
denotes the charge state with n and m electrons in the left and right dot. The energy cost for reaching
(1,1) is (nearly) independent of the spin configuration. However, for (0,2), the energy cost for forming a
singlet state [indicated by S(0,2)] is much lower than that for forming a triplet state (not shown). This
difference is exploited for initialization and detection, as explained further in the main text.
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Fig. 2. (A) The current
averaged over 40 mag-
netic field sweeps is
given for eight differ-
ent excitation frequen-
cies, with a microwave
burst length of 150 ns.
The traces are offset
for clarity. The micro-
wave amplitude Vmw
was in the range 0.9
to 2.2 mV, depending
on the frequency (esti-
mated from the output
power of the micro-
wave source and tak-
ing into account the
attenuation of the co-
axial lines and the
switching circuit used
to create microwave
bursts). (B) Position of
the resonant response
over wider frequency
and field ranges. Error bars are smaller than the size of the circles. (C) Individual magnetic field sweeps
at fac = 15.2 GHz measured by sweeping from high to low magnetic field with a rate of 50 mT/min. The
traces are offset by 0.1 pA each for clarity. The red trace is an average over 40 sweeps, including the ones
shown and scaled up by a factor of 5.
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tion frequency with the driving amplitude (Fig.
3B), a characteristic feature of Rabi oscillations
and proof of coherent control of the electron
spin via electric fields.

The highest Rabi frequency we achieved is
~4.7 MHz (measured at fac = 15.2 GHz), cor-
responding to a 90° rotation in ~55 ns, which is
only a factor of 2 slower than those realized with
magnetic driving (4). Stronger electrical driving
was not possible because of photon-assisted tun-
neling. This is a process whereby the electric
field provides energy for one of the following
transitions: tunneling of an electron to a reser-
voir or to the triplet with both electrons in the
right dot. This lifts spin blockade, irrespective of
whether the spin resonance condition is met.

Small Rabi frequencies could be observed as
well. The bottom trace of Fig. 3A shows a Rabi
oscillation with a period exceeding 1.5 ms
(measured at fac = 2.6 GHz), corresponding to
an effective driving field of only about 0.2 mT,
one-tenth the amplitude of the statistical fluctua-
tions of the nuclear field. The oscillations are
nevertheless visible because the dynamics of the

nuclear bath are slow compared to the Rabi
period, resulting in a slow power-law decay of
the oscillation amplitude on driving field (27).

We next turn to the mechanism responsible
for resonant transitions between spin states.
First, we exclude a magnetic origin because
the oscillating magnetic field generated upon
excitation of the gate is more than two orders of
magnitude too small to produce the observed Rabi
oscillations with periods up to ~220 ns, which
requires a driving field of about 2 mT (17).
Second, we have seen that there are in principle
a number of ways in which an ac electric field
can cause single-spin transitions. What is
required is that the oscillating electric field give
rise to an effective magnetic field, Beff(t), acting
on the spin, oscillating in the plane perpen-
dicular to Bext, at frequency fac = gmB|Bext|/h.
The g-tensor anisotropy is very small in
GaAs, so g-tensor modulation can be ruled
out as the driving mechanism. Furthermore, in
our experiment there is no external magnetic
field gradient applied, which could otherwise
lead to spin resonance (5). We are aware of

only two remaining possible coupling mech-
anisms: spin-orbit interaction and the spatial
variation of the nuclear field.

In principle, moving the wave function in a
nuclear field gradient can drive spin transitions
(5, 28), as was recently observed (26). However,
the measurement of each Rabi oscillation lasted
more than 1 hour, much longer than the time
during which the nuclear field gradient is
constant (~100 ms to a few s). Because this
field gradient and, therefore, the corresponding
effective driving field, slowly fluctuates in time
around zero, the oscillations would be strongly
damped, regardless of the driving amplitude
(26). Possibly, a (nearly) static gradient in the
nuclear spin polarization could develop as a
result of electron-nuclear feedback. However,
such polarization would be parallel to Bext and
thus cannot be responsible for the observed
coherent oscillations.

In contrast, spin orbit–mediated driving can
induce coherent transitions (12), which can be
understood as follows. The spin-orbit interaction
in a GaAs heterostructure is given by HSO =
a(pxsy − pysx) + b(−pxsx + pysy), where a and b
are the Rashba and Dresselhaus spin-orbit co-
efficient, respectively, and px,y and sx,y are the
momentum and spin operators in the x and y
directions (along the [100] and [010] crystal direc-
tions, respectively). As suggested in (13), the spin-
orbit interaction can be conveniently accounted for
up to the first order in a, b by applying a (gauge)
transformation, resulting in a position-dependent
correction to the external magnetic field. This ef-
fective magnetic field, acting on the spin, is pro-
portional and orthogonal to the field applied

Beff ðx,yÞ ¼ n⊗Bext; nx ¼
2m∗

ħ
ð−ay − bxÞ;

ny ¼
2m∗

ħ
ðaxþ byÞ; nz ¼ 0 ð1Þ

An electric field E(t) will periodically and
adiabatically displace the electron wave func-
tion (Fig. 1B) by x(t) = (eldot

2/D)E(t), so the
electron spin will feel an oscillating effective
field Beff(t) ⊥ Bext through the dependence of
Beff on the position. The direction of n can be
constructed from the direction of the electric
field as shown in Fig. 4C and together with
the direction of Bext determines how effec-
tively the electric field couples to the spin.
The Rashba contribution always gives n⊥E,
while for the Dresselhaus contribution this
depends on the orientation of the electric field
with respect to the crystal axis. Given the gate
geometry, we expect the dominant electric field
to be along the double dot axis (Fig. 1A), which
here is either the [110] or [110] crystallographic
direction. For these orientations, the Dresselhaus
contribution is also orthogonal to the electric field
(Fig. 4C). This is why both contributions will
give Beff ≠ 0 and lead to coherent oscillations in
the present experimental geometry, where E || Bext.
In (26), a very similar gate geometry was used,
but the orientation of Bext was different, and it

Fig. 3. (A) Rabi oscilla-
tions at 15.2 GHz (blue,
average over five sweeps)
and 2.6 GHz (black, av-
erage over six sweeps).
The two oscillations at
15.2 GHz are measured
at different amplitudes of
the microwaves Vmw,
leading to different Rabi
frequencies. (B) Linear
dependence of the Rabi
frequency on applied mi-
crowave amplitude mea-
sured at fac = 14 GHz.
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periodically displacing the electron wave function
around its equilibrium position (Fig. 1B).

The experiment consists of four stages (Fig.
1C). The device is initialized in a spin-blockade
regime where two excess electrons, one in each

dot, are held fixed with parallel spins (spin
triplet), either pointing along or opposed to the
external magnetic field [the system is never
blocked in the triplet state with antiparallel
spins, because of the effect of the nuclear fields

in the two dots combined with the small interdot
tunnel coupling; see (16) for details]. Next, the
two spins are isolated by a gate voltage pulse,
such that electron tunneling between the dots or
to the reservoirs is forbidden. Then, one of the
spins is rotated by an ac voltage burst applied to
the gate, over an angle that depends on the
length of the burst (17) (most likely the spin in
the right dot, where the electric field is expected
to be strongest). Finally, the readout stage allows
the left electron to tunnel to the right dot if and
only if the spins are antiparallel. Subsequent tun-
neling of one electron to the right reservoir gives
a contribution to the current. This cycle is re-
peated continuously, and the current flow through
the device is thus proportional to the probability
of having antiparallel spins after excitation.

To demonstrate that electrical excitation can
indeed induce single-electron spin flips, we ap-
ply a microwave burst of constant length to the
right side gate and monitor the average current
flow through the quantum dots as a function of
external magnetic field Bext (Fig. 2A). A finite
current flow is observed around the single-
electron spin resonance condition, i.e., when
|Bext| = hfac/gmB, with h Planck’s constant, fac
the excitation frequency, and mB the Bohr
magneton. From the position of the resonant
peaks measured over a wide magnetic field
range (Fig. 2B), we determine a g factor of |g| =
0.39 ± 0.01, which is in agreement with other
reported values for electrons in GaAs quantum
dots (18).

In addition to the external magnetic field, the
electron spin feels an effective nuclear field BN
arising from the hyperfine interaction with
nuclear spins in the host material and fluctuating
in time (19, 20). This nuclear field modifies the
electron spin resonance condition and is gener-
ally different in the left and right dot (by DBN).
The peaks shown in Fig. 2A are averaged over
many magnetic field sweeps and have a width
of about 10 to 25 mT. This is much larger than
the expected linewidth, which is only 1 to 2 mT
as given by the statistical fluctuations of BN

(21, 22). Looking at individual field sweeps
measured at constant excitation frequency, we
see that the peaks are indeed a few mT wide
(Fig. 2C), but that the peak positions change in
time over a range of ~20 mT. Judging from the
dependence of the position and shape of the
averaged peaks on sweep direction, the origin of
this large variation in the nuclear field is most
likely dynamic nuclear polarization (4, 23–26).

To demonstrate coherent control of the spin,
we varied the length of the microwave bursts
and monitored the current level. In Fig. 3A we
plot the maximum current per magnetic field
sweep as a function of the microwave burst
duration, averaged over several sweeps (this is a
more sensitive method than averaging the traces
first and then taking the maximum) (17). The
maximum current exhibits clear oscillations as a
function of burst length. Fitting with a cosine
function reveals a linear scaling of the oscilla-

Fig. 1. (A) Scanning elec-
tron micrograph of a de-
vice with the same gate
structure as the one used
in this experiment. Metallic
TiAu gates are deposited
on top of a GaAs hetero-
structure that hosts a two-
dimensional electron gas
90 nm below the surface.
Not shown is a coplanar
stripline on top of the
metallic gates, separated
by a dielectric [not used
in this experiment; see also
(4)]. In addition to a dc
voltage, we can apply fast
pulses and microwaves to
the right side gate (as indi-
cated) through a homemade
bias-tee. The orientation of
the in-plane external magnetic field is as shown. (B) The electric field generated upon excitation of the
gate displaces the center of the electron wave function along the electric field direction and changes
the potential depth. Here, D is the orbital energy splitting, ldot = ħ/

ffiffiffiffiffiffiffiffiffi

m!D
p

the size of the dot, m* the
effective electron mass, ħ the reduced Planck constant, and E(t) the electric field. (C) Schematic of the
spin manipulation and detection scheme, controlled by a combination of a voltage pulse and burst, V(t),
applied to the right side gate. The diagrams show the double dot, with the thick black lines indicating
the energy cost for adding an extra electron to the left or right dot, starting from (0,1), where (n,m)
denotes the charge state with n and m electrons in the left and right dot. The energy cost for reaching
(1,1) is (nearly) independent of the spin configuration. However, for (0,2), the energy cost for forming a
singlet state [indicated by S(0,2)] is much lower than that for forming a triplet state (not shown). This
difference is exploited for initialization and detection, as explained further in the main text.
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averaged over 40 mag-
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for clarity. The micro-
wave amplitude Vmw
was in the range 0.9
to 2.2 mV, depending
on the frequency (esti-
mated from the output
power of the micro-
wave source and tak-
ing into account the
attenuation of the co-
axial lines and the
switching circuit used
to create microwave
bursts). (B) Position of
the resonant response
over wider frequency
and field ranges. Error bars are smaller than the size of the circles. (C) Individual magnetic field sweeps
at fac = 15.2 GHz measured by sweeping from high to low magnetic field with a rate of 50 mT/min. The
traces are offset by 0.1 pA each for clarity. The red trace is an average over 40 sweeps, including the ones
shown and scaled up by a factor of 5.
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periodically displacing the electron wave function
around its equilibrium position (Fig. 1B).

The experiment consists of four stages (Fig.
1C). The device is initialized in a spin-blockade
regime where two excess electrons, one in each

dot, are held fixed with parallel spins (spin
triplet), either pointing along or opposed to the
external magnetic field [the system is never
blocked in the triplet state with antiparallel
spins, because of the effect of the nuclear fields

in the two dots combined with the small interdot
tunnel coupling; see (16) for details]. Next, the
two spins are isolated by a gate voltage pulse,
such that electron tunneling between the dots or
to the reservoirs is forbidden. Then, one of the
spins is rotated by an ac voltage burst applied to
the gate, over an angle that depends on the
length of the burst (17) (most likely the spin in
the right dot, where the electric field is expected
to be strongest). Finally, the readout stage allows
the left electron to tunnel to the right dot if and
only if the spins are antiparallel. Subsequent tun-
neling of one electron to the right reservoir gives
a contribution to the current. This cycle is re-
peated continuously, and the current flow through
the device is thus proportional to the probability
of having antiparallel spins after excitation.

To demonstrate that electrical excitation can
indeed induce single-electron spin flips, we ap-
ply a microwave burst of constant length to the
right side gate and monitor the average current
flow through the quantum dots as a function of
external magnetic field Bext (Fig. 2A). A finite
current flow is observed around the single-
electron spin resonance condition, i.e., when
|Bext| = hfac/gmB, with h Planck’s constant, fac
the excitation frequency, and mB the Bohr
magneton. From the position of the resonant
peaks measured over a wide magnetic field
range (Fig. 2B), we determine a g factor of |g| =
0.39 ± 0.01, which is in agreement with other
reported values for electrons in GaAs quantum
dots (18).

In addition to the external magnetic field, the
electron spin feels an effective nuclear field BN
arising from the hyperfine interaction with
nuclear spins in the host material and fluctuating
in time (19, 20). This nuclear field modifies the
electron spin resonance condition and is gener-
ally different in the left and right dot (by DBN).
The peaks shown in Fig. 2A are averaged over
many magnetic field sweeps and have a width
of about 10 to 25 mT. This is much larger than
the expected linewidth, which is only 1 to 2 mT
as given by the statistical fluctuations of BN

(21, 22). Looking at individual field sweeps
measured at constant excitation frequency, we
see that the peaks are indeed a few mT wide
(Fig. 2C), but that the peak positions change in
time over a range of ~20 mT. Judging from the
dependence of the position and shape of the
averaged peaks on sweep direction, the origin of
this large variation in the nuclear field is most
likely dynamic nuclear polarization (4, 23–26).

To demonstrate coherent control of the spin,
we varied the length of the microwave bursts
and monitored the current level. In Fig. 3A we
plot the maximum current per magnetic field
sweep as a function of the microwave burst
duration, averaged over several sweeps (this is a
more sensitive method than averaging the traces
first and then taking the maximum) (17). The
maximum current exhibits clear oscillations as a
function of burst length. Fitting with a cosine
function reveals a linear scaling of the oscilla-

Fig. 1. (A) Scanning elec-
tron micrograph of a de-
vice with the same gate
structure as the one used
in this experiment. Metallic
TiAu gates are deposited
on top of a GaAs hetero-
structure that hosts a two-
dimensional electron gas
90 nm below the surface.
Not shown is a coplanar
stripline on top of the
metallic gates, separated
by a dielectric [not used
in this experiment; see also
(4)]. In addition to a dc
voltage, we can apply fast
pulses and microwaves to
the right side gate (as indi-
cated) through a homemade
bias-tee. The orientation of
the in-plane external magnetic field is as shown. (B) The electric field generated upon excitation of the
gate displaces the center of the electron wave function along the electric field direction and changes
the potential depth. Here, D is the orbital energy splitting, ldot = ħ/

ffiffiffiffiffiffiffiffiffi

m!D
p

the size of the dot, m* the
effective electron mass, ħ the reduced Planck constant, and E(t) the electric field. (C) Schematic of the
spin manipulation and detection scheme, controlled by a combination of a voltage pulse and burst, V(t),
applied to the right side gate. The diagrams show the double dot, with the thick black lines indicating
the energy cost for adding an extra electron to the left or right dot, starting from (0,1), where (n,m)
denotes the charge state with n and m electrons in the left and right dot. The energy cost for reaching
(1,1) is (nearly) independent of the spin configuration. However, for (0,2), the energy cost for forming a
singlet state [indicated by S(0,2)] is much lower than that for forming a triplet state (not shown). This
difference is exploited for initialization and detection, as explained further in the main text.
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Fig. 2. (A) The current
averaged over 40 mag-
netic field sweeps is
given for eight differ-
ent excitation frequen-
cies, with a microwave
burst length of 150 ns.
The traces are offset
for clarity. The micro-
wave amplitude Vmw
was in the range 0.9
to 2.2 mV, depending
on the frequency (esti-
mated from the output
power of the micro-
wave source and tak-
ing into account the
attenuation of the co-
axial lines and the
switching circuit used
to create microwave
bursts). (B) Position of
the resonant response
over wider frequency
and field ranges. Error bars are smaller than the size of the circles. (C) Individual magnetic field sweeps
at fac = 15.2 GHz measured by sweeping from high to low magnetic field with a rate of 50 mT/min. The
traces are offset by 0.1 pA each for clarity. The red trace is an average over 40 sweeps, including the ones
shown and scaled up by a factor of 5.
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field at the QD is generated. The stray field is composed of
a slanted out-of-plane component ByðzÞ [dBy=dzT (!m)]

and an inhomogeneous in-plane component Bin-planeðxÞ
(# B0) resulting in the Zeeman offset "EZ ¼ EzL % EzR

across the two QDs. We spatially displace with electric
fields the electrons in the presence of ByðzÞ by applying

microwaves (MWs) to the top micromagnet (Co gate).
Single-spin rotations occur when the MW frequency fac
matches the local Zeeman field Ez#¼L;R of the left or right
QD. We set the QDs in the Pauli spin blockade (PSB) [18]
and apply continuous (cw) MW at fac by sweeping B0 to
measure two resonant peaks [Fig. 1(c)], one for spin rota-
tions in the left QD and the other in the right QD [19].
PSB is established at an interdot energy detuning " ¼ 0
at point A by the formation of the spin triplet state
[Tþð1; 1Þ ¼ j "ij "i or T%ð1; 1Þ ¼ j #ij #i] for ðNL; NRÞ ¼
ð1; 1Þ only when the Zeeman energy splitting between the
triplets T'ð1; 1Þ and T0ð1; 1Þ is larger than the fluctuating

nuclear field (a fewmillitesla) [20]. For PSB due to the spin
selection rule T'ð1; 1Þ cannot change into the doubly
occupied singlet Sð0; 2Þ with ðNL; NRÞ ¼ ð0; 2Þ, and
thereby current is blocked. However, EDSR can lift off
PSB with a spin rotation from Tþð1; 1Þ [or T%ð1; 1Þ] to
j #ij "i or j "ij #i, followed by a transition to Sð0; 2Þ. Note
that T0ð1; 1Þ is strongly hybridized to the singlet Sð1; 1Þ
state by the Zeeman field gradient and so is not subject to
the blockade effect [7,8].
The control of specific spin rotations around the x axis

with a rotation angle $, in the Bloch sphere, is presented
by measuring Rabi oscillations for both spins. Therefore,
we set B0 at each cw EDSR peak with fac ¼ 11:1 GHz:
B0L ¼ 2 T and B0R ¼ 1:985 T for the left and right QDs,
respectively. Furthermore, we apply voltage pulses non-
adiabatically to Co and PL gates to change " [21]. In
particular, we switch between two operation stages
A (" ¼ 0) and B (" ( 277 !eV, " ) 0) [Fig. 1(d)]. At
stage A, in the PSB the two-electron state is initialized to
either T%ð1; 1Þ or Tþð1; 1Þ. Here, finite interdot tunnel
coupling t is present. However, in stage B where the
exchange energy is negligible we perform controlled spin
rotations with a rotation angle $ by applying pulsed MWs
with a duration %EDSR. Finally, the readout at stage A allows
the left electron to tunnel to the right dot with the proba-
bility depending on the spin rotation angle. The cycle
[Fig. 1(d)] of A ! B ! A is repeated continuously and
lift-off of PSB at a given cycle modifies the average charge
seen by the QPC. The averaged QPC signal is thus propor-
tional to the probability of having antiparallel spins j #ij "i
or j "ij #i. In Fig. 2(a), we then detect the averaged QPC
signal, which oscillates as a function of %EDSR. The oscil-
lations reveal a linear scaling of the oscillation frequency

FIG. 1 (color). (a) Scanning electron microscopy image of the
device fabricated on top of an AlGaAs=GaAs heterostructure
showing the Ti=Au gates (light gray) and the split cobalt (Co)
magnet (yellow) separated from the gate contacts by a calixarene
layer. Gates R (right) and L (left) control NR and NL; C (center)
controls the interdot tunnel coupling t. Fast voltage pulses are
applied to the Co and PL gates. A MW voltage Vac is applied to
the upper part of the magnet. GQPC is measured by modulating
the PL gate voltage VPL. (b) Stability diagram (GQPC vs VL and
VR applied to the gates L and R, respectively) in the PSB regime
B0 ¼ 1 T (no MW). Source (S)-drain (D) bias is 1.5 mV. " is
measured from the ðNL; NRÞ ¼ ð0; 2Þ % ð1; 1Þ boundary (dotted
line: " ¼ 0) to the ð1; 1Þ [ð0; 2Þ] region. The dotted line high-
lights the experimentally obtained region where the lift-off of
PSB at EDSR occurs. Schematically further detuning lines
labeled B and C are shown. (c) cw EDSR for the left and right
spin. PSB is lifted on resonance for the left (red) and right (blue)
QD spin (VC ¼ %1:090 V, fac ¼ 5:6 GHz). EDSR peak sepa-
ration: !B0 ¼ 15' 5 mT. The g factor from fac vs B0: g ¼
%0:394' 0:001. (d) Measurement cycle for controlled single-
spin rotations with source (S), drain (D), left (L), and right (R)
QDs. Repetition period *9 !s and repeated *100 times.

FIG. 2 (color). (a) Rabi oscillations for the left (red) and right
(blue) (B0L ¼ 2 T and B0R ¼ 1:985 T, VC ¼ %1:090 V, fac ¼
11 GHz). "GQPC is the difference in GQPC between the on-
resonance and off-resonance conditions with B0 as a parameter.
(b) Rabi oscillation frequency fRabi as a function of the square
root of MW power, PMW

1=2, for the left (red) and right (blue) QD
spin (B0L ¼ 2 T and B0R ¼ 1:985 T).
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field at the QD is generated. The stray field is composed of
a slanted out-of-plane component ByðzÞ [dBy=dzT (!m)]

and an inhomogeneous in-plane component Bin-planeðxÞ
(# B0) resulting in the Zeeman offset "EZ ¼ EzL % EzR

across the two QDs. We spatially displace with electric
fields the electrons in the presence of ByðzÞ by applying

microwaves (MWs) to the top micromagnet (Co gate).
Single-spin rotations occur when the MW frequency fac
matches the local Zeeman field Ez#¼L;R of the left or right
QD. We set the QDs in the Pauli spin blockade (PSB) [18]
and apply continuous (cw) MW at fac by sweeping B0 to
measure two resonant peaks [Fig. 1(c)], one for spin rota-
tions in the left QD and the other in the right QD [19].
PSB is established at an interdot energy detuning " ¼ 0
at point A by the formation of the spin triplet state
[Tþð1; 1Þ ¼ j "ij "i or T%ð1; 1Þ ¼ j #ij #i] for ðNL; NRÞ ¼
ð1; 1Þ only when the Zeeman energy splitting between the
triplets T'ð1; 1Þ and T0ð1; 1Þ is larger than the fluctuating

nuclear field (a fewmillitesla) [20]. For PSB due to the spin
selection rule T'ð1; 1Þ cannot change into the doubly
occupied singlet Sð0; 2Þ with ðNL; NRÞ ¼ ð0; 2Þ, and
thereby current is blocked. However, EDSR can lift off
PSB with a spin rotation from Tþð1; 1Þ [or T%ð1; 1Þ] to
j #ij "i or j "ij #i, followed by a transition to Sð0; 2Þ. Note
that T0ð1; 1Þ is strongly hybridized to the singlet Sð1; 1Þ
state by the Zeeman field gradient and so is not subject to
the blockade effect [7,8].
The control of specific spin rotations around the x axis

with a rotation angle $, in the Bloch sphere, is presented
by measuring Rabi oscillations for both spins. Therefore,
we set B0 at each cw EDSR peak with fac ¼ 11:1 GHz:
B0L ¼ 2 T and B0R ¼ 1:985 T for the left and right QDs,
respectively. Furthermore, we apply voltage pulses non-
adiabatically to Co and PL gates to change " [21]. In
particular, we switch between two operation stages
A (" ¼ 0) and B (" ( 277 !eV, " ) 0) [Fig. 1(d)]. At
stage A, in the PSB the two-electron state is initialized to
either T%ð1; 1Þ or Tþð1; 1Þ. Here, finite interdot tunnel
coupling t is present. However, in stage B where the
exchange energy is negligible we perform controlled spin
rotations with a rotation angle $ by applying pulsed MWs
with a duration %EDSR. Finally, the readout at stage A allows
the left electron to tunnel to the right dot with the proba-
bility depending on the spin rotation angle. The cycle
[Fig. 1(d)] of A ! B ! A is repeated continuously and
lift-off of PSB at a given cycle modifies the average charge
seen by the QPC. The averaged QPC signal is thus propor-
tional to the probability of having antiparallel spins j #ij "i
or j "ij #i. In Fig. 2(a), we then detect the averaged QPC
signal, which oscillates as a function of %EDSR. The oscil-
lations reveal a linear scaling of the oscillation frequency

FIG. 1 (color). (a) Scanning electron microscopy image of the
device fabricated on top of an AlGaAs=GaAs heterostructure
showing the Ti=Au gates (light gray) and the split cobalt (Co)
magnet (yellow) separated from the gate contacts by a calixarene
layer. Gates R (right) and L (left) control NR and NL; C (center)
controls the interdot tunnel coupling t. Fast voltage pulses are
applied to the Co and PL gates. A MW voltage Vac is applied to
the upper part of the magnet. GQPC is measured by modulating
the PL gate voltage VPL. (b) Stability diagram (GQPC vs VL and
VR applied to the gates L and R, respectively) in the PSB regime
B0 ¼ 1 T (no MW). Source (S)-drain (D) bias is 1.5 mV. " is
measured from the ðNL; NRÞ ¼ ð0; 2Þ % ð1; 1Þ boundary (dotted
line: " ¼ 0) to the ð1; 1Þ [ð0; 2Þ] region. The dotted line high-
lights the experimentally obtained region where the lift-off of
PSB at EDSR occurs. Schematically further detuning lines
labeled B and C are shown. (c) cw EDSR for the left and right
spin. PSB is lifted on resonance for the left (red) and right (blue)
QD spin (VC ¼ %1:090 V, fac ¼ 5:6 GHz). EDSR peak sepa-
ration: !B0 ¼ 15' 5 mT. The g factor from fac vs B0: g ¼
%0:394' 0:001. (d) Measurement cycle for controlled single-
spin rotations with source (S), drain (D), left (L), and right (R)
QDs. Repetition period *9 !s and repeated *100 times.

FIG. 2 (color). (a) Rabi oscillations for the left (red) and right
(blue) (B0L ¼ 2 T and B0R ¼ 1:985 T, VC ¼ %1:090 V, fac ¼
11 GHz). "GQPC is the difference in GQPC between the on-
resonance and off-resonance conditions with B0 as a parameter.
(b) Rabi oscillation frequency fRabi as a function of the square
root of MW power, PMW

1=2, for the left (red) and right (blue) QD
spin (B0L ¼ 2 T and B0R ¼ 1:985 T).
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A crucial requirement for quantum-information processing is the realization of multiple-qubit quantum

gates. Here, we demonstrate an electron spin-based all-electrical two-qubit gate consisting of single-spin

rotations and interdot spin exchange in a double quantum dot. A partially entangled output state is

obtained by the application of the two-qubit gate to an initial, uncorrelated state. We find that the degree of

entanglement is controllable by the exchange operation time. The approach represents a key step towards

the realization of universal multiple-qubit gates.

DOI: 10.1103/PhysRevLett.107.146801 PACS numbers: 73.63.Kv, 03.67.Lx, 75.75.!c

In quantum-information processing, two-qubit gates
have the ability to operate on basic algorithms including
entanglement control and therefore are essential to test,
for example, a controlled-NOT gate [1,2], the EPR paradox
[3], or Bell inequalities [4]. Hence, their realization repre-
sents a major task in quantum-information processing.
Semiconductor quantum dots (QDs), hailed for their
potential scalability, are outstanding candidates for solid-
state-based quantum-information processing [5]. Here, a
single qubit, the smallest logical unit of a quantum circuit,
is defined by the two spin states j "i and j #i, respectively.
Single-spin control, crucial for the realization of single-
qubit gates, has been demonstrated through magnetically
[6] and electrically driven resonance (EDSR) [7–9].
However, two-qubit gates act on four computational basis
states denoted by j "ij "i, j "ij #i, j #ij "i, and j #ij #i. The
simplest two-qubit operation suitable to generate entangle-
ment with spin qubits is a ‘‘SWAP’’ one based on the
exchange operation [1]. When the interaction between
two qubits is turned ‘‘on’’ for a specific duration !ex, that
is, !ex ¼ !SWAP, the states j "ij #i and j #ij "i can be swapped
to j #ij "i and j "ij #i, respectively, while j "ij "i and j #ij #i
remain unchanged. A reduction of the operation time by a
factor of 2, !ex ¼ !SWAP=2, produces the

ffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
or

SWAPn¼1=2 gate, which has then the maximum entangling
capability [10].

The electrical manipulation of exchange in a double QD
has been demonstrated with a single singlet-triplet qubit
[11]. However, the complete control of entanglement
between two electron spins requires systematic manipula-
tions of spin exchange and the possibility to address
individual spins. Recently, an optical control of

entanglement between two QD spins with a two-qubit
gate has been achieved [12].
In this Letter, we demonstrate an all-electrical two-qubit

gate composed of single-spin rotations and interdot spin
exchange in a double QD with a novel split micromagnet.
The micromagnet generates an inhomogeneous Zeeman
field [7,8,13–15] necessary for the qubit operations. We
show that (a) the two-qubit gate controls and probes the
spin singlet component of the output state with a probabil-
ity depending on the exchange operation time !ex and
(b) the observed oscillations of the singlet probability
with !ex strongly suggest the control of the degree of
entanglement.
Figure 1(a) shows the gate-defined double QD with a

split cobalt (Co) micromagnet. A quantum point contact
(QPC) is used as a charge sensor [16] to map the charge
stability diagram in Fig. 1(b). The charge state change is
observed as a change in the QPC transconductance,
GQPC ¼ dIQPC=dVPL for the QPC current IQPC and the
voltage VPL on the plunger-left (PL) gate. In the region
of the stability diagram where ðNL; NRÞ ¼ ð1; 1Þ, the
double QD contains only two electrons, spatially separate
from each other, one in each QD. Here, NL and NR are the
number of electrons, for the left and right QD, respectively.
Single-spin rotations and interdot spin exchange manipu-
lation are performed in the ð1; 1Þ region, along the detuning
lines A, B, and/or C under an external in-plane magnetic
field B0.
To rotate each electron spin of the double QD, we use

EDSR [7–9,13,15,17]. When the micromagnet on top of
the double QD is magnetized, well above saturation
(B0 > 0:5 T), along the z direction (MCo), a stray magnetic
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field at the QD is generated. The stray field is composed of
a slanted out-of-plane component ByðzÞ [dBy=dzT (!m)]

and an inhomogeneous in-plane component Bin-planeðxÞ
(# B0) resulting in the Zeeman offset "EZ ¼ EzL % EzR

across the two QDs. We spatially displace with electric
fields the electrons in the presence of ByðzÞ by applying

microwaves (MWs) to the top micromagnet (Co gate).
Single-spin rotations occur when the MW frequency fac
matches the local Zeeman field Ez#¼L;R of the left or right
QD. We set the QDs in the Pauli spin blockade (PSB) [18]
and apply continuous (cw) MW at fac by sweeping B0 to
measure two resonant peaks [Fig. 1(c)], one for spin rota-
tions in the left QD and the other in the right QD [19].
PSB is established at an interdot energy detuning " ¼ 0
at point A by the formation of the spin triplet state
[Tþð1; 1Þ ¼ j "ij "i or T%ð1; 1Þ ¼ j #ij #i] for ðNL; NRÞ ¼
ð1; 1Þ only when the Zeeman energy splitting between the
triplets T'ð1; 1Þ and T0ð1; 1Þ is larger than the fluctuating

nuclear field (a fewmillitesla) [20]. For PSB due to the spin
selection rule T'ð1; 1Þ cannot change into the doubly
occupied singlet Sð0; 2Þ with ðNL; NRÞ ¼ ð0; 2Þ, and
thereby current is blocked. However, EDSR can lift off
PSB with a spin rotation from Tþð1; 1Þ [or T%ð1; 1Þ] to
j #ij "i or j "ij #i, followed by a transition to Sð0; 2Þ. Note
that T0ð1; 1Þ is strongly hybridized to the singlet Sð1; 1Þ
state by the Zeeman field gradient and so is not subject to
the blockade effect [7,8].
The control of specific spin rotations around the x axis

with a rotation angle $, in the Bloch sphere, is presented
by measuring Rabi oscillations for both spins. Therefore,
we set B0 at each cw EDSR peak with fac ¼ 11:1 GHz:
B0L ¼ 2 T and B0R ¼ 1:985 T for the left and right QDs,
respectively. Furthermore, we apply voltage pulses non-
adiabatically to Co and PL gates to change " [21]. In
particular, we switch between two operation stages
A (" ¼ 0) and B (" ( 277 !eV, " ) 0) [Fig. 1(d)]. At
stage A, in the PSB the two-electron state is initialized to
either T%ð1; 1Þ or Tþð1; 1Þ. Here, finite interdot tunnel
coupling t is present. However, in stage B where the
exchange energy is negligible we perform controlled spin
rotations with a rotation angle $ by applying pulsed MWs
with a duration %EDSR. Finally, the readout at stage A allows
the left electron to tunnel to the right dot with the proba-
bility depending on the spin rotation angle. The cycle
[Fig. 1(d)] of A ! B ! A is repeated continuously and
lift-off of PSB at a given cycle modifies the average charge
seen by the QPC. The averaged QPC signal is thus propor-
tional to the probability of having antiparallel spins j #ij "i
or j "ij #i. In Fig. 2(a), we then detect the averaged QPC
signal, which oscillates as a function of %EDSR. The oscil-
lations reveal a linear scaling of the oscillation frequency

FIG. 1 (color). (a) Scanning electron microscopy image of the
device fabricated on top of an AlGaAs=GaAs heterostructure
showing the Ti=Au gates (light gray) and the split cobalt (Co)
magnet (yellow) separated from the gate contacts by a calixarene
layer. Gates R (right) and L (left) control NR and NL; C (center)
controls the interdot tunnel coupling t. Fast voltage pulses are
applied to the Co and PL gates. A MW voltage Vac is applied to
the upper part of the magnet. GQPC is measured by modulating
the PL gate voltage VPL. (b) Stability diagram (GQPC vs VL and
VR applied to the gates L and R, respectively) in the PSB regime
B0 ¼ 1 T (no MW). Source (S)-drain (D) bias is 1.5 mV. " is
measured from the ðNL; NRÞ ¼ ð0; 2Þ % ð1; 1Þ boundary (dotted
line: " ¼ 0) to the ð1; 1Þ [ð0; 2Þ] region. The dotted line high-
lights the experimentally obtained region where the lift-off of
PSB at EDSR occurs. Schematically further detuning lines
labeled B and C are shown. (c) cw EDSR for the left and right
spin. PSB is lifted on resonance for the left (red) and right (blue)
QD spin (VC ¼ %1:090 V, fac ¼ 5:6 GHz). EDSR peak sepa-
ration: !B0 ¼ 15' 5 mT. The g factor from fac vs B0: g ¼
%0:394' 0:001. (d) Measurement cycle for controlled single-
spin rotations with source (S), drain (D), left (L), and right (R)
QDs. Repetition period *9 !s and repeated *100 times.

FIG. 2 (color). (a) Rabi oscillations for the left (red) and right
(blue) (B0L ¼ 2 T and B0R ¼ 1:985 T, VC ¼ %1:090 V, fac ¼
11 GHz). "GQPC is the difference in GQPC between the on-
resonance and off-resonance conditions with B0 as a parameter.
(b) Rabi oscillation frequency fRabi as a function of the square
root of MW power, PMW

1=2, for the left (red) and right (blue) QD
spin (B0L ¼ 2 T and B0R ¼ 1:985 T).
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sum of two gaussian peaks because part of the popu-
lation initially in the (1,1) state relaxes into the (0,2)
state during the integration time ⇤M, with the relaxation
time constant T1 [8]. The normalized number of events
n(Vrf) = N(Vrf)/

� ⇥
�⇥ N(Vrf)dVrf is modeled as

n(Vrf) = nS(Vrf) + nT (Vrf) (1)

with the events originating from singlet states nS(Vrf)
and from triplet states nT (Vrf). These are given by

nS(Vrf) = (1 � ⌅PT ⇧) e�
(Vrf�V

(S)
rf )2

2�2
1⌃
2�⇥

(2)

nT (Vrf) = e�⇥M/T1⌅PT ⇧ e�(Vrf�V (T )
rf )2/(2�2) +

⇥ ⇥

�⇥

⇤M

T1

⌅PT ⇧
�Vrf

e�
V �V

(S)
rf

�Vrf

⇥M
T1 e�

(Vrf�V )2

2�2
dV⌃
2�⇥

(3)

with the triplet probability ⌅PT ⇧, averaged over all ⇤S.
The plot of Eq. (1) in Fig. 2(b) uses ⌅PT ⇧ = 0.5, T1 =
34 µs, and peak positions V (S)

rf , V (T )
rf , determined as de-

scribed below [Fig. 2(c,e)]. The width ⇥ [23] is obtained
from the control experiment.

The parameters T1 and ⌅PT ⇧ are extracted from the
raw data Vrf(⇤), which is plotted as a function of the
time ⇤ spent at point M in Fig. 2(c). Each data point
for ⇤ = 0.5 � 15 µs, is averaged over all 7000 cycles with
varying ⇤S. The signal is fitted with [8]

Vrf(⇤) = V (S)
rf + ⌅PT ⇧�Vrf e�⇥/T1 (4)

using fit parameters T1 and ⌅PT ⇧. The singlet position
V (S)

rf and the peak spacing �Vrf [23] are fixed, as ob-
tained from a fit of the model Eq. (1) to the histogram for
⇤M = 15 µs [Fig. 2(e)]. For the fit of Eq. (1) the parame-
ters T1 and ⌅PT ⇧ are self-consistently fixed to the values
extracted from the raw data Vrf(⇤) [Eq. (4), Fig. 2(c)].

Maximizing the fidelity by optimization of the inte-
gration time ⇤M is a tradeo⇥ between increasing the sig-
nal to noise ratio ⇤ ⌃

⇤M and limiting relaxation during
⇤M. The histograms of single-shot outcomes ⌅Vrf⇧⇥M in
Fig. 2(d), for integration times ⇤M = 0.25 � 15 µs show
that the two peaks can no longer be clearly resolved for
⇤M < 1 µs while the relative height of the triplet peak
reduces with increasing ⇤M. Common benchmarks for
single-shot readout [24] are the fidelities FS , FT of sin-
glet, triplet measurement:

FS = 1 �
⇥ ⇥

VT

nS(V )dV, FT = 1 �
⇥ VT

�⇥
nT (V )dV. (5)

The integral in the expression for FS (FT ) is the proba-
bility to assign a singlet as a triplet (a triplet as a sin-
glet). Both quantities are combined to define the visibil-
ity V = FS + FT � 1. The fidelities and the visibility for
a single-shot measurement with ⇤M = 7 µs are calculated
from the data in Fig. 2(b) and plotted in Fig. 2(f) as

(a) (b)

(c)

VT

FIG. 3: (a) Single-shot outcomes ⇥Vrf⇤�M for 6000 cycles, puls-
ing to � = �S [Fig. 1(b)] for ⇥S, stepped by � 17 ns every 200
cycles. Points in the green (blue) region are above (below)
the threshold VT and assigned as triplet (singlet). (b) Single-
shot outcomes (gray markers) and triplet probabilities (black
circles) over ⇥S with three di�erent periods. (c) Rapid acqui-
sition of 108 PT traces at times t. PT is determined from 400
measurements per ⇥S.

a function of the threshold voltage VT. The maximum
visibility ⇥ 90% is achieved for VT slightly less than the
mean of V (T )

rf and V (S)
rf so that a triplet decaying towards

the end of ⇤M still gets counted correctly.
To determine the optimal values of ⇤M and VT the max-

imum visibility V max is calculated as a function of ⇤M

from Eq. (1) using the parameters T1, ⌅PT ⇧, determined
from Fig. 2(c), V (T )

rf and V (S)
rf , from Fig. 2(e) and ⇥(⇤M),

determined from the control experiment [23]. The thresh-
old VT for which the visibility is maximized is plotted to-
gether with V max in Fig. 2(g). The maximum visibility,
obtained for ⇤M ⇥ 6 µs, is V max � 90%.
The single-shot readout is applied to observe the evo-

lution of the singlet triplet qubit at point S [4], driven
by the di⇥erence in the hyperfine induced e⇥ective mag-
netic (Overhauser) field �Bnuc

z between the left and right
quantum dot. Single-shot outcomes ⌅Vrf⇧ are shown as a
function of ⇤S in Fig. 3(a) for a pulse sequence [Fig. 1(d)]
with ⇤S = 1 � 500 ns stepped by 17 ns every 200 cycles,
for a total of 6000 consecutive cycles. Points that are
in the green (blue) region are above (below) the thresh-
old VT and are assigned as triplet (singlet) states. For
each ⇤S the triplet probability PT is the percentage of
single-shot outcomes above threshold. Probabilities PT

for the single-shot data in Fig. 3(a) are shown in the
top graph of Fig. 3(b) as a function of ⇤S. The two
graphs below show probability traces with identical pa-
rameters. Single-shot outcomes from which the proba-
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Electron Spin Decoherence in Quantum Dots due to Interaction with Nuclei
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We study the decoherence of a single electron spin in an isolated quantum dot induced by hyperfine
interaction with nuclei. The decay is caused by the spatial variation of the electron wave function within
the dot, leading to a nonuniform hyperfine coupling A. We evaluate the spin correlation function and
find that the decay is not exponential but rather power (inverse logarithm) lawlike. For polarized nuclei
we find an exact solution and show that the precession amplitude and the decay behavior can be tuned
by the magnetic field. The decay time is given by h̄N!A, where N is the number of nuclei inside the
dot, and the amplitude of precession decays to a finite value. We show that there is a striking difference
between the decoherence time for a single dot and the dephasing time for an ensemble of dots.

DOI: 10.1103/PhysRevLett.88.186802 PACS numbers: 73.21.La, 76.20.+q, 76.60.Es, 85.35.Be

The spin dynamics of electrons in semiconducting
nanostructures has become of central interest in recent
years [1]. The controlled manipulation of spin, and in
particular of its phase, is the primary prerequisite needed
for novel applications in conventional computer hardware
as well as in quantum information processing. It is
thus desirable to understand the mechanisms which limit
the spin phase coherence of electrons, in particular in
GaAs semiconductors, which have been shown to exhibit
unusually long spin decoherence times T2 exceeding
100 ns [2]. Since in GaAs each nucleus carries spin, the
hyperfine interaction between electron and nuclear spins
is unavoidable, and it is therefore important to understand
its effect on the electron spin dynamics [3]. This is
particularly so for electrons which are confined to a closed
system such as a quantum dot with a spin 1!2 ground
state, since, besides fundamental interest, these systems
are promising candidates for scalable spin qubits [4]. For
recent work on spin relaxation (characterized by T1 times)
in GaAs nanostructures we refer to Refs. [5–7].

Motivated by this we investigate in the following the
spin dynamics of a single electron confined to a quantum
dot in the presence of nuclear spins. We treat the case of
unpolarized nuclei perturbatively, while for the fully po-
larized case we present an exact solution for the spin dy-
namics and show that the decay is nonexponential and can
be strongly influenced by external magnetic fields. We use
the term “decoherence” to describe the case with a single
dot, and the term “dephasing” for an ensemble of dots [8].
The typical fluctuating nuclear magnetic field seen by the
electron spin via the hyperfine interaction is of the order
of [9] "A!

p
N gmB, with an associated electron preces-

sion frequency vN # A!
p

N , where A is a hyperfine con-
stant, g the electron g factor, and mB the Bohr magneton.
For a typical dot size the electron wave function covers
approximately N ! 105 nuclei, then this field is of the
order of 100 G in a GaAs quantum dot. The nuclei in

turn interact with each other via dipolar interaction, which
does not conserve the total nuclear spin and thus leads to
a change of a given nuclear spin configuration within the
time Tn2 $ 1024 s, which is just the period of precession
of a nuclear spin in the local magnetic field generated by
its neighbors.

We note that there are two different regimes of interest,
depending on the parameter vN tc, where tc is the corre-
lation time of the nuclear field. The simplest case is given
by the perturbative regime vN tc ø 1, characterized by
dynamical narrowing: different random nuclear configu-
rations change quickly in time and, as a result, the spin
dynamics is diffusive with a dephasing time #1!v2

Ntc.
A more difficult situation arises when vNtc ¿ 1, requir-
ing a nonperturbative approach. It is this regime which
we will consider in this paper, i.e., the electron is local-
ized in a quantum dot, and the correlation time is due to
the internal nuclear spin dynamics, i.e., tc ! Tn2, giving
vN tc ! 104. Next, we need to address the important is-
sue of averaging over different nuclear spin configurations
in a single dot. Without internal nuclear spin dynamics,
i.e., Tn2 ! `, no averaging is indicated. However, each
flip-flop process (due to hyperfine interaction) creates a
different nuclear configuration, and because of the spatial
variation of the hyperfine coupling constants inside the dot,
this leads to a different value of the nuclear field seen by
the electron spin and thus to its decoherence. Below we
will find that this decoherence is nonexponential, but still
we can indicate a characteristic time given by %A!h̄N &21

[8]. Moreover, we shall find that Tn2 ¿ %A!h̄N &21, and
thus still no averaging over the nuclear configurations is
indicated (and dipolar interactions will be neglected hence-
forth). To underline the importance of this point, we will
contrast below the unaveraged correlator with its average.

Unpolarized nuclei.—We consider a single electron
confined to a quantum dot whose spin S couples to an
external magnetic field B and to nuclear spins 'Ii( via
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The spin dynamics of electrons in semiconducting
nanostructures has become of central interest in recent
years [1]. The controlled manipulation of spin, and in
particular of its phase, is the primary prerequisite needed
for novel applications in conventional computer hardware
as well as in quantum information processing. It is
thus desirable to understand the mechanisms which limit
the spin phase coherence of electrons, in particular in
GaAs semiconductors, which have been shown to exhibit
unusually long spin decoherence times T2 exceeding
100 ns [2]. Since in GaAs each nucleus carries spin, the
hyperfine interaction between electron and nuclear spins
is unavoidable, and it is therefore important to understand
its effect on the electron spin dynamics [3]. This is
particularly so for electrons which are confined to a closed
system such as a quantum dot with a spin 1!2 ground
state, since, besides fundamental interest, these systems
are promising candidates for scalable spin qubits [4]. For
recent work on spin relaxation (characterized by T1 times)
in GaAs nanostructures we refer to Refs. [5–7].

Motivated by this we investigate in the following the
spin dynamics of a single electron confined to a quantum
dot in the presence of nuclear spins. We treat the case of
unpolarized nuclei perturbatively, while for the fully po-
larized case we present an exact solution for the spin dy-
namics and show that the decay is nonexponential and can
be strongly influenced by external magnetic fields. We use
the term “decoherence” to describe the case with a single
dot, and the term “dephasing” for an ensemble of dots [8].
The typical fluctuating nuclear magnetic field seen by the
electron spin via the hyperfine interaction is of the order
of [9] "A!

p
N gmB, with an associated electron preces-

sion frequency vN # A!
p

N , where A is a hyperfine con-
stant, g the electron g factor, and mB the Bohr magneton.
For a typical dot size the electron wave function covers
approximately N ! 105 nuclei, then this field is of the
order of 100 G in a GaAs quantum dot. The nuclei in

turn interact with each other via dipolar interaction, which
does not conserve the total nuclear spin and thus leads to
a change of a given nuclear spin configuration within the
time Tn2 $ 1024 s, which is just the period of precession
of a nuclear spin in the local magnetic field generated by
its neighbors.

We note that there are two different regimes of interest,
depending on the parameter vN tc, where tc is the corre-
lation time of the nuclear field. The simplest case is given
by the perturbative regime vN tc ø 1, characterized by
dynamical narrowing: different random nuclear configu-
rations change quickly in time and, as a result, the spin
dynamics is diffusive with a dephasing time #1!v2

Ntc.
A more difficult situation arises when vNtc ¿ 1, requir-
ing a nonperturbative approach. It is this regime which
we will consider in this paper, i.e., the electron is local-
ized in a quantum dot, and the correlation time is due to
the internal nuclear spin dynamics, i.e., tc ! Tn2, giving
vN tc ! 104. Next, we need to address the important is-
sue of averaging over different nuclear spin configurations
in a single dot. Without internal nuclear spin dynamics,
i.e., Tn2 ! `, no averaging is indicated. However, each
flip-flop process (due to hyperfine interaction) creates a
different nuclear configuration, and because of the spatial
variation of the hyperfine coupling constants inside the dot,
this leads to a different value of the nuclear field seen by
the electron spin and thus to its decoherence. Below we
will find that this decoherence is nonexponential, but still
we can indicate a characteristic time given by %A!h̄N &21

[8]. Moreover, we shall find that Tn2 ¿ %A!h̄N &21, and
thus still no averaging over the nuclear configurations is
indicated (and dipolar interactions will be neglected hence-
forth). To underline the importance of this point, we will
contrast below the unaveraged correlator with its average.

Unpolarized nuclei.—We consider a single electron
confined to a quantum dot whose spin S couples to an
external magnetic field B and to nuclear spins 'Ii( via
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In quantum dots made from materials with nonzero nuclear spins, hyperfine coupling creates a

fluctuating effective Zeeman field (Overhauser field) felt by electrons, which can be a dominant source

of spin qubit decoherence. We characterize the spectral properties of the fluctuating Overhauser field in a

GaAs double quantum dot by measuring correlation functions and power spectra of the rate of singlet-

triplet mixing of two separated electrons. Away from zero field, spectral weight is concentrated below

10 Hz, with !1=f2 dependence on frequency f. This is consistent with a model of nuclear spin diffusion,

and indicates that decoherence can be largely suppressed by echo techniques.
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Electron spins in quantum dots are an attractive candi-
date for quantum bits (qubits) [1,2]. For gate-defined de-
vices made using GaAs, the coupling of single electron
spins to !106 thermally excited nuclear spins creates a
fluctuating effective Zeeman field (the Overhauser field),
Bnuc, with rms amplitude Bnuc ! 1–3 mT [3–7]. At experi-
mentally accessible temperatures, Bnuc fluctuates both as a
function of position and time, with temporal correlations
over a broad range of time scales, and is the dominant
source of spin dephasing [8–13] and low-field spin relaxa-
tion [3,4,7,14–16] in these systems. Spin manipulation
schemes [10,17–19] to control spin dephasing, such as
spin echo and its generalizations, depend critically on a
knowledge of correlations and time scales of the fluctuat-
ing nuclear environment.

Previously, fluctuating Overhauser fields have been in-
vestigated in atomic systems [20] using optical Faraday
rotation, superconducting quantum interference devices
[21], and force-detected magnetic resonance [22]. In quan-
tum dots, dynamic nuclear polarization (DNP) [23–26] can
drive the nuclear system beyond equilibrium to produce
fluctuating currents and feedback effects in connection
with Pauli spin blockade [15,27–29].

In this Letter, we report measurements of the temporal
correlations and power spectral densities of the nuclear
environment in a two-electron GaAs double-quantum-dot
system. In contrast to previous work [15,25,26], we do not
drive the nuclear system using DNP, but rather probe the
statistical fluctuations of the unpolarized nuclear bath in
thermal equilibrium [8,12]. Fluctuations of the Overhauser
field are detected as fluctuations in the dephasing time of a
two-electron spin state, making use of high-bandwidth
proximal charge sensing [30]. Fluctuations are found to
be broadband over the measurement bandwidth, 40 mHz–
1 kHz, and sensitive to an applied magnetic field in the
range B ¼ 0–20 mT. Experimental results are shown to be

consistent with a simple diffusion model of nuclear dy-
namics, also presented here.
The double quantum dot is formed by Ti=Au top gates

on a GaAs=Al0:3Ga0:7As heterostructure with a two-
dimensional electron gas (2DEG) with density 2#
1015 m$2 and mobility 20 m2=Vs, 100 nm below the sur-
face [Fig. 1(a), inset], similar to devices reported previ-
ously [9,26]. Measurements are made in a dilution
refrigerator with base electron temperature of !120 mK.
The conductance GQPC of a proximal radio frequency
quantum point contact (rf QPC) is sensitive to the charge
configuration of the double dot. GQPC controls the quality
factor of a rf tank circuit, modulating the reflected power of
a 220 MHz carrier. Demodulation yields a voltage Vrf ,
proportional to GQPC, that constitutes the charge-sensing
signal [30]. The applied field B is oriented perpendicular to
the 2DEG.
Figure 1(a) shows the relevant energy levels of the

double dot in the vicinity of the (2,0)–(1,1) charge tran-
sition [first (second) index is the charge in the left (right)
dot]. Interdot tunneling tc and detuning ! from the charge
degeneracy are determined by electrostatic gates. A gate-
pulse [Fig. 1(b)] cycle prepares new singlets each iteration
by configuring the device deep in (2,0), at point (P), where
transitions to the ground state singlet ð2; 0ÞS occur rapidly
[14]. Electrons are then separated to position S in (1,1) for
a time "S where precession between the initial singlet and
one of the triplet states is driven by components of the
difference in Overhauser fields in the left and right dots,
!Bnuc ¼ Bl

nuc $ Br
nuc [9,13].

In an applied field, the position of the separation point
determines whether the (1,1) singlet (S) is nearly degener-
ate with one of the (1,1) triplets, with which it can then
rapidly mix. Mixing of S with T0 (the ms ¼ 0 triplet)
occurs at large negative ! [left (green) dashed line in
Fig. 1(b)] where exchange vanishes. S-T0 mixing is driven
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by components of !Bnuc along the total field (applied plus
Overhauser fields). In contrast, mixing of S with Tþ (the
ms ¼ þ1 triplet), which occurs at a less negative, field-
dependent value of ! [right (red) dashed line in Fig. 1(b)]
where Zeeman splitting matches exchange, is driven by
components of !Bnuc transverse to the total field.
Measuring the evolution out of the S state following sepa-
ration, by measuring the return probability to (2,0) after a
certain separation time, effectively measures these compo-
nents of the Overhauser field difference in the two dots.
Measurement (at position M) in (2,0) is made for "M ¼
5 #s, during which only S return to (2,0) with appreciable
probability. The spin state—triplet or singlet—is thereby

converted to a charge state—(1,1) or (2,0), respectively—
which is detected by the rf QPC.
Once calibrated, Vrf gives the probability 1# PS that a

prepared singlet evolved into a triplet during the separa-
tion time "S. Inside the readout triangle [Fig. 1(c)], trip-
let states remain blocked in (1,1) for a time T1 $ "M [14].
Similarly, inside the rectangular region indicated in
Fig. 1(d), the prepared singlet mixes with Tþ and becomes
blocked in (1,1). Calibration of Vrf uses the signal in (2,0)
outside the readout triangle, where fast, spin-independent
relaxation occurs via (1,0) or (2,1), to define PS ¼ 1, and
the region within (1,1) to define PS ¼ 0.
Fitting PSð"SÞ averaged over tens of seconds with a

Gaussian [9,13] [Fig. 1(e)] gives T'
2 ¼ @=ðg#BBnucÞ (

15 ns corresponding to Bnuc ( 1:6 mT (N ( 6) 106),
where g(#0:4 is the electron g factor and #B is the
Bohr magneton. The effect of finite T1 on the calibration

of PS can be accounted by introducing a factor C ¼ ð1#
e#"M=T1ÞT1="M [14] that relates PS to the value P0

S corre-
sponding to infinite T1, 1# PS ¼ ð1# P0

SÞC. The depen-
dence of PS on "M (for a fixed T1 ( 16 #s and
"S ¼ 50 ns) is shown in Fig. 1(f). Applying this factor to
Fig. 1(e) gives P0

Sð"S $ T'
2Þ ¼ 1=3, the expected value

[13], without normalizing the sensor output.
With less averaging, PS shows fluctuations that reflect

fluctuations of Overhauser field components. Figure 2

FIG. 2 (color online). (a) rf QPC sensor output Vrf as a
function of VL and VR with gate-pulse cycle applied ("S ¼
25 ns, "M ¼ 1:6 #s, B ¼ 100 mT). Color scale as in Fig. 1. (b)
Repeated slices of VL with VR ¼ #709 mV as a function of
time. Markers on left axis correspond to markers in (a). (c) Sen-
sor output calibrated to PS (lower, blue) along with a measure-
ment of the background QPC noise (upper, pink) from (b) at
arrow positions. Bandwidth limited to (3 Hz. (d) Similar to (b)
but for B ¼ 0, color scale same as in Fig. 1. (e) Similar to (b) but
with S point at S-Tþ degeneracy, B ¼ 100 mT; color scale same
as in Fig. 1.

FIG. 1 (color online). (a) Schematic energy diagram of the
two-electron system. Inset: false-color scanning electron micros-
copy image of a double dot with integrated rf QPC charge sensor
similar to the one measured (scale bar is 500 nm). (b) Gate-pulse
cycle that is used to prepare (P) the (2,0) singlet, separate (S)
into (1,1), either to the S-T0 degeneracy [left (green) dashed line]
or the S-Tþ degeneracy [right (red) dashed line], and return to
(2,0) for measurement (M). (c) rf QPC readout Vrf around the
(1,1)–(2,0) transition during application of the cyclic gate-pulse
sequence, showing the readout triangle indicated with white
lines (B ¼ 0 mT, "S ¼ 50 ns). A background plane has been
subtracted. (d) Vrf as in (c) but for S at the S-Tþ degeneracy
(B ¼ 10 mT). (e) Average value of PSð"SÞ at B ¼ 0, "M ¼ 2 #s.
Red line is a fit to the theoretical Gaussian form. (f) Average
value of PSð"MÞ showing contrast dependence, "S ¼ 50 ns. Red
line is a fit to the exponential form (see main text).
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Electron spins in quantum dots are an attractive candi-
date for quantum bits (qubits) [1,2]. For gate-defined de-
vices made using GaAs, the coupling of single electron
spins to !106 thermally excited nuclear spins creates a
fluctuating effective Zeeman field (the Overhauser field),
Bnuc, with rms amplitude Bnuc ! 1–3 mT [3–7]. At experi-
mentally accessible temperatures, Bnuc fluctuates both as a
function of position and time, with temporal correlations
over a broad range of time scales, and is the dominant
source of spin dephasing [8–13] and low-field spin relaxa-
tion [3,4,7,14–16] in these systems. Spin manipulation
schemes [10,17–19] to control spin dephasing, such as
spin echo and its generalizations, depend critically on a
knowledge of correlations and time scales of the fluctuat-
ing nuclear environment.

Previously, fluctuating Overhauser fields have been in-
vestigated in atomic systems [20] using optical Faraday
rotation, superconducting quantum interference devices
[21], and force-detected magnetic resonance [22]. In quan-
tum dots, dynamic nuclear polarization (DNP) [23–26] can
drive the nuclear system beyond equilibrium to produce
fluctuating currents and feedback effects in connection
with Pauli spin blockade [15,27–29].

In this Letter, we report measurements of the temporal
correlations and power spectral densities of the nuclear
environment in a two-electron GaAs double-quantum-dot
system. In contrast to previous work [15,25,26], we do not
drive the nuclear system using DNP, but rather probe the
statistical fluctuations of the unpolarized nuclear bath in
thermal equilibrium [8,12]. Fluctuations of the Overhauser
field are detected as fluctuations in the dephasing time of a
two-electron spin state, making use of high-bandwidth
proximal charge sensing [30]. Fluctuations are found to
be broadband over the measurement bandwidth, 40 mHz–
1 kHz, and sensitive to an applied magnetic field in the
range B ¼ 0–20 mT. Experimental results are shown to be

consistent with a simple diffusion model of nuclear dy-
namics, also presented here.
The double quantum dot is formed by Ti=Au top gates

on a GaAs=Al0:3Ga0:7As heterostructure with a two-
dimensional electron gas (2DEG) with density 2#
1015 m$2 and mobility 20 m2=Vs, 100 nm below the sur-
face [Fig. 1(a), inset], similar to devices reported previ-
ously [9,26]. Measurements are made in a dilution
refrigerator with base electron temperature of !120 mK.
The conductance GQPC of a proximal radio frequency
quantum point contact (rf QPC) is sensitive to the charge
configuration of the double dot. GQPC controls the quality
factor of a rf tank circuit, modulating the reflected power of
a 220 MHz carrier. Demodulation yields a voltage Vrf ,
proportional to GQPC, that constitutes the charge-sensing
signal [30]. The applied field B is oriented perpendicular to
the 2DEG.
Figure 1(a) shows the relevant energy levels of the

double dot in the vicinity of the (2,0)–(1,1) charge tran-
sition [first (second) index is the charge in the left (right)
dot]. Interdot tunneling tc and detuning ! from the charge
degeneracy are determined by electrostatic gates. A gate-
pulse [Fig. 1(b)] cycle prepares new singlets each iteration
by configuring the device deep in (2,0), at point (P), where
transitions to the ground state singlet ð2; 0ÞS occur rapidly
[14]. Electrons are then separated to position S in (1,1) for
a time "S where precession between the initial singlet and
one of the triplet states is driven by components of the
difference in Overhauser fields in the left and right dots,
!Bnuc ¼ Bl

nuc $ Br
nuc [9,13].

In an applied field, the position of the separation point
determines whether the (1,1) singlet (S) is nearly degener-
ate with one of the (1,1) triplets, with which it can then
rapidly mix. Mixing of S with T0 (the ms ¼ 0 triplet)
occurs at large negative ! [left (green) dashed line in
Fig. 1(b)] where exchange vanishes. S-T0 mixing is driven
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shows a slice through the readout triangle, obtained by
rastering VL at fixed VR, with B ¼ 100 mT, !S ¼ 25 ns.
At B ¼ 100 mT, fluctuations in PS have a flickering ap-
pearance with broadband time dependence extending to
several seconds. Comparing the quieter (upper, pink) trace
in Fig. 2(c), for point M such that (1,1) always returns to
(2,0), to the fluctuating (lower, blue) trace, where return to
(2,0) requires S-T0 mixing by Overhauser fields, we see
that the amplitude of the fluctuating signal (lower, blue)
is "100 times larger than the background noise of the
charge sensor. At B ¼ 0, slices across the readout triangle
do not show a flickering (large, low-frequency) PS signal
[Fig. 2(d)]. Figure 2(e) shows slices across the S-Tþ reso-
nance [see Fig. 1(d)]. Here also, PS also does not have a
flickering appearance, independent of B, reflecting rapid
fluctuations of transverse components of !Bnuc. We avoid
rapidly cycling through the S-Tþ transition, which can
produce DNP [26].

To investigate the spectral content of PS fluctuations,
fast Fourier transforms (FFTs) of Vrf are taken with VL and
VR positioned to sample the center of the readout triangle.
Measurement at !S ¼ 1 ns, where PS " 1, has a 1=f form
and is identical to the noise measured outside the readout
triangle, and constitutes our background of instrument
noise. At B ¼ 0 no spectral content above the 1=f back-
ground noise is seen [Fig. 3(a)]. With increasing B, an
increasing spectral content is observed below "100 Hz.
For B> 20 mT, the spectra become independent of B. The
dependence of the power spectrum of PS on separation
time !S is shown in Fig. 4. We found that the largest
fluctuations over the greatest frequency range occur for
!S " T$

2 " 15 ns, and these fluctuations show a roughly
1=f2 spectrum. For !S < T$

2 , PS remains near unity with
few fluctuations; for !S > T$

2 low-frequency content is
suppressed while components in the range 1–10 Hz are
enhanced.

We model fluctuations in PS as arising from the dynamic
Overhauser magnetic field in thermal equilibrium. A clas-
sical Langevin equation is used to describe fluctuations of
!Bnuc arising from nuclear spin diffusion on distances
much larger than the lattice spacing and times much longer
than the time scale set by nuclear dipole-dipole interaction.
For B % Bnuc, correlations of the Overhauser field can be
evaluated analytically in terms of a dimensionless operator
Â"
z for each nuclear spin species ", where

P
"x

"Â"
z;l &

Bl
nuc;z=Bnuc and similarly for the right dot, with x

75As ¼ 1,
x
69Ga ¼ 0:6, x

71As ¼ 0:4. This gives hÂ"
z ðtþ !tÞÂ"

z ðtÞi ¼
½ð1þ !tD"=#

2
zÞ1=2ð1þ!tD"=#

2
?Þ*+1, at time difference

!t, where D" is the species-dependent spin diffusion
coefficient, #z is the electron wave function spatial extent
perpendicular to the 2DEG (and along the external field),
and #? is the wave function extent in the plane of the
2DEG, assumed symmetric in the plane. Brackets h, , ,i
denote averaging over t and nuclear ensembles.

Statistics of PS for S-T0 mixing are found using the z
component of the Overhauser operators, !Âz ¼

P
"x

"ðÂ"
z;l + Â"

z;rÞ. For Gaussian fluctuations and a

species-independent diffusion constant, D, this gives a

mean hPSi ¼ 1
2 ½1þ e+2G2h!Â2

z i* and autocorrelation
hPSðtþ !tÞPSðtÞi+ hPSi2

FIG. 3 (color online). (a) Power spectra of PS at various
magnetic fields, !S ¼ 25 ns. Spectra obtained by fast Fourier
transform (with Hamming window) of average of 8 traces
sampled at 10 kHz. Background measurement noise (BG) found
by setting !S ¼ 1 ns at B ¼ 100 mT. Inset: numerical simula-
tion results for corresponding magnetic fields: B ¼ 0 (pink),
B ¼ 5 mT (blue), B ¼ 10 mT (green), B ¼ 100 mT (red).
(b) Autocorrelation PS for !S ¼ 25 ns and B ¼ 100 mT (red
curve). Model function [Eq. (1)] (brown curve) and Monte Carlo
result (black curve).

FIG. 4 (color online). Power spectra of PS at B ¼ 100 mT for
separation times !S ¼ 25 ns (red line) and !S ¼ 100 ns (blue
line). Setting !S ¼ 1 ns (black line) yields background noise.
Inset shows simulation results for B ¼ 100 mT, !S ¼ 25 ns
(red) and !S ¼ 100 ns (blue). Note the suppression of low-
frequency content and enhancement of midfrequency content
for long !S in the experiment and simulation.
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by components of !Bnuc along the total field (applied plus
Overhauser fields). In contrast, mixing of S with Tþ (the
ms ¼ þ1 triplet), which occurs at a less negative, field-
dependent value of ! [right (red) dashed line in Fig. 1(b)]
where Zeeman splitting matches exchange, is driven by
components of !Bnuc transverse to the total field.
Measuring the evolution out of the S state following sepa-
ration, by measuring the return probability to (2,0) after a
certain separation time, effectively measures these compo-
nents of the Overhauser field difference in the two dots.
Measurement (at position M) in (2,0) is made for "M ¼
5 #s, during which only S return to (2,0) with appreciable
probability. The spin state—triplet or singlet—is thereby

converted to a charge state—(1,1) or (2,0), respectively—
which is detected by the rf QPC.
Once calibrated, Vrf gives the probability 1# PS that a

prepared singlet evolved into a triplet during the separa-
tion time "S. Inside the readout triangle [Fig. 1(c)], trip-
let states remain blocked in (1,1) for a time T1 $ "M [14].
Similarly, inside the rectangular region indicated in
Fig. 1(d), the prepared singlet mixes with Tþ and becomes
blocked in (1,1). Calibration of Vrf uses the signal in (2,0)
outside the readout triangle, where fast, spin-independent
relaxation occurs via (1,0) or (2,1), to define PS ¼ 1, and
the region within (1,1) to define PS ¼ 0.
Fitting PSð"SÞ averaged over tens of seconds with a

Gaussian [9,13] [Fig. 1(e)] gives T'
2 ¼ @=ðg#BBnucÞ (

15 ns corresponding to Bnuc ( 1:6 mT (N ( 6) 106),
where g(#0:4 is the electron g factor and #B is the
Bohr magneton. The effect of finite T1 on the calibration

of PS can be accounted by introducing a factor C ¼ ð1#
e#"M=T1ÞT1="M [14] that relates PS to the value P0

S corre-
sponding to infinite T1, 1# PS ¼ ð1# P0

SÞC. The depen-
dence of PS on "M (for a fixed T1 ( 16 #s and
"S ¼ 50 ns) is shown in Fig. 1(f). Applying this factor to
Fig. 1(e) gives P0

Sð"S $ T'
2Þ ¼ 1=3, the expected value

[13], without normalizing the sensor output.
With less averaging, PS shows fluctuations that reflect

fluctuations of Overhauser field components. Figure 2

FIG. 2 (color online). (a) rf QPC sensor output Vrf as a
function of VL and VR with gate-pulse cycle applied ("S ¼
25 ns, "M ¼ 1:6 #s, B ¼ 100 mT). Color scale as in Fig. 1. (b)
Repeated slices of VL with VR ¼ #709 mV as a function of
time. Markers on left axis correspond to markers in (a). (c) Sen-
sor output calibrated to PS (lower, blue) along with a measure-
ment of the background QPC noise (upper, pink) from (b) at
arrow positions. Bandwidth limited to (3 Hz. (d) Similar to (b)
but for B ¼ 0, color scale same as in Fig. 1. (e) Similar to (b) but
with S point at S-Tþ degeneracy, B ¼ 100 mT; color scale same
as in Fig. 1.

FIG. 1 (color online). (a) Schematic energy diagram of the
two-electron system. Inset: false-color scanning electron micros-
copy image of a double dot with integrated rf QPC charge sensor
similar to the one measured (scale bar is 500 nm). (b) Gate-pulse
cycle that is used to prepare (P) the (2,0) singlet, separate (S)
into (1,1), either to the S-T0 degeneracy [left (green) dashed line]
or the S-Tþ degeneracy [right (red) dashed line], and return to
(2,0) for measurement (M). (c) rf QPC readout Vrf around the
(1,1)–(2,0) transition during application of the cyclic gate-pulse
sequence, showing the readout triangle indicated with white
lines (B ¼ 0 mT, "S ¼ 50 ns). A background plane has been
subtracted. (d) Vrf as in (c) but for S at the S-Tþ degeneracy
(B ¼ 10 mT). (e) Average value of PSð"SÞ at B ¼ 0, "M ¼ 2 #s.
Red line is a fit to the theoretical Gaussian form. (f) Average
value of PSð"MÞ showing contrast dependence, "S ¼ 50 ns. Red
line is a fit to the exponential form (see main text).
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Transport through spin-blockaded quantum dots provides a means for electrical control and detection of nuclear
spin dynamics in the host material. Although such experiments have become increasingly popular in recent years,
interpretation of their results in terms of the underlying nuclear spin dynamics remains challenging. Here we
examine nuclear polarization dynamics within a two-polarization model that supports a wide range of nonlinear
phenomena. We point out a fundamental process in which nuclear spin dynamics can be driven by electron
shot noise; fast electric current fluctuations generate much slower nuclear polarization dynamics, which in turn
affect electron dynamics via the Overhauser field. The resulting intermittent, extremely slow current fluctuations
account for a variety of observed phenomena that were not previously understood.
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I. INTRODUCTION

The opportunity to study spin coherence and many-body
dynamics in a controllable solid-state setting has inspired
a wide range of experiments in a variety of materials such
as GaAs vertically grown and gate-defined structures,1 InAs
nanowires,2 and 13C-enriched carbon nanotubes.3 In particular,
electron transport through spin-blockaded double quantum
dots4 constitutes a purely electrical means of probing and
manipulating the dynamics of nuclear spins. Such experiments
have revealed complex dynamical phenomena, including
bistability and hysteresis,2,3,5,6 switching,3,7,8 slow transient
buildup of current,7 and slow oscillations.5,9

Despite wide interest in these phenomena and their im-
portance for quantum information processing, progress in
understanding them has been slow. While there is little
doubt that nuclear spins in the host material play a crucial
role, the lack of a direct probe of nuclear spin dynamics
requires their behavior to be inferred from electronic transport
measurements. To meet this challenge, theoretical modeling
must be used to complement analysis of relevent features in
transport data.

In previous work on spin dynamics in double quantum
dots, simple models involving a single dynamical variable
describing the total nuclear polarization have been used to
explain the origin of feedback in this system.10,11 Although
such models can successfully account for feedback-driven
nonlinear phenomena such as bistability and hysteresis, the
range of phenomena which they can describe is somewhat
limited. Here we expand the phase space of the model, and
describe nuclear spin dynamics in terms of two dynamical
variables sL and sR corresponding to the independent nu-
clear polarizations in the left and right dots (see also, e.g.,
Ref. 12), thereby extending the range of phenomena that can
be analyzed. Time evolution is described by trajectories in
a two-dimensional phase space (sL,sR), which can exhibit
complex dynamics including nonmonotonic behavior, limit
cycles, or spirals, as illustrated in Fig. 1 (also see Refs. 13

and 14 for additional examples of complex phenomena arising
from two-polarization dynamics in other contexts).

Nuclear polarization dynamics in spin-blockaded dots is
driven by carriers passing through the system.4 Each electron
passing through the dot can produce a spin flip of the nuclei
due to hyperfine exchange with nuclear spins in the host
lattice; see Fig. 1(a). Dynamic nuclear polarization (DNP)
arises when the up and down spin-flip rates are imbalanced,
!+ ̸= !−.5,10 Since the spin-flip rates in the two dots are in
general different, their corresponding nuclear polarizations

FIG. 1. (Color online) Nuclear dynamics and intermittent current
fluctuations driven by shot noise of the spin-blockaded current
through a double dot. (a) Hyperfine spin exchange with nuclei
mediates transitions between two-electron triplet and singlet states,
relieving blockade and producing dynamical nuclear polarizations
(DNPs) sL and sR in the left and right dots. (b) A phase portrait of
DNP trajectories, with a fixed point (DNP steady state) positioned
near the main diagonal, where current is low due to spin blockade
(see Fig. 3). (c) Typical simulated current trace showing the effects
of steady state DNP fluctuations [pink traces in (b) and (c)]; see the
Appendix. Switching between quiet and noisy regions results from
excursions into the dark stripe sL ≈ sR , marked by the shaded regions
in (c).
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Despite wide interest in these phenomena and their im-
portance for quantum information processing, progress in
understanding them has been slow. While there is little
doubt that nuclear spins in the host material play a crucial
role, the lack of a direct probe of nuclear spin dynamics
requires their behavior to be inferred from electronic transport
measurements. To meet this challenge, theoretical modeling
must be used to complement analysis of relevent features in
transport data.

In previous work on spin dynamics in double quantum
dots, simple models involving a single dynamical variable
describing the total nuclear polarization have been used to
explain the origin of feedback in this system.10,11 Although
such models can successfully account for feedback-driven
nonlinear phenomena such as bistability and hysteresis, the
range of phenomena which they can describe is somewhat
limited. Here we expand the phase space of the model, and
describe nuclear spin dynamics in terms of two dynamical
variables sL and sR corresponding to the independent nu-
clear polarizations in the left and right dots (see also, e.g.,
Ref. 12), thereby extending the range of phenomena that can
be analyzed. Time evolution is described by trajectories in
a two-dimensional phase space (sL,sR), which can exhibit
complex dynamics including nonmonotonic behavior, limit
cycles, or spirals, as illustrated in Fig. 1 (also see Refs. 13

and 14 for additional examples of complex phenomena arising
from two-polarization dynamics in other contexts).

Nuclear polarization dynamics in spin-blockaded dots is
driven by carriers passing through the system.4 Each electron
passing through the dot can produce a spin flip of the nuclei
due to hyperfine exchange with nuclear spins in the host
lattice; see Fig. 1(a). Dynamic nuclear polarization (DNP)
arises when the up and down spin-flip rates are imbalanced,
!+ ̸= !−.5,10 Since the spin-flip rates in the two dots are in
general different, their corresponding nuclear polarizations

FIG. 1. (Color online) Nuclear dynamics and intermittent current
fluctuations driven by shot noise of the spin-blockaded current
through a double dot. (a) Hyperfine spin exchange with nuclei
mediates transitions between two-electron triplet and singlet states,
relieving blockade and producing dynamical nuclear polarizations
(DNPs) sL and sR in the left and right dots. (b) A phase portrait of
DNP trajectories, with a fixed point (DNP steady state) positioned
near the main diagonal, where current is low due to spin blockade
(see Fig. 3). (c) Typical simulated current trace showing the effects
of steady state DNP fluctuations [pink traces in (b) and (c)]; see the
Appendix. Switching between quiet and noisy regions results from
excursions into the dark stripe sL ≈ sR , marked by the shaded regions
in (c).

075339-11098-0121/2011/84(7)/075339(6) ©2011 American Physical Society

RUDNER, KOPPENS, FOLK, VANDERSYPEN, AND LEVITOV PHYSICAL REVIEW B 84, 075339 (2011)

sL and sR have different time dependence, generating an
asymmetry between the dots, sL ̸= sR . As we shall see, such
asymmetry is dramatically reflected in the time dependence of
the electric current.

In this work we focus on the effects in nuclear polarization
dynamics due to the shot noise arising from the discreteness of
carriers passing through the system. Electrons are injected into
the system one by one, with random spin orientations. While
transiting through the dots, each such electron may exchange
its spin with the nuclear subsystem. Crucially, these stochastic
spin-flip processes comprise an intrinsic source of broadband
noise that couples to nuclear dynamics. The intensity of this
noise, which is proportional to the dc current, remains nonzero
even when the average rates of up and down spin flips are equal:
S ∝ (!+ + !−). The resulting DNP fluctuations are relatively
slow due to the large number of nuclear spins in the dots,
N ≈ 106, which requires many electrons to be transmitted
through the system before the DNP can change substantially.

Another important aspect of the double-dot system is the
complex relationship between the system’s internal variables
and measurable quantities, i.e., between the nuclear polar-
ization and the electric current. Due to the resonant energy
dependence of transition rates, the current is sensitive to the
alignment of energy levels via a number of external and internal
variables (gate voltages, magnetic field, Overhauser fields in
each dot, etc.). Changes in the hyperfine spin-flip rates feed
back into DNP dynamics, giving rise to a variety of inter-
esting nonlinear phenomena occurring on long time scales,
exemplified in Figs. 1(b) and 1(c). Numerical simulations
based on this microscopic model, which is described in detail
below, demonstrate how the complex long-time-scale dynam-
ics arises from the stochastic nature of electron transport.

In particular, we find that the high-frequency noise can drive
intermittency in electric current resembling the multiscale
switching behavior observed in experiments, which will be
discussed below. In dynamical systems, intermittency refers
to the alternation of phases of apparently regular and chaotic
dynamics.15 Such behavior arises in many physical systems.
For example, fluorescence intermittency, or blinking, is com-
monly observed in the optical response of various nanoscale
systems, such as large molecules or quantum dots, where it
signals competition between the radiative and nonradiative
relaxation pathways.16 In our system, a commonly observed
type of behavior is slow buildup followed by intermittent
switching between “quiet” and highly fluctuating current
states, illustrated in Figs. 1(b), 1(c), 2(a), and 2(b).

Throughout this paper, simulation results are compared to
data from the measurements described in Ref. 7. Figure 2(a)
shows typical experimental current traces observed in the
regime of moderate magnetic field (B = 200/mT) and with
a gate voltage setting where the electrostatic energy makes the
lowest two singlet states, one with one electron in each dot and
the other with both electrons in the right dot, nearly degenerate
(i.e., near-zero “detuning”). In this case, these “(1,1)” and
“(0,2)” singlet states are strongly hybridized by the tunnel
coupling between the dots [see Fig. 3(a)]. The traces were
taken after a long waiting period which allowed the system
to relax to equilibrium. The current displays dynamics on a
very long time scale, with a smooth transient “slow-buildup”
period lasting several tens of seconds followed by a “steady
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FIG. 2. (Color online) Time-dependent current, from experiment
(Ref. 7) (a), and from simulation (b), showing a long buildup
lasting several tens of seconds followed by steady-state intermittent
fluctuations (blue traces). Fluctuations can be suppressed by a small
change of detuning (gate voltage) which moves a fixed point away
from the sensitive region sL ≈ sR (red traces). (c) Fourier spectra of
the experimental and simulated noisy traces, evaluated in the marked
steady-state regions. The spectra display a roughly 1/f α dependence
with αexpt ≈ 2.5 and αsimul ≈ 2.

state” featuring intermittent large-amplitude fluctuations with
a correlation time on the scale of seconds (blue trace). The
fluctuations can be abruptly suppressed by a relatively small
change of detuning (red trace). Similar behavior was observed
during slow sweeps of magnetic field (shown in Fig. 4).

Similar-looking fluctuations were reported by Reilly et al.
as “blinking” of the Overhauser field measured in a double
dot which was repeatedly pulsed through a singlet-triplet
level crossing.8 There, long-time-scale noise correlations
were attributed to nuclear spin diffusion resulting from the
dipole-dipole interaction. In contrast, below we describe a
mechanism where diffusion of the net nuclear polarization is
not driven by the conventional dipole-dipole-mediated spin
flips, but rather is driven by shot noise in the current passing
through the system.

The rest of the paper is organized as follows. In Sec. II
we describe the physical mechanism of shot-noise-induced
multiscale intermittent fluctuations of current. Then in
Sec. III we present the mathematical description of our model
for describing the time dependence of nuclear polarization and
current in spin-blockaded double quantum dots. In Sec. IV we
present the results of simulations based on the model described
in Sec. III, and compare with experimental data. Finally, our
conclusions are summarized in Sec. V.

II. TRANSIENTS AND INTERMITTENCY IN THE
TWO-POLARIZATION MODEL

A typical behavior, often seen in the data, is a relatively
slow transient buildup of current after which the system enters
an intermittent state, characterized by alternation of quiet
and noisy behavior. Here we discuss the physics of how
such behavior can arise naturally from the two-polarization
model. The key elements of the mechanism are summarized in
schematic form in Fig. 1(b), which shows a phase portrait
of DNP in the (sL,sR) plane. In our analysis we assume
that, via the hyperfine interaction, the dynamics is primarily
controlled by two variables sL and sR that describe independent
nuclear polarizations in the two dots. The trajectories shown in
Fig. 1(b) are obtained by applying the ideas of Refs. 5 and 10
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Prepare-Separate-Echo-Separate-Return sequence

2

GaAs/Al0.3Ga0.7As heterostructure with a two dimen-
sional electron gas (density 2 ⇥ 1015 m�2, mobility 20
m2/V s) 100 nm below the surface. Measurements were
performed in a dilution refrigerator with an electron
temperature Te⌅150 mK. The double quantum dot is
operated as a spin qubit by first depleting the quan-
tum dots to the last two electrons, and then manipu-
lating the charge occupancy of the two dots with high
bandwidth plunger gates VL and VR along a detuning
axis ⇤ [Figs. 1(a,b)]. In this work, the charge occu-
pancy was manipulated between states (0,2) and (1,1),
where (NL,NR) represent the charge in the left and right
dots respectively. Charge occupancy is determined by
the di�ering conductance through the proximal sensor
quantum dot for each charge configuration, which in
turn modulates the reflection coe⌅cient of the rf-readout
circuit[13, 14].

The spin qubit is formed between the spin anti-
symmetric singlet (S = (|⇧⌃⌥� |⌃⇧⌥)/

 
2)) and the m = 0

triplet (T0 = (|⇧⌃⌥ + |⌃⇧⌥)/
 

2)). The m = ±1 triplet
states are split o� by a 750 mT in-plane external mag-
netic field, applied perpendicular to the dot connection
axis [Figs. 2(a)]. The qubit is manipulated by applying
nanosecond pulses to VL and VR, moving along a detun-
ing axis ⇤. An (0,2) singlet is prepared at point P o� the
detuning axis through rapid relaxation to the ground-
state, and then initialized into the qubit subspace by the
separation of the electrons into either dot at point S.
The di�ering Overhauser fields in each dot from the host
nuclei form an e�ective magnetic field gradient between
the spins, driving a rotation between S and T0. These
Overhauser fields evolve in time, leading to a fluctuating
gradient that dephases the qubit about the x̂ of its Bloch
sphere.

This dephasing can be reversed through dynamical de-
coupling (DD) by pulsing to point E, where the exchange
splitting between S and T0 drives a ⌅-rotation about the
ẑ axis, inverting the acquired phase. Returning to point
S for an equal time ⇧D/2 cancels phase acquired due to
the low-frequency (⌃<2/⇧D) part of the dephasing noise
spectrum [8, 9]. Repeated ⌅-pulses form an even bet-
ter low-pass noise filter whose properties are determined
by the spacing of the pulse [8, 9]. The simplest repeti-
tion of pulses, the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[15, 16], is performed by pulsing repeatedly to
point E at evenly spaced intervals, with a half interval
at before the first and after the last pulse [Figs. 2(b,c)].
The second DD sequence which we investigate is Con-
catenated Dynamical Decoupling [17–19] (CDD), which
is built up iteratively from the previous order, with an ad-
ditional ⌅-pulse in the center of odd orders [Figs. 2(b,d)].
Finally, the qubit is pulsed to point M, where spin-to-
charge conversion occurs due to the pauli blockade of the
T0 state in (0,2) [Fig. 2(a)], which prevents T0 tunneling
into (0,2), while allowing the S to tunnel. The resulting
di�erence in charge state can then be detected by the
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a) b)
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FIG. 2: (Color online) (a) Energy level diagram along the
detuning axis �. The (0,2) singlet is prepared at �P, followed
by an adiabatic transition to �S, where the electrons are sep-
arated and qubit dephases. ⇥-pulses are performed at �E,
allowing for subsequent rephasing at �S. Spin-to-charge con-
version at �M is utilized to readout the qubit. The exchange
energy, JE, that drives the ⇥-pulses at �E is indicated with
a dashed line. (b-d) Schematics of detunings during CPMG
and CDD pulse sequences.

sensor quantum dot.
For CPMG, we examine sequences with n⇤= 2, 3, 4, 8,

16, and 32 [Fig. 3(a,c)] and fit the decay of singlet return
probability, PS , to 0.5+V/2 exp(�(⇧D/TCPMG

2 )�), where
PS is the singlet return probability, V is the observed vis-
ibility, ⇧D is the total dephasing time, and TCPMG

2 is the
coherence time of the system. On a linear scale, the data
can be fit equally well with � between 2 and 4. Robust
fitting of � is strongly dependent on the small amplitude
PS(⇧D) in the tail of the decay envelope, rendering it
highly susceptible to noise. With coherence times from
di�erent CPMG orders, T2 can be modeled as a power
law of n⇤ by T2 = THE

2 n⇥
⇤, where THE

2 is the coherence
time of a single ⌅-pulse[20]. Fitting ⇥ in the T2 ⌅ n⇥

⇤

relationship requires only having reliable estimates of T2,
which are rather insensitive to the value of � used to fit
the results (see Fig. 3). For all �’s investigated, ⇥CPMG

was shown to be ⌅ 0.72.
A similar analysis can be applied to the CDD coherence

decay for CDD orders 2-5. TCDD
2 is not observed to

have as clear a power law dependence on n⇤, and the
scaling parameter ⇥CDD is ⌅ 0.61. The sixth order of
CDD shows no improvement over the fifth order, despite
having twice as many pulses, and is therefore excluded
from the fit. We suspect that pulse errors on the 42
⌅-pulses of the sixth order CDD are now limiting the
coherence. The fact that ⇥CDD is less than ⇥CPMG is
attributed to the predicted susceptibility of CDD to pulse
errors[CITATION NEEDED].

For a given n⇤, the time in between pulses (⇧D/n⇤) can
change by several orders of magnitude between the short-
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The e⇥ects of Carr-Purcell-Meiboom-Gill (CPMG) and Concatenated Dynamical Decoupling
(CDD) pulse sequences on singlet-triplet spin qubits are studied for up to 42 pulses. The co-
herence time, T2, of the CPMG sequence is shown to have a power law dependence on the number
of pulses, n�, with an exponent, �CPMG, of � 0.7. This exponent is demonstrated to be independent
of the envelope function used to extract T2. T CDD

2 is found to be only approximately described
by a power law dependence on n�, with �CDD � 0.6. We e⇤ciently estimate information about
the environment of the qubit from our analysis of T CPMG

2 , and use that information to calculate a
T CDD

2 that agrees with experimental results.

PACS numbers:

Solid state systems are rapidly emerging as platforms
for qubit architectures that study quantum coherence
and entanglement[1–4]. Quantum dot spin qubits in par-
ticular have recently demonstrated large gains in manip-
ulation and coherence[2, 3], to the point where analysis
of the coherence decay can be used to make estimations
of the environment, contributing to similar work in the
superconducting[5], ion trap[6] and nitrogen-vacancy[1]
communities. Qubit coherence measurements, specifi-
cally the coherence decay under dynamical decoupling
(DD) by a sequence of ⇤-pulses, can be used to gain in-
formation on the noise a�ecting the qubit [1, 5–9]. For
spin qubits, the influence of the intrinsic dynamics of the
nuclear bath on the spin echo and DD signal is quite
well understood [2, 10–12]. Much less is known about
the spectrum of charge noise, which also can a�ect the
spin qubit’s coherence through fluctuations of the posi-
tion of the electrons, leading to apparent fluctuations of
the nuclear Overhauser field even in the absence of any
nuclear dynamics[2]. Here we show how a careful analy-
sis of coherence decay under various DD sequences allows
us to characterize important qualitative and quantitative
features of the noise spectrum a�ecting the qubit.

The interpretation of the results is especially simple
for pure dephasing Gaussian noise a�ecting the qubit.
The envelope of the coherence decay and the power law
relationship between T2 and the number of pulses n⌅ can
be connected with certain features of the spectral density
of noise S(⇧). Specifically, one might be able to infer the
existence and values of frequencies at which S(⇧) changes
its functional form (e.g. it has a peak, as seen in the DD
data in Ref. [6], or it has a cuto� ⇧c above which it is
suppressed), and the value of the power law ⇥ if S(⇧) is
⇥ ⇧�⇥ in a certain range of frequencies.

In this Letter, we investigate the e�ects of increasing
n⌅ on the coherence of a singlet-triplet spin qubit for
CPMG and CDD dynamical decoupling sequences. We
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FIG. 1: (Color online) (a) Micrograph of lithographically
identical device with dot locations depicted. Gate voltages,
VR(L), set the charge occupancy of right (left) dot as well
as the detuning of the qubit. An rf-sensor quantum dot is
indicated on the right. (b) Double dot charge state mapped
onto dc conductance change, �g, with lettered pulse sequence
gate voltages. Detuning axis is orthogonal to the (0,2)-(1,1)
charge degeneracy through points E, S, and M.

model the coherence decay as ⇥ exp(�(⌅D/T2)�), where
⌅D is the total dephasing time, T2 is the coherence time,
and � is an unknown constant. We then show that the
scaling relation of T2 ⇥ n⇤

⌅ is a more robust figure of merit
for the environmental noise than �, due to its reliance on
the data in the regime of large coherence, rather than
data spanning several orders of decreasing magnitude to
fit �. We find that TCPMG

2 ⇥ n0.72
⌅ and TCDD

2 ⇥ n0.61
⌅ ,

which in the case of CPMG implies a classical noise envi-
ronment of S(⇧) ⇥ ⇧�2.6. Using a spectral noise density
estimated from the decay of the CPMG sequence, we are
able to reproduce numerically the observed CDD coher-
ence decay. Finally, we show that the coherence decay
envelope should not be described by a single parameter
�, as we observe that � can change as a function of the
time between pulses, (⌅D/n⌅), where ⌅D is the total de-
phasing time of the system.

Our device is a lateral double quantum dot litho-
graphically defined by Ti/Au depletion gates on a
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FIG. 3: (Color online) (a,c) CPMG decay envelopes for
n⇤ = 2, 4, 8. The curves are fit to PS(⌅D) = 0.5 +
V exp(�(⌅D/T2)

�)/2, where � is constrained to 2 in (a) and
4 in (c)[21]. (b) The T2 values from each of the CPMG se-
quences are plotted for a set of fixed �’s. Circle size represents
normalized goodness-of-fit as determined from the ⇧2 values.
Fits are to T2(n⇤, �) = T HE

2 n⇥
⇤ for each value of �, where

T HE
2 is the T2 of a single ⇤-pulse[20]. (d) The power law

dependence of T2 on n⇤ as a function of the � parameter
used to fit the CPMG decay envelope, extracted from fits of
ln(T2) = ln(T HE

2 ) + ⇥ ln(n⇤).

est measured times and the tail region. Accordingly, the
filter function provided by the DD sequence will sample
di�erent regimes of noise from the beginning of the enve-
lope to the end. In order to study the envelope function in
greater detail, we attempt to isolate � by subtracting the
background, taking a natural logarithm of the data and
plotting it versus the time between pulses. When plotted
on a log scale, constant �’s are then indicated by straight
lines. The deviation from a straight line at short time
scales indicates that fitting PS with a single value of �
for all ⌅D is not necessarily correct. As shown in Fig. 5(a),
the short-time data has to be fitted with a di�erent func-
tional form than the simple exp(�(⌅D/T2)�). The time
(⌅D/n⇤)0 at which the behavior of PS changes implies the
existence of a characteristic frequency ⇧0 = 2n⇤/⌅0

D ⌅ 1
µs�1, at which the behavior of S(⇧) changes.

From the observed value of ⇤ ⌅ 0.7 we can draw two
possible conclusions about S(⇧): (a) S(⇧) ⇤ B1+⇥/⇧⇥

with ⇥=⇤/(1�⇤)⌅ 2�3 for ⇧ ⌃ [.....] (see Ref. [9]), or (b)
there is a hard cuto� ⇧c in S(⇧) with ⇧c <2n/T2 (so that
at times up to T2 all the noise is strongly suppressed).
In the (b) case one gets for even (odd) n⇤ in CPMG
sequence that � = 6 (4) and T2 ⇤ n2/3

⇤ M�1/6
4 (T2 ⇤

n⇤M�1/4
2 ) (with Mk ⇥

R ⌅c

0 S(⇧)⇧kd⇧). However, we can
reject scenario (b) base on two arguments. Firstly, there
is no sign of clear even-odd e�ect in Fig. 3(b) Secondly,
the removal of the short-time data points moves the fitted
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FIG. 4: (Color online) (a) Decay envelopes of CDD echo
sequences for orders 2-6. The curves are fit to PS(⌅D) = 0.5+
V exp(�(⌅D/T2)

�)/2, where � is constrained to 2[23]. (b) The
T2 values from each of the CDD sequences are plotted for a
set of fixed �’s. Circle size represents normalized goodness-of-
fit as determined from the ⇧2 values. Fits are to T2(n⇤, �) =
T HE

2 n⇥
⇤ for each value of �, where T HE

2 is the T2 of a single ⇤-
pulse[20]. (inset) A scaling exponent ⇥ is extracted from fits
of ln(T2) = ln(T HE

2 ) + ⇥ ln(n⇤), corresponding to the slopes
of the fits in (b). n⇤ = 42 is excluded from this fit, as it
shows no improvement for twice as many pulses. We believe
that this is due to the accumulation of pulse errors.

⇤ towards the value of 2/3, whereas these points should
be most reliably indicating such scaling of T2 in the (b)
case. We are thus led to assume that for ⇧<⇧0 we have
S(⇧)=B3/⇧2, i.e. we take ⇥=2 (there is also an infrared
cuto� ⇧ir below which S(⇧) flattens out, but all we can
say from our data is that ⇧ir⇧0.1 µs�1).

The value of B⌅0.3 µs�1 fits all the CPMG data quite
well. Fitting of ⇧0 to the data from Fig. 3(c) gives ⇧0⌅1
µs�1 (recheck it). These numbers imply T2 =an2/3

⇤ +bn⇤

with a ⌅ 9.66 µs�1 and b ⌅ 1 µs�1, which gives a very
good fit to results from Fig. 3b [SHOULD WE ADD A
PLOT?]. Using the S(⇧) inferred from the CPMG data
we can calculate the expected CDD data. For n⇤ =2, 5,
and 10 we get a good agreement between the calculated
and measured T2. For larger n⇤ the theoretical T2 is
visibly larger than the observed one, further signalling
the increasing e�ect of accumulation of pulse errors in
the CDD signal with many pulses.

The measurements of qubit decoherence under dynam-
ical decoupling with the CPMG pulse sequence have been
used to reconstruct the crucial features of the spectral
density of pure dephasing noise a�ecting the qubit. Us-
ing the data for various n⇤ we have been able to infer the
existence of a characteristic frequency above which the
noise is suppressed, and we have estimated the magni-
tude of noise and its functional form at lower frequencies.
The reconstructed spectral density of noise allows us to
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The measurements of qubit decoherence under dynam-
ical decoupling with the CPMG pulse sequence have been
used to reconstruct the crucial features of the spectral
density of pure dephasing noise a�ecting the qubit. Us-
ing the data for various n⇤ we have been able to infer the
existence of a characteristic frequency above which the
noise is suppressed, and we have estimated the magni-
tude of noise and its functional form at lower frequencies.
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GaAs/Al0.3Ga0.7As heterostructure with a two dimen-
sional electron gas (density 2 ⇥ 1015 m�2, mobility 20
m2/V s) 100 nm below the surface. Measurements were
performed in a dilution refrigerator with an electron
temperature Te ⇤150 mK. The double quantum dot is
operated as a spin qubit by first depleting the quan-
tum dots to the last two electrons, and then manipu-
lating the charge occupancy of the two dots with high
bandwidth plunger gates VL and VR along a detuning
axis ⇤ [Figs. 1(a,b)]. In this work, the charge occu-
pancy was manipulated between states (0,2) and (1,1),
where (NL,NR) represent the charge in the left and right
dots respectively. Charge occupancy is determined by
the di�ering conductance through the proximal sensor
quantum dot for each charge configuration, which in
turn modulates the reflection coe⇥cient of the rf-readout
circuit[13, 14].

The spin qubit is formed between the spin anti-
symmetric singlet (S = (|⌅⇧⌃� |⇧⌅⌃)/

⌥
2)) and the m = 0

triplet (T0 = (|⌅⇧⌃ + |⇧⌅⌃)/
⌥

2)). The m = ±1 triplet
states are split o� by a 750 mT in-plane external mag-
netic field, applied perpendicular to the dot connection
axis [Figs. 2(a)]. The qubit is manipulated by applying
nanosecond pulses to VL and VR, moving along a detun-
ing axis ⇤. An (0,2) singlet is prepared at point P o� the
detuning axis through rapid relaxation to the ground-
state, and then initialized into the qubit subspace by the
separation of the electrons into either dot at point S.
The di�ering Overhauser fields in each dot from the host
nuclei form an e�ective magnetic field gradient between
the spins, driving a rotation between S and T0. These
Overhauser fields evolve in time, leading to a fluctuating
gradient that dephases the qubit about the x̂ of its Bloch
sphere.

This dephasing can be reversed through dynamical de-
coupling (DD) by pulsing to point E, where the exchange
splitting between S and T0 drives a ⌅-rotation about the
ẑ axis, inverting the acquired phase. Returning to point
S for an equal time ⇧D/2 cancels phase acquired due to
the low-frequency (⌃<2/⇧D) part of the dephasing noise
spectrum [8, 9]. Repeated ⌅-pulses form an even bet-
ter low-pass noise filter whose properties are determined
by the spacing of the pulse [8, 9]. The simplest repeti-
tion of pulses, the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[15, 16], is performed by pulsing repeatedly to
point E at evenly spaced intervals, with a half interval
at before the first and after the last pulse [Figs. 2(b,c)].
The second DD sequence which we investigate is Con-
catenated Dynamical Decoupling [17–19] (CDD), which
is built up iteratively from the previous order, with an ad-
ditional ⌅-pulse in the center of odd orders [Figs. 2(b,d)].
Finally, the qubit is pulsed to point M, where spin-to-
charge conversion occurs due to the pauli blockade of the
T0 state in (0,2) [Fig. 2(a)], which prevents T0 tunneling
into (0,2), while allowing the S to tunnel. The resulting
di�erence in charge state can then be detected by the
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FIG. 2: (Color online) (a) Energy level diagram along the
detuning axis �. The (0,2) singlet is prepared at �P, followed
by an adiabatic transition to �S, where the electrons are sep-
arated and qubit dephases. ⇥-pulses are performed at �E,
allowing for subsequent rephasing at �S. Spin-to-charge con-
version at �M is utilized to readout the qubit. The exchange
energy, JE, that drives the ⇥-pulses at �E is indicated with
a dashed line. (b-d) Schematics of detunings during CPMG
and CDD pulse sequences.

sensor quantum dot.
For CPMG, we examine sequences with n⇤= 2, 3, 4, 8,

16, and 32 [Fig. 3(a,c)] and fit the decay of singlet return
probability, PS , to 0.5+V/2 exp(�(⇧D/TCPMG

2 )�), where
PS is the singlet return probability, V is the observed vis-
ibility, ⇧D is the total dephasing time, and TCPMG

2 is the
coherence time of the system. On a linear scale, the data
can be fit equally well with � between 2 and 4. Robust
fitting of � is strongly dependent on the small amplitude
PS(⇧D) in the tail of the decay envelope, rendering it
highly susceptible to noise. With coherence times from
di�erent CPMG orders, T2 can be modeled as a power
law of n⇤ by T2 = THE

2 n⇥
⇤, where THE

2 is the coherence
time of a single ⌅-pulse[20]. Fitting ⇥ in the T2 ⇤ n⇥

⇤

relationship requires only having reliable estimates of T2,
which are rather insensitive to the value of � used to fit
the results (see Fig. 3). For all �’s investigated, ⇥CPMG

was shown to be ⇤ 0.72.
A similar analysis can be applied to the CDD coherence

decay for CDD orders 2-5. TCDD
2 is not observed to

have as clear a power law dependence on n⇤, and the
scaling parameter ⇥CDD is ⇤ 0.61. The sixth order of
CDD shows no improvement over the fifth order, despite
having twice as many pulses, and is therefore excluded
from the fit. We suspect that pulse errors on the 42
⌅-pulses of the sixth order CDD are now limiting the
coherence. The fact that ⇥CDD is less than ⇥CPMG is
attributed to the predicted susceptibility of CDD to pulse
errors[CITATION NEEDED].

For a given n⇤, the time in between pulses (⇧D/n⇤) can
change by several orders of magnitude between the short-
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ẑ axis, inverting the acquired phase. Returning to point
S for an equal time ⇧D/2 cancels phase acquired due to
the low-frequency (⌃<2/⇧D) part of the dephasing noise
spectrum [8, 9]. Repeated ⌅-pulses form an even bet-
ter low-pass noise filter whose properties are determined
by the spacing of the pulse [8, 9]. The simplest repeti-
tion of pulses, the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[15, 16], is performed by pulsing repeatedly to
point E at evenly spaced intervals, with a half interval
at before the first and after the last pulse [Figs. 2(b,c)].
The second DD sequence which we investigate is Con-
catenated Dynamical Decoupling [17–19] (CDD), which
is built up iteratively from the previous order, with an ad-
ditional ⌅-pulse in the center of odd orders [Figs. 2(b,d)].
Finally, the qubit is pulsed to point M, where spin-to-
charge conversion occurs due to the pauli blockade of the
T0 state in (0,2) [Fig. 2(a)], which prevents T0 tunneling
into (0,2), while allowing the S to tunnel. The resulting
di�erence in charge state can then be detected by the

c)

d)

a) b)

ε
0

E (0,2)S

(0,2)S

T-

T+

εS εPεM

T0

S

εE

JE

FIG. 2: (Color online) (a) Energy level diagram along the
detuning axis �. The (0,2) singlet is prepared at �P, followed
by an adiabatic transition to �S, where the electrons are sep-
arated and qubit dephases. ⇥-pulses are performed at �E,
allowing for subsequent rephasing at �S. Spin-to-charge con-
version at �M is utilized to readout the qubit. The exchange
energy, JE, that drives the ⇥-pulses at �E is indicated with
a dashed line. (b-d) Schematics of detunings during CPMG
and CDD pulse sequences.

sensor quantum dot.
For CPMG, we examine sequences with n⇤= 2, 3, 4, 8,

16, and 32 [Fig. 3(a,c)] and fit the decay of singlet return
probability, PS , to 0.5+V/2 exp(�(⇧D/TCPMG

2 )�), where
PS is the singlet return probability, V is the observed vis-
ibility, ⇧D is the total dephasing time, and TCPMG

2 is the
coherence time of the system. On a linear scale, the data
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fitting of � is strongly dependent on the small amplitude
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scaling parameter ⇥CDD is ⇤ 0.61. The sixth order of
CDD shows no improvement over the fifth order, despite
having twice as many pulses, and is therefore excluded
from the fit. We suspect that pulse errors on the 42
⌅-pulses of the sixth order CDD are now limiting the
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Difficult to measure α directly 
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We consider the decoherence of a single localized electron spin due to its coupling to the lattice nuclear spin
bath in a semiconductor quantum computer architecture. In the presence of an external magnetic field and at
low temperatures, the dominant decoherence mechanism is the spectral diffusion of the electron spin resonance
frequency due to the temporally fluctuating random magnetic field associated with the dipolar interaction
induced flip-flops of nuclear spin pairs. The electron spin dephasing due to this random magnetic field depends
intricately on the quantum dynamics of the nuclear spin bath, making the coupled decoherence problem
difficult to solve. We provide a formally exact solution of this non-Markovian quantum decoherence problem
which numerically calculates accurate spin decoherence at short times, which is of particular relevance in
solid-state spin quantum computer architectures. A quantum cluster expansion method is developed, motivated,
and tested for the problem of localized electron spin decoherence due to dipolar fluctuations of lattice nuclear
spins. The method is presented with enough generality for possible application to other types of spin decoher-
ence problems. We present numerical results which are in quantitative agreement with electron spin echo
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I. INTRODUCTION

Quantum computation considerations have generated a
great deal of recent interest in the old1–6 problem of electron
spin coherence in semiconductors. In particular, a localized
electron spin can act as a qubit !i.e., a quantum dynamical
two-level system" for quantum information processing in
scalable solid-state quantum computer architectures.7,8 But
using such spin qubits for quantum information processing
purposes necessarily requires long spin coherence time, and
therefore understanding electron spin decoherence in the
solid-state environment becomes a key issue. In this paper,
we develop a quantum theory for, what we consider to be,
the most important electron spin decoherence mechanism in
spin-qubit based semiconductor quantum computer architec-
tures. The spin decoherence mechanism we consider here is
the so-called spectral diffusion mechanism, which has a long
history,1–6 and has been much-studied recently9–13 in the con-
text of spin qubit decoherence.

To provide a physical background for the theory to be
presented in this paper we start by considering a localized
electron in a solid, for example, a donor-bound electron in a
semiconductor as in the doped Si:P system. Such a Si:P sys-
tem is the basis of the Kane quantum computer architecture.7

The electron spin could decohere through a number of
mechanisms. In particular, spin relaxation would occur via
phonon or impurity scattering in the presence of spin-orbit
coupling, but these relaxation processes are strongly sup-
pressed in localized systems and can be arbitrarily reduced
by lowering the temperature. In the dilute doping regime of
interest in quantum computation, where the localized elec-

tron spins are well-separated spatially, direct magnetic dipo-
lar interaction between the electrons themselves is not an
important dephasing mechanism.14 Interaction between the
electron spin and the nuclear spin bath is therefore the im-
portant decoherence mechanism at low temperatures and for
localized electron spins. Now we restrict ourselves to a situ-
ation in the presence of an external magnetic field !which is
the situation of interest to us in this paper" and consider the
spin decoherence channels for the localized electron spin in-
teracting with the lattice nuclear spin bath. Since the gyro-
magnetic ratios !and hence the Zeeman energies" for the
electron spin and the nuclear spins are typically a factor of
2000 different !the electron Zeeman energy being larger",
hyperfine coupling induced direct spin-flip transitions be-
tween electron and nuclear spins would be impossible at low
temperature since phonons would be required for energy
conservation.15 This leaves the indirect spectral diffusion
mechanism18 as the most effective electron spin decoherence
mechanism at low temperatures and finite magnetic fields.
The spectral diffusion process is associated with the dephas-
ing of the electron spin resonance due to the temporally fluc-
tuating nuclear magnetic field at the localized electron site.
These temporal fluctuations cause the electron spin reso-
nance frequency to diffuse in the frequency space, hence the
name spectral diffusion. The specific electron spin spectral
diffusion process being considered in this work is that arising
from the magnetic dipolar interaction induced flip-flop
mechanism in nuclear spins. Other local flip-flop mecha-
nisms between nuclei, such as indirect exchange
interactions20–22 !which we will briefly address in this paper
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phase factor to the complex in-plane magnetization. Drop-
ping this irrelevant phase !since we are interested in the mag-
nitude", after a few manipulations, shown in Appendix A,
Eq. !11" becomes

vE!!" =
1

M
Tr#U−U+e−Hn/kBTU−

†U+
†$ , !16"

where

U± = e−iH±! !17"

are evolution operators under the effective Hamiltonians

H± = %
n!m

Hnm
B ±

1

2%
n

AnInz, !18"

which describe nuclear evolution under the effect of an elec-
tron spin up !H+" or down !H−" with the external magnetic
field dependence now canceled out. Although the U± evolu-
tion operators are independent of B, it should be noted that a
strong external magnetic field is required to justify the ap-
proximations of Eqs. !5" and !8". The trace in Eq. !16" is
taken over nuclear spin states only.

For our purposes we only consider high nuclear tempera-
tures !T"nK" such that we can make the following approxi-
mation:

vE!!" =
1

M
Tr#U−U+U−

†U+
†$ . !19"

The high nuclear temperature !and the low electron and pho-
non temperature" approximation made throughout this work
is well-valid in the solid-state quantum computer architec-
tures of our interest, where typical experiments would be
carried out around T&100 mK which is an extremely high
temperature for the nuclear bath dynamics and an extremely
low temperature for phonon excitations.

IV. CLUSTER METHOD

Our cluster method provides a strategy to compute the
Hahn echo, vE!!" 'Eq. !19"(, in successive orders of accuracy
which may or may not converge for a specific application
!naturally the systems reported in this paper do converge, for
practicle purposes, as we will show". We refer to these suc-
cessive orders, loosely, as an “expansion” although we do
not wish to suggest that corrections are additive !as in famil-
iar expansions such as a Taylor series". In Sec. IV A, we
provide a conceptual description of this cluster expansion.
Section IV B supplies the mathematical formalism and prac-
tical implementation of this expansion.

A. Conceptual cluster expansion

Consider independent, simultaneous nuclear “processes”
that may contribute to the decay of the Hahn echo. For ex-
ample, a process may involve a pair of nuclei flip-flopping
'Fig. 2!a"( which results in fluctuations of the effective mag-
netic field seen by the electron spin, or it may involve three
nuclei interdependently 'Fig. 2!b"(, etc. The dynamics of

such a process results from the local coupling between nuclei
!with coupling constants #bnm$", and hyperfine coupling to
the electron !with coupling constants #An$". Any number of
these processes may occur “simultaneously” as long as they
involve disjoint sets of nuclei and are thus independent of
each other !processes that share a nucleus are not indepen-
dent and would have to be combined into a larger process".

Using this !not yet well-defined" concept of nuclear pro-
cesses, the cluster expansion may be described, ideally, as
follows. The cluster expansion will include processes that
involve a successively increasing number of nuclei. Because
an isolated nucleus in our model does not contribute to spec-
tral diffusion, at the lowest nontrivial order we include any
simultaneous processes involving two nuclei !pairs". Thus at
this lowest order we can involve any number of pair pro-
cesses together as long as the pairs do not overlap !i.e., in-
volve the same nucleus". At the next order, we will addition-
ally include processes that involve three nuclei. Next, we
include four nuclei processes which cannot be decomposed
into two pair processes !these would already have been in-
cluded". To summarize, let us say that the kth order of the
expansion will include processes of up to k nuclei.

Because all processes involving a given number of nuclei
are included at each order of this expansion, and because
these processes are independent !proven formally in Sec.
IV B and the related appendix", rather than working with
individual processes, we can work with contributions due to
each given “cluster” of nuclei !for now, simply defined as a
set of nuclei"; such a “cluster contribution” includes contri-
butions from all of the processes involving all nuclei in that
cluster in an interdependent way !i.e., not separable into in-
dependent sub-processes". Thus we may say that the kth or-
der of the expansion includes contributions from clusters up
to size k. These “contributions” are not necessarily additive
in the solution because we must account for simultanous but
independent processes !from disjoint clusters". The idea is
simply to include the possibility of interdependent processes
involving clusters of successively increasing size.

We deliberately use the word “cluster” to imply proximity
between the members of the set of nuclei involved in inter-
dependent processes. In fact, a near neighbor approximation,
in which the constituent nuclei of a contributing cluster must
be in the same neighborhood, is justified by the 1/Rnm

3 de-
pendence of the internuclear coupling constant 'Eq. !9"(.
Consider a near !not necessarily nearest" neighbor approxi-
mation with an adjustable parameter r such that we ignore
interactions between nuclei that are further apart than r. If a
near neighbor approximation is applicable, the Hahn echo
solution in this approximation !in principle, whether or not it

FIG. 2. !Color online" Some possible nuclear “processes” where
the numbered two-sided arrows represent a sequence of flip-flops
between pairs of nuclei. !a" Depicts a two-nuclei process and !b"
depicts a three-nuclei process.
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The lowest order results, vE!!"#exp$%"2!!"&', for most of
our GaAs calculations show a Hahn echo decay of the form
exp$−!2! / t0"4'. This differs qualitatively from the decay for
the Si:P which, by our calculations, is in the form exp
$−!2! / t0"#' where #(2.3 for a range of ! appropriate for
natural Si and some range of isotopic purification. The form
of the GaAs echo decay does not change if we repeat the
calculation with I=1/2 rather than 3/2, although t0 does
change. The qualitative difference between Si:P and GaAs
dot solutions is therefore not due to the difference in spin
magnitude of the nuclei, but rather the difference in the form
of the electron wave function and lattice occupation leading
to different distributions of cnm values. GaAs, in ranges of
tested z0 and ! parameters, has a more narrow distribution of
cnm for significantly contributing pairs than that of the Si:P
problem. As a result of this narrow distribution, the fact that
the lowest nontrivial order of the !-expansion is O!!4",
which is universal for all values of I, expresses itself in the
sum of pair contributions in "2!!" $Eq. !37"'. This exp
$−!2! / t0"4' form is confirmed by Yao et al.13 using a com-
pletely different theoretical technique. Yao et al. use a pair-
correlation quasiparticle approach to the “spectral diffusion”
problem that is equivalent to our lowest order cluster expan-
sion, and they give results for quantum dots in GaAs. They
come to the same conclusion that the form of the decay de-
pends on the relative breadth of the excitation spectrum.

Figure 14 shows the t0 of the initial exp$−!2! / t0"4' Hahn
echo decay for various parameter settings of z0 and ! with
two different magnetic field orientations. Also shown is t1/e,
defined such that vE!!= t1/e /2"=e−1. One can think of this t1/e

as an effective T2-time for the problem although the echo
decay is not a simple exponential. Except for small dots, t0
= t1/e, indicating that the decay has the form exp$−!2! /!0"4'.

Small dots deviate from this form, beginning to have longer
t1/e decay times than their initial characteristic times, t0. It
was noted in Ref. 9 that decoherence times become infinite
as the size of the quantum dot approaches zero or infinity
with a minimum decoherence time at some finite size. The
former is simply because the electron has no interaction with
nuclei as the quantum dot size approaches zero, and the latter
is because the nuclei all have the same coupling to the elec-
tron as the size becomes infinite. For z0=5 nm we begin to
approach this maximum decoherence !minimum t1/e" near !
=10 nm, but only in the regime where t1/e deviates from t0.

As discussed previously, the Ga and the As nuclei, on
separate fcc lattices, are decoupled by our approximation
$Eq. !74"'. In silicon, the asymmetry of the diamond lattice
results in maximum decoherence in the $111' direction. In
this case, because the fcc lattice is more symmetric, the an-
gular dependence is primarily a result of the shape of the
quantum dot !not the lattice". Figure 14 shows slight quanti-
tative differences when the magnetic field is along the z0
confinement direction or perpendicular to it.

Because most of our GaAs results are in the form corre-
sponding to the limit of small !, it is tempting to think that
GaAs is dominated by the cnm$1 regime appropriate for the
!-expansion. However, as with the phosphorus donor in Si,
we have compared calculations that use exact pair contribu-
tions versus approximate pair contributions using the lowest
order dipolar perturbation !also discussed in Sec. V A".
These different calculations agree very well for small quan-
tum dots, but deviate slightly for larger quantum dots. Inter-
mediate sized dots are well-approximated by either perturba-
tion theory. This is merely a result of small decoherence
times such that the ! approximation is valid even though the
dominating pairs have cnm%1. The agreement with the per-
turbation expansion gives justification for the approximation
used in Eq. !74" in which bnmInzImz was neglected.

We now return to a discussion of the indirect exchange
interaction between nuclear spins !mediated by virtual inter-
band electronic transitions" that were neglected in the above
calculations. Including the exchange interaction, we should
use

bnm = bnm
d + bnm

e , !77"

where bnm
d is the dipolar coupling $Eq. !9"', and bnm

e is the
indirect exchange coupling. We note that bnm

e =0 in the Si:P
system to a high degree of accuracy. Yao et al.13 performed
spectral diffusion decoherence calculations !using an equa-
tion that is equivalent to our lowest order result" for GaAs
quantum dots including the indirect exchange interaction. As
a verification of the correctness of our calculations, Fig. 15
reproduces their Hahn echo results using our method but
including the indirect exchange interactions as given by22

bnm
e = − &n&m'

)2.6Å

2Rnm
4 . !78"

There is ambiguity in the literature about the appropriate sign
of Eq. !78". We have adopted the convention used by Yao et
al.13 in order to reproduce their results. Figure 15 also shows
the results for the same parameters when the indirect ex-

FIG. 14. !Color online" For GaAs quantum dots, t0 !circles", the
characteristic initial decay time, and t1/e !diamonds", the e−1 decay
time, vs the Fock-Darwin radius ! for various quantum well thick-
nesses, z0=5, 10, and 20 nm. The orientation of the magnetic field
is !a" along the z0 confinement of the quantum dot and $100' lattice
direction, or !b" perpendicular to the z0 confinement direction and
along $110' of the lattice.
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DOI: 10.1103/PhysRevB.74.035322 PACS number!s": 76.30.!v, 03.65.Yz, 03.67.Pp, 76.60.Lz

I. INTRODUCTION

Quantum computation considerations have generated a
great deal of recent interest in the old1–6 problem of electron
spin coherence in semiconductors. In particular, a localized
electron spin can act as a qubit !i.e., a quantum dynamical
two-level system" for quantum information processing in
scalable solid-state quantum computer architectures.7,8 But
using such spin qubits for quantum information processing
purposes necessarily requires long spin coherence time, and
therefore understanding electron spin decoherence in the
solid-state environment becomes a key issue. In this paper,
we develop a quantum theory for, what we consider to be,
the most important electron spin decoherence mechanism in
spin-qubit based semiconductor quantum computer architec-
tures. The spin decoherence mechanism we consider here is
the so-called spectral diffusion mechanism, which has a long
history,1–6 and has been much-studied recently9–13 in the con-
text of spin qubit decoherence.

To provide a physical background for the theory to be
presented in this paper we start by considering a localized
electron in a solid, for example, a donor-bound electron in a
semiconductor as in the doped Si:P system. Such a Si:P sys-
tem is the basis of the Kane quantum computer architecture.7

The electron spin could decohere through a number of
mechanisms. In particular, spin relaxation would occur via
phonon or impurity scattering in the presence of spin-orbit
coupling, but these relaxation processes are strongly sup-
pressed in localized systems and can be arbitrarily reduced
by lowering the temperature. In the dilute doping regime of
interest in quantum computation, where the localized elec-

tron spins are well-separated spatially, direct magnetic dipo-
lar interaction between the electrons themselves is not an
important dephasing mechanism.14 Interaction between the
electron spin and the nuclear spin bath is therefore the im-
portant decoherence mechanism at low temperatures and for
localized electron spins. Now we restrict ourselves to a situ-
ation in the presence of an external magnetic field !which is
the situation of interest to us in this paper" and consider the
spin decoherence channels for the localized electron spin in-
teracting with the lattice nuclear spin bath. Since the gyro-
magnetic ratios !and hence the Zeeman energies" for the
electron spin and the nuclear spins are typically a factor of
2000 different !the electron Zeeman energy being larger",
hyperfine coupling induced direct spin-flip transitions be-
tween electron and nuclear spins would be impossible at low
temperature since phonons would be required for energy
conservation.15 This leaves the indirect spectral diffusion
mechanism18 as the most effective electron spin decoherence
mechanism at low temperatures and finite magnetic fields.
The spectral diffusion process is associated with the dephas-
ing of the electron spin resonance due to the temporally fluc-
tuating nuclear magnetic field at the localized electron site.
These temporal fluctuations cause the electron spin reso-
nance frequency to diffuse in the frequency space, hence the
name spectral diffusion. The specific electron spin spectral
diffusion process being considered in this work is that arising
from the magnetic dipolar interaction induced flip-flop
mechanism in nuclear spins. Other local flip-flop mecha-
nisms between nuclei, such as indirect exchange
interactions20–22 !which we will briefly address in this paper
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tron or nuclear spin polarization in the direction of the mag-
netic field. Thus the only relevant nuclear processes are flip-
flops in which one spin is raised while the other is lowered.

SD is a dephasing decoherence !i.e., a transverse or
T2-type relaxation" process, affecting only the precession of
the electron spin in the Bloch sphere without changing the
electron spin component along the magnetic field. It thus
contributes to the energy-conserving T2 decoherence rather
than T1 decoherence in which energy is exchanged with the
bath !Ref. 27 details our definition of T1, T2, and T2

*". The T1
time for these systems at low temperature is known to be
much longer than this T2 time. To analyze this decoherence,
we consider an ensemble of spins, initialized in some direc-
tion perpendicular to the magnetic field, and observe the de-
cay of the average spin over time. In experiments, many
sparse donors or dots serve as the ensemble, and they are
initialized by applying a ! /2-pulse to rotate electron spins
polarized along the magnetic field axis into the plane perpen-
dicular to the magnetic field. For the free induction decay
!FID", no further pulses are applied and the observed decay
is largely due to inhomogeneous broadening which is caused
by the difference in the local magnetic field of each electron,
causing precession at different rates for different electrons.
This will provide what is referred to as the T2

* decoherence
time. At the very least, this inhomogeneous broadening is a
result of the random initial distribution of nuclear spin states
which gives an uncertainty that scales as #N where N is the
effective number of nuclei !"105" influencing the electron
significantly. This decoherence due to inhomogeneous broad-
ening can be eliminated by refocusing methods such as the
Hahn echo.24 In such an experiment, a !-pulse, resonant with
electron spins, is applied at time t=# in the same direction as
the original ! /2 pulse and then an echo is observed at t
=2#. This has the effect of reversing any static local field
effects and allows us to obtain the actual SD decoherence
!i.e., the T2 decoherence as opposed to T2

* decoherence"
caused by effective magnetic field fluctuations. This experi-
ment provides a measure of T2. The current paper will ana-
lyze the Hahn echo experiment. More sophisticated pulses,

such as the Carr-Purcell-Meiboom-Gill sequence,28 can yield
even longer decoherence times and will be analyzed in future
publications.

Previous attempts at analyzing this SD decoherence have
been based on quasiclassical stochastic modeling. Herzog
and Hahn1 assigned a phenomenological Gaussian probabil-
ity distribution function for the Zeeman frequency of the
investigated spin without considering the dynamics of the
nuclear bath. Later, Klauder and Anderson4 used a Lorentz-
ian distribution function instead in order to account for a
power law time dependence observed in experiments by
Mims and Nassau.3 Zhidomirov and Salikhov5 devised a
more sophisticated theory, with a wider range of applicabil-
ity, in which the flip rate of each spin in the bath was char-
acterized by Poisson distributions. Very recently de Sousa
and Das Sarma,9 in considering spectral diffusion by nuclear
spin flip-flops, extended this theory to characterize flip-flop
rates of pairs rather than individual spins within a phenom-
enological model.

In this paper, we present a microscopic theory that is
based entirely on the quantum mechanics of the system with-
out resorting to phenomenological distribution functions. No
Markovian assumption nor any assumption about the form of
the solution was used to obtain our results here. Our expan-
sion is entirely based upon a density matrix formulation of
the problem which assumes infinite nuclear spin temperature
!T$nK" and uses an approximate but microscopic Hamil-
tonian. The problem obviously involves too many nuclear
spins to solve directly using exact Hamiltonian diagonaliza-
tion; however, the cluster expansion method we devise can
give successive approximations to the exact solution !con-
vergent for short times, but often out to the tail of the decay
such that the full solution is obtained for practical purposes".
A short report of our results without any theoretical details
has earlier appeared as a Rapid Communication $12%. Our
lowest order solution12 was recently reproduced by Yao et
al.13 using an entirely different approach, thus providing an
independent validation of our theoretical approach.

III. FORMULATION OF THE PROBLEM

A. Free evolution Hamiltonian

The free evolution Hamiltonian for the spectral diffusion
problem, considering one localized electron spin, S, and a
nuclear spin bath, In, in an external magnetic field B !taken
to be along the z direction", is given by

H = HZe + HZn + HA + HB, !1"

where the first two terms are due to the Zeeman energies of
the electron and nuclei, respectively, HA gives the electron-
nuclei coupling, and HB contains the internuclear coupling.

The Zeeman energy contributions, arising from the exter-
nal magnetic field, are given by

HZe = %SBSz, !2"

FIG. 1. !Color online" The electron of a P donor in Si experi-
ences spectral diffusion due to the spin dynamics of the eveloped
bath of Si nuclei. Of the naturally occuring isotopes of Si, only 29Si
has a net nuclear spin which may contribute to spectral diffusion by
flip-flopping with nearby 29Si. Natural Si contains about 5% 29Si or
less through isotopic purification. Isotopic purification or nuclear
polarization will suppress spectral diffusion.

QUANTUM THEORY FOR ELECTRON SPIN¼ PHYSICAL REVIEW B 74, 035322 !2006"

035322-3

values !B"10 T#. The echo modulation effect is expected to
be absent in III-V materials,35 hence our theory allows the
study of spin coherence at time scales of great importance for
quantum information purposes, i.e., very short time scales, as
long as echo modulation effects are quantitatively unimpor-
tant.

Isotopic purification can reduce the value of f !fraction of
29Si nuclei#. Figure 9 contains information that is useful for
understanding how the Hahn echo curves change as f is
changed !i.e., lowered via isotopic purification#. In a log-log
plot, ln(vE!!#)$%"2!!#&# f2 simply shifts vertically when f
is changed. Figure 9 shows both the f-independent "2!!#
!i.e., f =100%#, and %"2!!#& for natural Si !f "5% #. Results
are shown for magnetic field angles that yield the extremal
slowest and fastest decoherence. For natural Si, in a wide
range of ! about !1/e, where vE!!1/e#=1/e, %"2!!#& matches
!2.3 curves very well. In this range of !, therefore, we may
write

vE!!# $ exp'− f2!!/!0#2.3( !69#

=exp'− !!/!1/e#2.3( , !70#

where

!1/e = !0/f2/2.3 # f−0.87, !71#

providing a formula that allows us to adjust our Hahn echo
curves to other values of f for a range of ! in which Eq. !69#
is applicable. Shortly after the original submission of this
manuscript, experimental data from Abe et al. appeared in
the literature36 which shows echo time scaling ranging be-
tween f−0.86 and f−0.89, in remarkable agreement with our

prediction 'Eq. !71#(. Tyryshkin et al.10 report Si:P Hahn
echo decay forms of exp!!2.4±0.1#, in agreement with Eq.
!69#, with exception to magnetic field orientations near the
'100( direction. In the '100( direction, they report a form of
exp!!3.0±0.2#; the reason for this discrepancy remains un-
known.

We now check the convergence of our cluster expansion
for this Si:P system. Using Eq. !41# and averaging over the
isotopic configurations yields

ln!vE
!k#!!## = )

j=2

k

%" j!!#& + O!%"*!!#&# . !72#

This approximates the ideal cluster expansion 'see Secs.
IV B 2 and IV B 3( with an error that we may estimate as
%"*!!#&= %"2

*!!#&+ %"3
*!!#&. This error is estimated by the cor-

rection needed to compensate for overlapping pairs 'either
the same pair overlapping itself, "2

*!!#, or two different pairs
overlapping, "3

*!!#( in the approximation. Figure 10 shows
these relative corrections, "2

*!!# /"2!!# and "3
*!!# /"2!!#, to

ln(vE!!#) for both f =100% and natural Si !f "5% #. The
graphs also show the respective Hahn echoes !in a log time
scale which alters their appearance# to show that these rela-
tive corrections are very small up to the tail of their respec-
tive echo decays. The argument, given in Sec. IV B 3, that
"*!!# would be small was only applicable for vE!!#$e−1 so
it is expected that this approximation approaches failure out
in the tail of the decay. This is irrelevant for practical pur-
poses.

The expansion of Eq. !72# is convergent where
%"k+1!!#&% %"k!!#& !implying that &L%1 effectively#. The
"k!!# functions have been calculated !up to k=5# using
Monte Carlo techniques with cluster contributions, vC!!!#, for

FIG. 9. !Color online# Lowest order results for the natural log of
the Hahn echo, ln(vE!!#)$%"2!!#&# f2, for Si:P in a log-log plot.
The solid lines give "2!!# with f =1. Dotted lines give %"2!!#& for
natural Si !f =4.67% #. In this log-log plot, multiplying by f2 simply
shifts the curves vertically. Isotopic purifucation would shift these
curves up further. The two magnetic field angles shown give ex-
tremal results. Corresponding to ' angles in Fig. 8, B * '100( is '
=0° and B * '111( is '$54.7°. Dashed lines fit the natural Si curves
near their −1 values !where vE"1/e# with !2.3 power law curves
!linear in the log-log plot#.

FIG. 10. !Color online# Relative errors !with scales on the right#
to the log of the Hahn echo due to overlapping pairs for both 100%
29Si !top graph# and natural Si !bottom graph#. In these examples,
B * '100(. The Hahn echoes themselves are shown, as well, with the
0 to 1 scales on the left. All curves share the same logarithmic time
!!# scale. It is apparent that these relative corrections are very small
up to the tail of their respective echo decays.
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Hahn echo

Signal � e�(t/T HE)�

� = 2.3

nucleus involved. One then needs to perform the Taylor ex-
pansion of Dijkl

−1 . Let g!!"=Dijkl!!" and f!!"= 1
g!!" . The Taylor

series expansion is

f!!" = #
n=0

"

f !n"!0"
!n

n!
, !E1"

where f !n"!!" may be obtained recursively with

$g!m"!!"
%g!!"&k'!

=
g!m+1"!!"
%g!!"&k − k

g!m"!!"
%g!!"&k+1 , !E2"

and then we note that %g!0"&k=1 so there will not be anything
in the denominators of Eq. !E2" to worry about in the context
of Eq. !E1". Examining the numerators in Eq. !E2", we note
that for each derivative of f!!", we will lose at most one
order of !. But in Eq. !E1" for each derivative there is a
factor of ! provided to compensate. If we write the ! expan-
sion of g!!" as

g!!" = #
n=0

"

gn!n, !E3"

then, when we make the transformation to f!!"=1/g!!",
each instance of gn will be accompanied by at least n orders
of !. Therefore, after Taylor expanding the inverse of Dijkl,
we preserve the property that there are at least as many or-
ders of ! as the number of nuclei involved in a given term.

We have dealt with the numerator and denominator of the
amplitude, but we must still consider the frequency. We can
rewrite the exponential in Eq. !53" as

e−i#ijkl$ = e−i#ijkl
!0" $ exp!− i!#ijkl! $" !E4"

=e−i#ijkl
!0" $#

n=0

" !− i!#ijkl! $"n

n!
. !E5"

Thus we have transformed the perturbative part of the fre-
quency into an amplitude !with a time dependence as well".

We can now use a similar argument that was used for Fijkl

and Dijkl. Each term of Eq. !59" will cycle from some state
back to the same state with H! connecting each intermediate
state. As a result, there must be at least as many orders of !
in a given term of !#ijkl! as there are nuclei involved. There
will, however, be one extra bnm-type factor without an ac-
companying 1/ !An−Am". This gets combined with $ and will
be small as long as max!bnm"$%1. All of this can be expo-
nentiated in the series of Eq. !E5", but that can only increase
orders of ! without increasing the number of nuclei in-
volved.

There is one final consideration. How many nuclei are
involved in exp!−i#ijkl

!0" $"? From Eqs. !58" and !49", we see
that this will include the nuclei that differ between states (i0)
and (j0) along with the nuclei that differ between states (k0)
and (l0). Since a term of Fijkl will require linking state (i0) to
(j0) to (k0) to (l0) and back to (i0) via H! !through some
number of nuclear states", it must involve at least that many
nuclei. So this factor will neither increase the number of
involved nuclei nor change the number of ! factors.

We therefore conclude that, using an approximation that
assumes max!bnm"$%1, there will be at least as many orders
of ! in a term of the !-expansion of Eq. !53" as there are
nuclei involved. Therefore a cluster contribution of size k
will be of O!!k" or a higher order of !. This justifies the
cluster expansion in the regime in which cnm&1 and
max!bnm"$%1. To be more accurate and to relax the
max!bnm"$%1 constraint, as long as max!bnm"$'1 we have
shown that clusters of size k will give a contribution of order
!k−1. Because it is consistent for different cluster sizes, k, and
because clusters of size one do not contribute, this reduction
by an order in ! does not have an impact upon the validity of
the cluster expansion in any of its various forms !i.e., product
form or exponentiated form". For simplicity of the discus-
sion, however, we will regard max!bnm"$ simply as another
order of !.
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Dephasing time of GaAs electron-spin qubits
coupled to a nuclear bath exceeding 200 µs
Hendrik Bluhm1†, Sandra Foletti1†, Izhar Neder1, Mark Rudner1, Diana Mahalu2, Vladimir Umansky2

and Amir Yacoby1*
Qubits, the quantum mechanical bits required for quantum
computing, must retain their quantum states for times
long enough to allow the information contained in them to
be processed. In many types of electron-spin qubits, the
primary source of information loss is decoherence due to
the interaction with nuclear spins of the host lattice. For
electrons in gate-defined GaAs quantum dots, spin-echo
measurements have revealed coherence times of about 1µs
at magnetic fields below 100mT (refs 1,2). Here, we show
that coherence in such devices can survive much longer, and
provide a detailed understanding of the measured nuclear-
spin-induced decoherence. At fields above a few hundred
millitesla, the coherence time measured using a single-
pulse spin echo is 30µs. At lower fields, the echo first
collapses, but then revives at times determined by the
relative Larmor precession of different nuclear species. This
behaviour was recently predicted3,4, and can, as we show,
be quantitatively accounted for by a semiclassical model
for the dynamics of electron and nuclear spins. Using a
multiple-pulse Carr–Purcell–Meiboom–Gill echo sequence, the
decoherence time can be extended to more than 200µs,
an improvement by two orders of magnitude compared with
previous measurements1,2,5.

The promise of quantum-dot spin qubits as a solid-state
approach to quantum computing is demonstrated by the successful
realization of initialization, control and single-shot readout of
electron-spin qubits in GaAs quantum dots using optical6,
magnetic7 and fully electrical8–10 techniques. To further advance
spin-based quantum computing, it is vital to mitigate decoherence
due to the interaction of the electron spin with the spins of nuclei
of the host material. Understanding the dynamics of this system is
also of great fundamental interest11,12.

Through the hyperfine interaction, an electron spin in a GaAs
quantum dot is subjected to an effective magnetic field produced
by the nuclear spins. Under typical experimental conditions, this
so-called ‘Overhauser field’ has a randommagnitude and direction.
Typically, measurements of the coherent electron-spin precession
involve averaging over many experimental runs, and thus over
many Overhauser field configurations. As a result, the coherence
signal is suppressed for evolution times ⇥ ⌅> T2

⇥ ⇧ 10 ns (refs 1,
2). However, the nuclear spins evolve much more slowly than
the electron spins, so that the Overhauser field is nearly static
over sufficiently short time intervals. Therefore, one can partially
eliminate the effect of the random nuclear field by flipping the
electron spin halfway through an interval of free precession, a
procedure known as Hahn echo. The random contributions of

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA, 2Braun Center for Submicron Research, Department of Condensed
Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel. †These authors contributed equally to this work.
*e-mail: yacoby@physics.harvard.edu.

the Overhauser field to the electron-spin precession before and
after the spin reversal then approximately cancel out. For longer
evolution times, the effective field acting on the electron spin
generally changes over the precession interval. This change leads
to an eventual loss of coherence on a timescale determined by the
details of the nuclear spin dynamics.

Previous Hahn-echo experiments on lateral GaAs quantum dots
have demonstrated spin-dephasing times of around 1 µs at relatively
lowmagnetic fields up to 100mT formicrowave-controlled2 single-
electron spins and electrically controlled1 two-electron-spin qubits.
For optically controlled self-assembled quantum dots, coherence
times of 3 µs at 6 T were found5. Recent theoretical studies of
decoherence due to the hyperfine interaction3,4,13 are generally
consistent with these experimental results, but predict revivals
of the echo signal after several microseconds, similar to those
seen in nitrogen–vacancy centres in diamond14. This prediction
already indicates that the initial decay of the echo does not reflect
irreversible decoherence, but is a consequence of the coherent
Larmor precession of the nuclei. Theoretical work also predicted
much longer coherence times at higher external magnetic fields13,15
or when using more advanced pulse sequences16,17. The classic
example is the Carr–Purcell–Meiboom–Gill (CPMG) sequence1,18,
but several alternatives have recently been developed19,20 and
demonstrated21,22. Their performance is expected to improve
as more control pulses are added17. Here, we provide direct
experimental confirmations for all of the above predictions.

The spin qubit studied in this work consists of two isolated
electrons confined in a double quantum dot, created by applying
negative voltages to metallic gates that locally deplete a two-
dimensional electron gas 90 nm below the wafer surface (see
Fig. 1a). The Hilbert space of our logical qubit is spanned by
the states |⌃⌥⌦ and |⌥⌃⌦, that is, the m = 0 subspace of two
separated spins. The arrows represent the alignment of the electron
spins in each of the dots relative to an external magnetic field,
Bext, which lies in the plane of the two-dimensional electron gas
and defines the z direction. The remaining two states, T+ ⇤ |⌃⌃⌦
and T� ⇤ |⌥⌥⌦, are energetically separated by the Zeeman energy
EZ = g ⇥µBBext (g ⇥ = �0.44 is the g -factor in GaAs) and are not
used for information storage. Tunnel coupling to the leads is used
for initialization and inter-dot tunnelling allows spin exchange
between the dots. This exchange interaction is modulated by means
of the detuning ⇤, which is the difference between the electrostatic
potentials in the two dots. This parameter is controlled by means
of rapid, antisymmetric changes of the voltages on gates GL and
GR (see Fig. 1) applied through high-frequency coaxial lines, which
enables fast electrical control of the qubit1,8,23.
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Figure 1 |Qubit control. a, Scanning electron micrograph of a device similar to the one used. Metal gates (bright structures) are negatively biased to
confine two electrons. The charge state of the double quantum dot is determined by measuring the conductance through the capacitively coupled QPC,
GQPC. The separation between the two electrons is controlled with nanosecond time resolution using the voltages on GR and GL. b, Left: An initially
prepared singlet state oscillates between S and T0 with frequency g⇥µB⇧Bznuc/h̄, which changes over time as a result of slow fluctuations of the hyperfine
field gradient ⇧Bznuc. Right: Switching on the tunnel coupling between the two dots leads to the coherent exchange of the electron spins. c, Hahn-echo
sequence. After evolving for a time ⇤/2, the two electrons are exchanged with a ⇡-pulse. The singlet state is recovered after further evolution for another
⇤/2, independent of ⇧Bznuc. d, CPMG sequence. In this higher-order decoupling sequence, n⇡-pulses at time intervals ⇤/n are applied.

The experimental procedures follow those of ref. 1. We initialize
the system at a large detuning, where the ground state is a spin
singlet with both electrons residing in a single dot. As ⌅ is swept
to negative values, the electrons separate into different dots, thus
preparing a singlet S⇤ (|⇧⌃�� |⌃⇧�)/

�
2. For very large negative

detunings, the electron spins in the two dots are decoupled, and
each individually experiences a Zeeman field composed of the
homogeneous external field and a fluctuating local hyperfine field. A
difference ⇧Bz

nuc between the z-components of the hyperfine fields
in the two dots leads to an energy splitting between the basis states
|⇧⌃� and |⌃⇧�. This splitting causes precession between the singlet
S and the triplet T0 ⇤ (|⇧⌃�+|⌃⇧�)/

�
2, and its fluctuations lead to

dephasing of the qubit. We implement the echo ⇡-pulses by pulsing
to small negative detunings, where inter-dot tunnelling leads to an
exchange splitting between S and T0. This splitting drives coherent
oscillations between the states |⇧⌃� and |⌃⇧�. The pulse profiles for
theHahn echo andCPMG sequence are shown in Fig. 1c,d.

Readout of the final qubit state is accomplished by switching
to positive detuning, ⌅ > 0, where the state with both electrons
sitting in the same dot is preferred for the spin singlet, but
is energetically excluded for a spin triplet because of the Pauli
exclusion principle. The two spin states thus acquire different
charge densities. To sense this difference, we use a proximal
quantum point contact (QPC), the conductance of which depends
on the local electrostatic environment24. After averaging over
many identical pulse cycles, the mean QPC conductance, GQPC,
reflects the probability to find the qubit in the singlet state at
the end of each cycle. The echo amplitudes presented below
are normalized such that they are unity at short times (no
decoherence) and eventually drop to zero for a fully randomized
state. This normalization eliminates ⇤ -independent contrast losses

(see Supplementary Information). Figure 2a shows the Hahn-echo
signals for differentmagnetic fieldsBext.

At high fields we find a decay of the Hahn-echo signal
approximately as exp(�(⇤/30 µs)4). As the magnetic field is
reduced, the echo signal develops oscillations with a timescale
of microseconds. For even lower fields, the oscillations evolve
into full collapses of the signal, with revivals at later times on
a ten-microsecond timescale. These revivals were predicted in
refs 3,4 on the basis of a quantum-mechanical treatment of the
hyperfine interaction between electron and nuclear spins. Below
we outline a semiclassical model that can reproduce the lowest-
order result of refs 3,4 and accounts for additional effects that
are essential for fitting our data. The derivation is provided
in the Supplementary Information and will be discussed in
more detail elsewhere. This model provides the theoretical echo
signal, C(⇤ ) ⇤ 2p(S)� 1 = �Re↵⇧⌃|⇥(⇤ )|⌃⇧�, where p(S) is the
probability of finding the electron in a singlet state and ⇥(⇤ ) is
the density matrix of the qubit at the end of the evolution time.
We have used this model to produce the quantitatively accurate
fits shown in Fig. 2a.

For each electron spin, the Zeeman-energy splitting is propor-
tional to the total magnetic field Btot =

�
(Bext +Bz

nuc)2 + (B⌥
nuc)2 ⌅

Bext+Bz
nuc+(B⌥

nuc)2/2Bext (Fig. 2b). Time dependence of the parallel
and transverse nuclear components, Bz

nuc and (B⌥
nuc)2, can lead to

dephasing of the electron spin. Assuming statistical independence
between Bz

nuc and (B⌥
nuc)2, the theoretical echo signal can be written

as a product, C(⇤ )=Az(⇤ )R⌥(⇤ ), where Az(⇤ ) and R⌥(⇤ ) account
for the contributions of Bz

nuc and B⌥
nuc to the electron-spin preces-

sion. In the experimental range of the magnetic fields, the time
dependence of Bz

nuc is mainly caused by spectral diffusion due to the
dipole–dipole interaction between nuclear spins. The weak effect
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Figure 2 | Echo amplitude. a, Echo signal as a function of the total evolution time, ⇤ , for different values of magnetic field. The fits to the data are obtained
by extending the model of ref. 3 to include a spread �Bloc of the nuclear Larmor frequencies and multiplying by exp((�⇤/TSD)4). Curves are offset for
clarity and normalized as discussed in the Supplementary Information. b, The total Zeeman field seen by the electron is the vector sum of the external field
and the Overhauser fields parallel and perpendicular to it. c, The three nuclear species (only two shown for clarity) contributing to the Overhauser field
precession at different Larmor frequencies in the external field. d, As a result of the relative precession, the total transverse nuclear field oscillates at the
Larmor frequency difference(s).

of this generally slow process is predicted to lead to a decay of the
form Az(⇤ )= exp(�(⇤/TSD)4) (refs 13,15). As we will now discuss,
R⌥(⇤ ) (see Supplementary Equation S1) has a more interesting
non-monotonic structure that arises from the relative precession of
nuclear spins in the external fieldwith different Larmor frequencies.

The transverse hyperfine field, B⌥
nuc, is a vector sum of

contributions from the three nuclear species 69Ga, 71Ga and 75As.
As a result of the different precession rates of these species (Fig. 2c),
B⌥
nuc(t )2 contains harmonics at the three relative Larmor frequencies

(Fig. 2d) in addition to a constant term. The phase due to the
constant term is eliminated by the echo pulse. For a general
free-precession period, the time dependence leads to a suppression
of the echo signal. However, if ⇤/2 is a multiple of all three
relative Larmor periods, the oscillatory components contribute no
net phase to the electron-spin evolution. As a result, the echo
amplitude revives whenever the three commensurability conditions
are approximately fulfilled, which is possible because of a fortuitous
spacing of the Larmor frequencies. Averaging the singlet return
probability over initial Overhauser field configurations leads to the
collapse-and-revival behaviour predicted in refs 3,4.

For Bext ⇧<400mT, the envelope of the echo revivals decays more
quickly than at higher fields (see Fig. 2a). This field dependence can
be accounted for by including a spread of the Larmor precession
frequencies for each nuclear species. Such a variation is also
manifest in thewidth ofNMR lines andnaturally arises fromdipolar
and other interactions between nuclei25. We model it as a shift of
the magnetic field acting on each individual nuclear spin by an
amountBloc, whereBloc is a Gaussian randomvariable with standard
deviation �Bloc. This spread of precession frequencies leads to an
aperiodic time dependence of (B⌥

nuc)2 that cannot be removed by
the electron spin echo.

Using the above model (see also Supplementary Equation S1),
we have fitted all of the data in Fig. 2a with a single set of

field-independent parameters that were chosen to obtain a good
matchwith all data sets: the number of nuclei in each of the twodots,
N , the spectral diffusion time constant, TSD, and �Bloc. In addition,
the scale factor for each data set was allowed to vary to account for
the imperfect normalization of the data. The value ofN determines
the depths of the dips between revivals. The best fit yields
N = 4.4⇤ 106, which is in good agreement with an independent
determination from a measurement of T2

⌅ =
↵
Nh̄/g ⌅µB · 4.0 T

giving N = 4.9⇤106 (see ref. 26 and Supplementary Information).
From the fit we also obtain TSD ⌃ 37 µs and �Bloc = 0.3mT. The
measured NMR linewidth in pure GaAs is about 0.1mT (ref. 25). A
possible origin for the larger field inhomogeneity found here is the
quadrupole splitting arising from the presence of the two localized
electrons27. The inhomogeneity of the Knight shift is expected to
have a similar but quantitatively negligible effect for our parameters.
The value of TSD is consistent with theoretical estimates15 (see
Supplementary Information). Interestingly, the spread of nuclear
Larmor frequencies, captured by �Bloc, contributes significantly to
the echo decay even at the highest fields investigated. We have also
verified that the Hahn-echo lifetime is not significantly affected by
dynamic nuclear polarization,which can be used to increaseT2

⌅ (see
ref. 28 and Supplementary Information).

Tomeasure the longHahn-echo decay times of up to 30 µs, it was
necessary to systematically optimize the pulses (see Supplementary
Information). Small differences in the gate voltages before and
after the ⇡-pulse shift the electronic wavefunction relative to the
inhomogeneously polarized nuclei. Such shifts cause the electrons
to sample different Overhauser fields at different times, and thus
lead to an imperfect echo. We have minimized this effect by
compensating for a systematic drift of ⌅ over the course of each pulse
sequence (see Supplementary Information).

Substantially longer coherence times are expected for more
elaborate decoupling sequences17. We implemented the CPMG
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We report a measurement of the spin-echo decay of a single electron spin confined in a semiconductor
quantum dot. When we tip the spin in the transverse plane via a magnetic field burst, it dephases in 37 ns
due to the Larmor precession around a random effective field from the nuclear spins in the host material.
We reverse this dephasing to a large extent via a spin-echo pulse, and find a spin-echo decay time of about
0:5 !s at 70 mT. These results are in the range of theoretical predictions of the electron spin coherence
time governed by the electron-nuclear dynamics.
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Isolated electron spins in a semiconductor can have very
long coherence times, which permits studies of their fun-
damental quantum mechanical behavior, and holds prom-
ise for quantum information processing applications [1,2].
For ensembles of isolated spins, however, the slow intrinsic
decoherence is usually obscured by a much faster system-
atic dephasing due to inhomogeneous broadening [3,4].
The actual coherence time must then be estimated using
a spin-echo pulse that reverses the fast dephasing [5,6].

For a single isolated spin there is no inhomogeneous
broadening due to averaging over a spatial ensemble.
Instead, temporal averaging is needed in order to collect
sufficient statistics to characterize the spin dynamics. In
some cases, this averaging can also lead to fast apparent
dephasing that can be (largely) reversed using a spin-echo
technique. This is possible when the dominant influence on
the electron spin coherence fluctuates slowly compared to
the electron spin dynamics, but fast compared to the re-
quired averaging time. Such a situation is common for an
electron spin in a GaAs quantum dot where the hyperfine
interaction with the nuclear spins gives rise to a slowly
fluctuating nuclear field, resulting in a dephasing time of
tens of nanoseconds [7–11]. The effect of the low-
frequency components of the nuclear field can be reversed
to a large extent by a spin-echo technique. For two-electron
spin states, this was demonstrated by rapid control over the
exchange interaction between the spins [11]. The applica-
tion of a spin-echo technique on a single electron spin is
required when using the spin as a qubit. Furthermore,
erasing the fast dephasing allows for a more detailed study
of the remaining decoherence processes, including those
caused by the electron-nuclear spin dynamics [12–18].

Here, we report the use of a spin-echo technique for
probing the coherence of a single electron spin confined in
an electrostatically defined GaAs quantum dot [shown in
Fig. 1(a)]. We find that the spin-echo decay time T2;echo is
about 0:5 !s, more than a factor of 10 longer than the
dephasing time T!

2 , indicating that the echo pulse reverses
the dephasing to a large extent. These findings are consis-
tent with (extrapolations of) theoretical predictions for this
system [15–17], as well as with earlier echo measurements

on two-electron spin states in a similar quantum dot system
[11], and with mode locking measurements of single spins
in an ensemble of self-assembled quantum dots [19].

The measurement scheme is depicted in Fig. 1(a) (simi-
lar as reported in [20]). Two quantum dots are tuned such
that one electron always resides in the right dot and a
second electron can flow through the two quantum dots
only if the spins are antiparallel. For parallel spins, the
second electron cannot enter the right dot due to the Pauli
exclusion principle, and is blocked in the left dot [21]. This
allows us to initialize the system in a mixed state of j""i and
j##i (stage 1), although from now on we assume the initial
state is j""i, without loss of generality. Next the electron
spins are manipulated with a sequence of radio frequency
(rf) bursts (stage 2), while a voltage pulse !Vp is applied to
one of the gates so that the exchange interaction between
the two spins is negligible and tunneling is prohibited

VP

VP

VP

rf

P

Idot

Bac

Bext

1 m
ICPS

b
odd

2 s

1 2 3 4a

FIG. 1 (color online). (a) Bottom: Scanning electron micro-
scope (SEM) image of the Ti=Au gates on top of a
GaAs=AlGaAs heterostructure containing a two-dimensional
electron gas 90 nm below the surface. White arrows indicate
current flow through the two coupled dots. The gate labeled with
Vp is connected to a homemade bias tee (rise time 150 ps) to
allow fast pulsing of the dot levels. Top: SEM image of the on-
chip coplanar strip line (CPS), separated from the surface gates
by a 100-nm-thick dielectric. Because of the geometry of the
strip line, the oscillating field with amplitude Bac and frequency
fac is generated primarily perpendicular to the static field Bext,
which is applied in the plane of the two-dimensional electron
gas. (b) Schematic of the electron cycle (time axis not to scale).
The voltage !Vp (with lever arm ") on the gate detunes the dot
levels during the manipulation stage (applied bias over the dots
is 1.5 mV).
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0:5 !s at 70 mT. These results are in the range of theoretical predictions of the electron spin coherence
time governed by the electron-nuclear dynamics.
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Isolated electron spins in a semiconductor can have very
long coherence times, which permits studies of their fun-
damental quantum mechanical behavior, and holds prom-
ise for quantum information processing applications [1,2].
For ensembles of isolated spins, however, the slow intrinsic
decoherence is usually obscured by a much faster system-
atic dephasing due to inhomogeneous broadening [3,4].
The actual coherence time must then be estimated using
a spin-echo pulse that reverses the fast dephasing [5,6].

For a single isolated spin there is no inhomogeneous
broadening due to averaging over a spatial ensemble.
Instead, temporal averaging is needed in order to collect
sufficient statistics to characterize the spin dynamics. In
some cases, this averaging can also lead to fast apparent
dephasing that can be (largely) reversed using a spin-echo
technique. This is possible when the dominant influence on
the electron spin coherence fluctuates slowly compared to
the electron spin dynamics, but fast compared to the re-
quired averaging time. Such a situation is common for an
electron spin in a GaAs quantum dot where the hyperfine
interaction with the nuclear spins gives rise to a slowly
fluctuating nuclear field, resulting in a dephasing time of
tens of nanoseconds [7–11]. The effect of the low-
frequency components of the nuclear field can be reversed
to a large extent by a spin-echo technique. For two-electron
spin states, this was demonstrated by rapid control over the
exchange interaction between the spins [11]. The applica-
tion of a spin-echo technique on a single electron spin is
required when using the spin as a qubit. Furthermore,
erasing the fast dephasing allows for a more detailed study
of the remaining decoherence processes, including those
caused by the electron-nuclear spin dynamics [12–18].

Here, we report the use of a spin-echo technique for
probing the coherence of a single electron spin confined in
an electrostatically defined GaAs quantum dot [shown in
Fig. 1(a)]. We find that the spin-echo decay time T2;echo is
about 0:5 !s, more than a factor of 10 longer than the
dephasing time T!

2 , indicating that the echo pulse reverses
the dephasing to a large extent. These findings are consis-
tent with (extrapolations of) theoretical predictions for this
system [15–17], as well as with earlier echo measurements

on two-electron spin states in a similar quantum dot system
[11], and with mode locking measurements of single spins
in an ensemble of self-assembled quantum dots [19].

The measurement scheme is depicted in Fig. 1(a) (simi-
lar as reported in [20]). Two quantum dots are tuned such
that one electron always resides in the right dot and a
second electron can flow through the two quantum dots
only if the spins are antiparallel. For parallel spins, the
second electron cannot enter the right dot due to the Pauli
exclusion principle, and is blocked in the left dot [21]. This
allows us to initialize the system in a mixed state of j""i and
j##i (stage 1), although from now on we assume the initial
state is j""i, without loss of generality. Next the electron
spins are manipulated with a sequence of radio frequency
(rf) bursts (stage 2), while a voltage pulse !Vp is applied to
one of the gates so that the exchange interaction between
the two spins is negligible and tunneling is prohibited
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FIG. 1 (color online). (a) Bottom: Scanning electron micro-
scope (SEM) image of the Ti=Au gates on top of a
GaAs=AlGaAs heterostructure containing a two-dimensional
electron gas 90 nm below the surface. White arrows indicate
current flow through the two coupled dots. The gate labeled with
Vp is connected to a homemade bias tee (rise time 150 ps) to
allow fast pulsing of the dot levels. Top: SEM image of the on-
chip coplanar strip line (CPS), separated from the surface gates
by a 100-nm-thick dielectric. Because of the geometry of the
strip line, the oscillating field with amplitude Bac and frequency
fac is generated primarily perpendicular to the static field Bext,
which is applied in the plane of the two-dimensional electron
gas. (b) Schematic of the electron cycle (time axis not to scale).
The voltage !Vp (with lever arm ") on the gate detunes the dot
levels during the manipulation stage (applied bias over the dots
is 1.5 mV).
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This numerically calculated Idot / Podd!!" is plotted in
Fig. 2(a) (dotted line). We see that the predicted decay
time is longer when the rotations are imperfect due to reso-
nance offsets. This is more clearly visible in Fig. 2(b),
where the computed curves are shown together with
Ramsey measurements for a wide range of driving fields.
The experimentally observed Ramsey decay time is longer
for smaller Bac, in good agreement with the numerical
result. This effect can be understood by considering that
a burst does not (much) rotate a spin when the nuclear field
pushes the resonance condition outside the Lorentzian line
shape of the excitation with width Bac. If the spin is not
rotated into a superposition, it cannot dephase either. As a
result, the cases when the nuclear field is larger than the
excitation linewidth do not contribute to the measured co-
herence decay. The recorded dephasing time is thus artifi-
cially extended when low-power rf bursts are used
(Bac=2" & 1). However, in Fig. 2(a), this is only a small
effect.

We remark that the experiments discussed here allow us
to probe single-spin coherence even though the experi-
ments are carried out with two spins and the rf excitation
is applied to both dots simultaneously. First, the two spins
have different resonance conditions due to the nuclear
fields which are generally different in the two dots.
Second, the exchange interaction between the two spins
can be neglected during the manipulation stage. Therefore,
for small enough driving fields (B1 < ") the rf pulses
rotate predominantly one spin (reported and analyzed in
[20,23]), and the observed Ramsey and echo decay is
expected to be due to single-spin decoherence.

We now test to what extent the electron spin dephasing is
reversible using a spin-echo pulse. In Fig. 3(a) the applied
pulse sequence (inset) and the measured signal as a func-
tion of the total free-evolution time (main panel) are
shown. We see immediately that the spin-echo decay
time T2;echo is much longer than the dephasing time T#

2 .
This is also clear from the data in Fig. 3(c), which is taken
in a similar fashion as the Ramsey data in Fig. 2(c), but
now with an echo pulse applied halfway through the delay
time. Whereas the fringes were fully suppressed for a
150 ns delay time without an echo pulse, they are still
clearly visible after 150 ns if an echo pulse is used. As a
further check, we measured the echo signal as a function of
!1 $ !2 [Fig. 3(b)]. As expected, the echo is optimal for
!1 % !2 and deteriorates as j!1 $ !2j is increased. The dip
in the data at !1 $ !2 % 0 has a half width of &27 ns,
similar to the observed T#

2 .
Upon closer inspection, the spin-echo signal in Fig. 3(a)

reveals two types of decay. First, there is an initial decay
with a typical time scale of 33 ns (obtained from a
Gaussian fit), which is comparable to the observed
Ramsey decay time when using the same Bac. This fast
initial decay occurs because the echo pulse itself is also
affected by the nuclear field. As a result it fails to reverse
the electron spin time evolution for part of the nuclear spin

configurations, in which case the fast dephasing still oc-
curs, similar as in the Ramsey decay. To confirm this, we
calculate numerically the echo signal, including the effect
of resonance offsets from the nuclear fields, similar as in
the simulations of the Ramsey experiment. We find rea-
sonable agreement of the data with the numerical curve
[dotted line in Fig. 3(a)], regarding both the decay time and
the amplitude.

The slower decay in Fig. 3(a) corresponds to the loss of
coherence that cannot be reversed by a perfect echo pulse.
We extract the spin-echo coherence time T2;echo from a best
fit of a' be$(!!1'!2"=T2;echo)d to the data (a, b, T2;echo are fit
parameters and d is kept fixed) and find T2;echo % !290*
50" ns at Bext % 42 mT for d % 3 [see Fig. 3(a), solid line].
We note that the precise functional form of the decay is
hard to extract from the data, but we find similar decay
times and reasonable fits for the range d % 2–4.

Measurements at higher Bext are shown in Figs. 4(a) and
4(b). Here, experiments were only possible by decreasing
the driving field and, as expected, we thus find a longer
initial decay time, similar as seen in Fig. 2(b) for Ramsey
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FIG. 3 (color online). (a) Spin-echo signal as a function of
total free-evolution time !1 ' !2 (each point averaged over 20 s
at constant Bext % 42 mT, fac % 210 MHz, Bac % 3 mT).
Dashed line: Best fit of a Gaussian curve to the data in the range
!1 ' !2 % 0–100 ns. Solid line: Best fit of e$(!!1'!2"=T2;echo)3 to
the data in the range !1'!2%100–800 ns. Dotted line: Nu-
merically calculated dot current Podd!m' 1"80' 25 fA, taking
" % 1:5 mT in both dots and m % 1:83. The scatter in the data
points is not due to the noise of the measurement electronics
(noise floor about 5 fA), but is caused by incomplete averaging
over the statistical nuclear field. (b) Spin-echo signal as a
function of !1 $ !2. Dashed line: Best fit of a Gaussian curve
to the data. (c) Spin-echo signal for !1 ' !2 % 150 ns as a
function of the relative phase between the first two and third
pulse. Dashed line is the best fit of a cosine to the data.
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where the computed curves are shown together with
Ramsey measurements for a wide range of driving fields.
The experimentally observed Ramsey decay time is longer
for smaller Bac, in good agreement with the numerical
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shape of the excitation with width Bac. If the spin is not
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cially extended when low-power rf bursts are used
(Bac=2" & 1). However, in Fig. 2(a), this is only a small
effect.
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Second, the exchange interaction between the two spins
can be neglected during the manipulation stage. Therefore,
for small enough driving fields (B1 < ") the rf pulses
rotate predominantly one spin (reported and analyzed in
[20,23]), and the observed Ramsey and echo decay is
expected to be due to single-spin decoherence.

We now test to what extent the electron spin dephasing is
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pulse sequence (inset) and the measured signal as a func-
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further check, we measured the echo signal as a function of
!1 $ !2 [Fig. 3(b)]. As expected, the echo is optimal for
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in the data at !1 $ !2 % 0 has a half width of &27 ns,
similar to the observed T#
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Upon closer inspection, the spin-echo signal in Fig. 3(a)

reveals two types of decay. First, there is an initial decay
with a typical time scale of 33 ns (obtained from a
Gaussian fit), which is comparable to the observed
Ramsey decay time when using the same Bac. This fast
initial decay occurs because the echo pulse itself is also
affected by the nuclear field. As a result it fails to reverse
the electron spin time evolution for part of the nuclear spin

configurations, in which case the fast dephasing still oc-
curs, similar as in the Ramsey decay. To confirm this, we
calculate numerically the echo signal, including the effect
of resonance offsets from the nuclear fields, similar as in
the simulations of the Ramsey experiment. We find rea-
sonable agreement of the data with the numerical curve
[dotted line in Fig. 3(a)], regarding both the decay time and
the amplitude.

The slower decay in Fig. 3(a) corresponds to the loss of
coherence that cannot be reversed by a perfect echo pulse.
We extract the spin-echo coherence time T2;echo from a best
fit of a' be$(!!1'!2"=T2;echo)d to the data (a, b, T2;echo are fit
parameters and d is kept fixed) and find T2;echo % !290*
50" ns at Bext % 42 mT for d % 3 [see Fig. 3(a), solid line].
We note that the precise functional form of the decay is
hard to extract from the data, but we find similar decay
times and reasonable fits for the range d % 2–4.

Measurements at higher Bext are shown in Figs. 4(a) and
4(b). Here, experiments were only possible by decreasing
the driving field and, as expected, we thus find a longer
initial decay time, similar as seen in Fig. 2(b) for Ramsey
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FIG. 3 (color online). (a) Spin-echo signal as a function of
total free-evolution time !1 ' !2 (each point averaged over 20 s
at constant Bext % 42 mT, fac % 210 MHz, Bac % 3 mT).
Dashed line: Best fit of a Gaussian curve to the data in the range
!1 ' !2 % 0–100 ns. Solid line: Best fit of e$(!!1'!2"=T2;echo)3 to
the data in the range !1'!2%100–800 ns. Dotted line: Nu-
merically calculated dot current Podd!m' 1"80' 25 fA, taking
" % 1:5 mT in both dots and m % 1:83. The scatter in the data
points is not due to the noise of the measurement electronics
(noise floor about 5 fA), but is caused by incomplete averaging
over the statistical nuclear field. (b) Spin-echo signal as a
function of !1 $ !2. Dashed line: Best fit of a Gaussian curve
to the data. (c) Spin-echo signal for !1 ' !2 % 150 ns as a
function of the relative phase between the first two and third
pulse. Dashed line is the best fit of a cosine to the data.
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Spin–orbit qubit in a semiconductor nanowire
S. Nadj-Perge1*, S. M. Frolov1*, E. P. A. M. Bakkers1,2 & L. P. Kouwenhoven1

Motion of electrons can influence their spins through a fun-
damental effect called spin–orbit interaction. This interaction pro-
vides a way to control spins electrically and thus lies at the
foundation of spintronics1. Even at the level of single electrons,
the spin–orbit interaction has proven promising for coherent spin
rotations2. Here we implement a spin–orbit quantum bit (qubit) in
an indium arsenide nanowire, where the spin–orbit interaction is
so strong that spin andmotion can no longer be separated3,4. In this
regime, we realize fast qubit rotations and universal single-qubit
control using only electric fields; the qubits are hosted in single-
electron quantum dots that are individually addressable. We
enhance coherence by dynamically decoupling the qubits from
the environment. Nanowires offer various advantages for quantum
computing: they can serve as one-dimensional templates for scalable
qubit registers, and it is possible to vary the material even during
wire growth5. Such flexibility can be used to design wires with sup-
pressed decoherence and to push semiconductor qubit fidelities
towards error correction levels. Furthermore, electrical dots can
be integrated with optical dots in p–n junction nanowires6. The
coherence times achieved here are sufficient for the conversion of
an electronic qubit into a photon, which can serve as a flying qubit
for long-distance quantum communication.
Figure 1a shows a scanning electronmicroscope image of our nano-

wire device. Two electrodes, source and drain, are used to apply a
voltage bias of 6mV across the InAs nanowire. Voltages applied to
five closely spaced, narrow gates underneath the nanowire create a
confinement potential for two electrons separated by a tunnelling
barrier. The defined structure is known as a double quantum dot in
the (1, 1) charge configuration7.
Each of the two electrons represents a spin–orbit qubit (Fig. 1b). In

the presence of strong spin–orbit coupling, neither spin nor orbital
number is separately well defined. Instead, each qubit state is a spin–
orbit doublet, X and Y. Similar to pure spin states, a magnetic field, B,
controls the energy splitting, EZ5 gmBB, between spin–orbit states,
where g is the Landé g-factor in a quantum dot and mB is the Bohr
magneton. The crucial difference from a spin qubit is that in a spin–
orbit qubit the orbital part of the spin–orbit wavefunction is used for
qubit manipulation2,8.
The qubit read-out and initialization rely on the effect of spin

blockade9,10. A source–drain bias induces a current of electrons passing
one by one through the double dot. The process of electron transfer
between the dots can be allowed energetically but blocked by a spin
selection rule. For instance, a (1, 1) triplet state cannot change into a
(0, 2) singlet state. This stops the left-hand electron from tunnelling
into the right-hand dot, and thereby blocks the current. In practice, the
double dot becomes blocked only in a parallel configuration, that is, in
either a (X, X) or a (Y, Y) state, because antiparallel states decay quickly
to a non-blocked singlet state11,12. By idling the qubits in the parameter
range of spin blockade, they will be initialized in one of the two parallel
states with equal probability. We note that spin–orbit and hyperfine
interactions also mediate a slower decay of parallel states into
(0, 2)7,9,10. This reduces the read-out fidelity to 70–80% (Supplemen-
tary Information, section 5.1).
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Figure 1 | Electric-dipole spin resonance. a, Scanning electron microscope
image of a prototype device showing source (S) and drain (D) contacts, narrow
gates one to five and wide gates B1 and B2. b, Left-hand (red) and right-hand
(green) quantum dots are formed between gates two and five. A microwave
electric field applied to gate four oscillates both electrons with amplitude,Dr,
inducing EDSR. c, Spin blockade is lifted near B5 0 and on resonance when
f5 gmBB/h. Here the microwave power is P5242 dBm. I, current. d, Trace
extracted from c at f5 9GHz. e, Magnified view of the EDSR line, which is split
at high B values owing to the difference between gL and gR. At each B value, the
frequency is swept in a fixed range around f05 gmBB/h (g5 9.28). The current
at resonance varies owing to non-monotonic microwave transmission.
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orbit qubit the orbital part of the spin–orbit wavefunction is used for
qubit manipulation2,8.
The qubit read-out and initialization rely on the effect of spin

blockade9,10. A source–drain bias induces a current of electrons passing
one by one through the double dot. The process of electron transfer
between the dots can be allowed energetically but blocked by a spin
selection rule. For instance, a (1, 1) triplet state cannot change into a
(0, 2) singlet state. This stops the left-hand electron from tunnelling
into the right-hand dot, and thereby blocks the current. In practice, the
double dot becomes blocked only in a parallel configuration, that is, in
either a (X, X) or a (Y, Y) state, because antiparallel states decay quickly
to a non-blocked singlet state11,12. By idling the qubits in the parameter
range of spin blockade, they will be initialized in one of the two parallel
states with equal probability. We note that spin–orbit and hyperfine
interactions also mediate a slower decay of parallel states into
(0, 2)7,9,10. This reduces the read-out fidelity to 70–80% (Supplemen-
tary Information, section 5.1).

1Kavli Institute ofNanoscience,Delft University of Technology, 2600GADelft, TheNetherlands. 2Departmentof AppliedPhysics, EindhovenUniversity of Technology, 5600MBEindhoven, TheNetherlands.
*These authors contributed equally to this work.
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A microwave-frequency electric field applied to gate four oscillates
electrons inside the nanowire (Fig. 1b). This motion can induce
resonant transitions between spin–orbit states by means of an effect
called electric-dipole spin resonance2,8,13–16 (EDSR). Such transitions
are expected when the frequency of the a.c. electric field is equal to the
Larmor frequency, f05 gmBB/h (h, Planck’s constant). At resonance,
the spin–orbit state of the double dot rapidly changes from parallel to
antiparallel. The antiparallel state does not experience spin blockade,
so the left-hand electron tunnels to the right, thereby contributing to
the current. Figure 1c shows the resonance as a V shape that maps out
the Larmor frequency in the plane of microwave frequency and mag-
netic field.
The V-shaped resonance signal vanishes in the vicinity of zero

magnetic field. This behaviour is consistent with spin–orbit mediated
EDSR: the effect of spin–orbit interaction must cancel at zero field
owing to time-reversal symmetry2,16. The field-dependent EDSR
strength rules out a.c. magnetic field and hyperfine field gradient as
possible mechanisms. A g-tensor modulation in our nanowires is esti-
mated to be too weak to drive EDSR (Supplementary Information,
section 2). The current peak near zero magnetic field arises from the
hyperfine interaction between electron spin and the nuclear spin
bath11,12. From the width of this hyperfine-induced peak, we extract
the root mean squared magnetic field generated by the fluctuating
nuclear spins, BN5 0.666 0.1mT (ref. 17). The width of the EDSR
line at lowmicrowave power is also consistent with broadening due to
fluctuating nuclear spins18 (that is, the side EDSR peaks and the central
hyperfine peak have comparable widths in Fig. 1d).
At higher magnetic field, the resonance line splits (Fig. 1e), indi-

cating that the g-factors in the left- and right-hand dots, gL and gR, are
different. This is expected for quantum dots of different sizes because
confinement changes the effective g-factor19. We measured the con-
finement as the orbital excitation energy at the (1, 0)« (0, 1) trans-
ition and found 7.56 0.1meV for the left-hand dot and 9.06 0.2meV
for the right-hand dot. A smaller orbital excitation energy should
correspond to a larger g-factor in InAs; therefore, we assign the values
obtained from Fig. 1e to the left- and right-hand dots as follows:
jgLj5 9.26 0.1 and jgRj5 8.96 0.1. At frequencies above 10GHz,
the two resonances are more than a linewidth apart, allowing us to
control the left- and right-hand qubits separately8.
Coherent control over spin–orbit states is demonstrated in a time-

resolvedmeasurement of Rabi oscillations2,18,20, explained in Fig. 2a, b.
Periodic square pulses shift the relative positions of the energy levels in
the two dots between spin blockade and Coulomb blockade. First, the
double dot is initialized in a parallel state by idling in spin blockade.
This is followed by a shift to Coulomb blockade, fromwhich electrons
cannot escape. While in Coulomb blockade, a resonant microwave
burst is applied for a time tburst to induce qubit rotation. Finally, the
double dot is brought back into spin blockade for read-out. At the
read-out stage, the probability of the left-hand electron tunnelling
out is proportional to the probability of projecting the final state onto
the (1, 1) singlet. This cycle is repeated continuously.
The singlet component in the final state is measured as the d.c. cur-

rent. The current oscillates as tburst is varied, reflecting Rabi oscillations
of the driven qubit (Fig. 2c). Rabi oscillations are observed for driving
frequencies in the range f< 9–19GHz. Rabi oscillations are not
observed at lower frequencies (and lower magnetic fields) because the
effective spin–orbit field, BSO, is less than BN, such that nuclear fluctua-
tions average out the coherent qubit dynamics. We note that the obser-
vation of incoherent EDSR (Fig. 1c) requires a much smaller BSO,
because even qubit rotations with a random phase contribute to extra
current near resonance.
Our highest Rabi frequency is fR5 586 2MHz (Fig. 2d), achieved

at f5 13GHz. The field BSO is expected to grow with B (ref. 16);
however, at higher driving frequencies the Rabi frequency is limited
by the maximum microwave source power and by the reduced trans-
mission of the microwave circuit. With the strongest driving, the

amplitude of the orbital oscillation is estimated to reach 1 nm. The
qubit state is flipped in,110 microwave periods, and thus rotated by
,1.6u per cycle of the orbital motion.
We can resolve up to five Rabi oscillation periods. The damping of

the oscillations at a microwave power of P,232 dBm is consistent
with a,tburst

20.5 decay envelope observed previously for rotations of a
single spin interactingwith a slow nuclear bath21.We have verified that
the relaxation time,T1, does not limit coherent evolution on timescales
up to 1ms (Supplementary Information, section 3). The qubit mani-
pulation fidelity is 486 2%, estimated by comparing the values of BSO
and BN (ref. 18; Supplementary Information, section 5.3). As expected,
the Rabi frequency is proportional to the square root of themicrowave
power, P, applied to the gate (Fig. 2e). Absorption of microwave
photons allows interdot tunnelling regardless of the qubit state. This
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effect probably accelerates the decay of Rabi oscillations near the highest
power2,18 (Fig. 2d, top trace). However, the apparent photon-assisted
tunnelling is substantially reduced for P,232 dBm, although Rabi
frequencies remain high.
In Fig. 2c, d only the left qubit is rotated. Figure 2f shows data from

coherent rotations of either the left- or the right-hand qubit induced at
the same microwave frequency but at two different magnetic fields,
which correspond to the two EDSR resonance conditions shown in
Fig. 1e (ref. 22; Supplementary information, section 4).
In the Rabi experiment, the qubit state is rotated around only one

axis. This is not enough for full qubit operation, which ultimately
requires the preparation of an arbitrary superposition of X and Y,
known as universal control23–25. Such ability is demonstrated in a
Ramsey experiment (Fig. 3a, b). Here two short bursts with different
microwave phases are applied during the manipulation stage. In the
reference frame that rotates at the Larmor frequency, the qubit is
initially rotated from j1zæ to j2yæ on the Bloch sphere by applying
a p/2 rotation around the x axis. After a delay time, t, we apply a 3p/2
pulse. The tunable phase of themicrowave signal, w, sets the axis of the
second rotation (w5 0 corresponds to a rotation around x and w5p/2
corresponds to a rotation around y). The final z component depends
on the axis of the second rotation as well as on dephasing. The double-
dot current oscillates with w, revealing Ramsey fringes (Fig. 3a). The
contrast of the Ramsey fringes decreases with increasing t, allowing us
to determine the inhomogeneous dephasing time, T2*5 86 1 ns
(Fig. 3b).
Coherence can be extended by a Hahn echo technique, which partly

cancels dephasing coming from a slowly varying nuclear magnetic
field (Fig. 3c, d). In the echo sequence, a p pulse is applied halfway
between the two p/2 pulses. The contrast of the Ramsey fringes is

extended to longer coherent evolution times by performing Hahn
echo (Fig. 3c). The phase of the fringes can be flipped depending on
whether the p rotation is around the x axis (px) or around the y axis
(py). Hahn echoes of both these types increase the coherence time to
Techo5 506 5 ns (Fig. 3d).
Gate-defined spin qubits were previously only realized in lateral

quantum dots in GaAs–AlGaAs two-dimensional electron gases9.
Owing to the much stronger spin–orbit interaction in InAs, the Rabi
frequencies in our nanowire spin–orbit qubits are more than an order
of magnitude higher than in GaAs dots2. Dephasing times, T2*, are of
the same order in InAs and GaAs quantum dots23,26. The relatively low
Techo found in the present work encourages further study. A likely
reason is faster nuclear spin fluctuations caused by the large nuclear
spin of indium, I5 9/2. However, charge noise and nearby paramag-
netic impurities cannot be ruled out as significant dephasing sources
(Supplementary Information, section 6). Nanowires offer future solu-
tions for suppressing the effects of nuclear spins, such as nanowires
with sections of nuclear-spin-free silicon. The qubit can be stored in a
silicon section of the nanowire and moved to an InAs section only for
manipulation using spin–orbit interaction.
In the present qubit, longer coherence times can already be achieved

byCarr–Purcell–Meiboom–Gill (CPMG)dynamical-decouplingpulse
sequences27,28 (Fig. 4a). Here a single echo p pulse is replaced with an
array of equidistant p pulses, each of which refocuses the qubit state.
The total time of coherent evolution grows as the number of p pulses is
increased (Fig. 4a, inset). Importantly, an arbitrarily prepared qubit
state in thex–yplane is preserved during the decoupling sequence. This
is verified in Fig. 4b, which shows that the phase of the initial p/2 pulse
determines the phase of the Ramsey fringes. Similar evaluation was
carried out for CPMG sequences of up to seven p pulses. In future,
more efficient dynamical decoupling can be achieved using nuclear
spin state preparation27,29 in combination with faster p pulses or adia-
batic pulse techniques30.

METHODS SUMMARY
We fabricate devices on undoped silicon substrates. Instead of a global back gate,
twowide gates, B1 and B2, are located underneath the nanowire contacts (Fig. 1a).
They are set to constant positive voltages to enhance conductance through the
nanowire. Thewide gates are covered by a 50-nm layer of Si3N4 dielectric; on topof
this layer narrow gates and a 25-nm layer of Si3N4 are deposited. InAs nanowires
with diameters between 50 and80nmare grownnearly free of stacking faults using
metal-organic vapour phase epitaxy. The wires have the wurtzite crystal symmetry
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effect probably accelerates the decay of Rabi oscillations near the highest
power2,18 (Fig. 2d, top trace). However, the apparent photon-assisted
tunnelling is substantially reduced for P,232 dBm, although Rabi
frequencies remain high.
In Fig. 2c, d only the left qubit is rotated. Figure 2f shows data from

coherent rotations of either the left- or the right-hand qubit induced at
the same microwave frequency but at two different magnetic fields,
which correspond to the two EDSR resonance conditions shown in
Fig. 1e (ref. 22; Supplementary information, section 4).
In the Rabi experiment, the qubit state is rotated around only one

axis. This is not enough for full qubit operation, which ultimately
requires the preparation of an arbitrary superposition of X and Y,
known as universal control23–25. Such ability is demonstrated in a
Ramsey experiment (Fig. 3a, b). Here two short bursts with different
microwave phases are applied during the manipulation stage. In the
reference frame that rotates at the Larmor frequency, the qubit is
initially rotated from j1zæ to j2yæ on the Bloch sphere by applying
a p/2 rotation around the x axis. After a delay time, t, we apply a 3p/2
pulse. The tunable phase of themicrowave signal, w, sets the axis of the
second rotation (w5 0 corresponds to a rotation around x and w5p/2
corresponds to a rotation around y). The final z component depends
on the axis of the second rotation as well as on dephasing. The double-
dot current oscillates with w, revealing Ramsey fringes (Fig. 3a). The
contrast of the Ramsey fringes decreases with increasing t, allowing us
to determine the inhomogeneous dephasing time, T2*5 86 1 ns
(Fig. 3b).
Coherence can be extended by a Hahn echo technique, which partly

cancels dephasing coming from a slowly varying nuclear magnetic
field (Fig. 3c, d). In the echo sequence, a p pulse is applied halfway
between the two p/2 pulses. The contrast of the Ramsey fringes is

extended to longer coherent evolution times by performing Hahn
echo (Fig. 3c). The phase of the fringes can be flipped depending on
whether the p rotation is around the x axis (px) or around the y axis
(py). Hahn echoes of both these types increase the coherence time to
Techo5 506 5 ns (Fig. 3d).
Gate-defined spin qubits were previously only realized in lateral

quantum dots in GaAs–AlGaAs two-dimensional electron gases9.
Owing to the much stronger spin–orbit interaction in InAs, the Rabi
frequencies in our nanowire spin–orbit qubits are more than an order
of magnitude higher than in GaAs dots2. Dephasing times, T2*, are of
the same order in InAs and GaAs quantum dots23,26. The relatively low
Techo found in the present work encourages further study. A likely
reason is faster nuclear spin fluctuations caused by the large nuclear
spin of indium, I5 9/2. However, charge noise and nearby paramag-
netic impurities cannot be ruled out as significant dephasing sources
(Supplementary Information, section 6). Nanowires offer future solu-
tions for suppressing the effects of nuclear spins, such as nanowires
with sections of nuclear-spin-free silicon. The qubit can be stored in a
silicon section of the nanowire and moved to an InAs section only for
manipulation using spin–orbit interaction.
In the present qubit, longer coherence times can already be achieved

byCarr–Purcell–Meiboom–Gill (CPMG)dynamical-decouplingpulse
sequences27,28 (Fig. 4a). Here a single echo p pulse is replaced with an
array of equidistant p pulses, each of which refocuses the qubit state.
The total time of coherent evolution grows as the number of p pulses is
increased (Fig. 4a, inset). Importantly, an arbitrarily prepared qubit
state in thex–yplane is preserved during the decoupling sequence. This
is verified in Fig. 4b, which shows that the phase of the initial p/2 pulse
determines the phase of the Ramsey fringes. Similar evaluation was
carried out for CPMG sequences of up to seven p pulses. In future,
more efficient dynamical decoupling can be achieved using nuclear
spin state preparation27,29 in combination with faster p pulses or adia-
batic pulse techniques30.

METHODS SUMMARY
We fabricate devices on undoped silicon substrates. Instead of a global back gate,
twowide gates, B1 and B2, are located underneath the nanowire contacts (Fig. 1a).
They are set to constant positive voltages to enhance conductance through the
nanowire. Thewide gates are covered by a 50-nm layer of Si3N4 dielectric; on topof
this layer narrow gates and a 25-nm layer of Si3N4 are deposited. InAs nanowires
with diameters between 50 and80nmare grownnearly free of stacking faults using
metal-organic vapour phase epitaxy. The wires have the wurtzite crystal symmetry
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3]. A fit to exp[2(t/Techo)
4] gives a

similar value of Techo. In this figure, the duration of a p pulse is 14 ns, with
P5235 dBm, f5 13GHz and B5 102mT.
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Spin–orbit qubit in a semiconductor nanowire
S. Nadj-Perge1*, S. M. Frolov1*, E. P. A. M. Bakkers1,2 & L. P. Kouwenhoven1

Motion of electrons can influence their spins through a fun-
damental effect called spin–orbit interaction. This interaction pro-
vides a way to control spins electrically and thus lies at the
foundation of spintronics1. Even at the level of single electrons,
the spin–orbit interaction has proven promising for coherent spin
rotations2. Here we implement a spin–orbit quantum bit (qubit) in
an indium arsenide nanowire, where the spin–orbit interaction is
so strong that spin andmotion can no longer be separated3,4. In this
regime, we realize fast qubit rotations and universal single-qubit
control using only electric fields; the qubits are hosted in single-
electron quantum dots that are individually addressable. We
enhance coherence by dynamically decoupling the qubits from
the environment. Nanowires offer various advantages for quantum
computing: they can serve as one-dimensional templates for scalable
qubit registers, and it is possible to vary the material even during
wire growth5. Such flexibility can be used to design wires with sup-
pressed decoherence and to push semiconductor qubit fidelities
towards error correction levels. Furthermore, electrical dots can
be integrated with optical dots in p–n junction nanowires6. The
coherence times achieved here are sufficient for the conversion of
an electronic qubit into a photon, which can serve as a flying qubit
for long-distance quantum communication.
Figure 1a shows a scanning electronmicroscope image of our nano-

wire device. Two electrodes, source and drain, are used to apply a
voltage bias of 6mV across the InAs nanowire. Voltages applied to
five closely spaced, narrow gates underneath the nanowire create a
confinement potential for two electrons separated by a tunnelling
barrier. The defined structure is known as a double quantum dot in
the (1, 1) charge configuration7.
Each of the two electrons represents a spin–orbit qubit (Fig. 1b). In

the presence of strong spin–orbit coupling, neither spin nor orbital
number is separately well defined. Instead, each qubit state is a spin–
orbit doublet, X and Y. Similar to pure spin states, a magnetic field, B,
controls the energy splitting, EZ5 gmBB, between spin–orbit states,
where g is the Landé g-factor in a quantum dot and mB is the Bohr
magneton. The crucial difference from a spin qubit is that in a spin–
orbit qubit the orbital part of the spin–orbit wavefunction is used for
qubit manipulation2,8.
The qubit read-out and initialization rely on the effect of spin

blockade9,10. A source–drain bias induces a current of electrons passing
one by one through the double dot. The process of electron transfer
between the dots can be allowed energetically but blocked by a spin
selection rule. For instance, a (1, 1) triplet state cannot change into a
(0, 2) singlet state. This stops the left-hand electron from tunnelling
into the right-hand dot, and thereby blocks the current. In practice, the
double dot becomes blocked only in a parallel configuration, that is, in
either a (X, X) or a (Y, Y) state, because antiparallel states decay quickly
to a non-blocked singlet state11,12. By idling the qubits in the parameter
range of spin blockade, they will be initialized in one of the two parallel
states with equal probability. We note that spin–orbit and hyperfine
interactions also mediate a slower decay of parallel states into
(0, 2)7,9,10. This reduces the read-out fidelity to 70–80% (Supplemen-
tary Information, section 5.1).
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Figure 1 | Electric-dipole spin resonance. a, Scanning electron microscope
image of a prototype device showing source (S) and drain (D) contacts, narrow
gates one to five and wide gates B1 and B2. b, Left-hand (red) and right-hand
(green) quantum dots are formed between gates two and five. A microwave
electric field applied to gate four oscillates both electrons with amplitude,Dr,
inducing EDSR. c, Spin blockade is lifted near B5 0 and on resonance when
f5 gmBB/h. Here the microwave power is P5242 dBm. I, current. d, Trace
extracted from c at f5 9GHz. e, Magnified view of the EDSR line, which is split
at high B values owing to the difference between gL and gR. At each B value, the
frequency is swept in a fixed range around f05 gmBB/h (g5 9.28). The current
at resonance varies owing to non-monotonic microwave transmission.
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Spin–orbit qubit in a semiconductor nanowire
S. Nadj-Perge1*, S. M. Frolov1*, E. P. A. M. Bakkers1,2 & L. P. Kouwenhoven1

Motion of electrons can influence their spins through a fun-
damental effect called spin–orbit interaction. This interaction pro-
vides a way to control spins electrically and thus lies at the
foundation of spintronics1. Even at the level of single electrons,
the spin–orbit interaction has proven promising for coherent spin
rotations2. Here we implement a spin–orbit quantum bit (qubit) in
an indium arsenide nanowire, where the spin–orbit interaction is
so strong that spin andmotion can no longer be separated3,4. In this
regime, we realize fast qubit rotations and universal single-qubit
control using only electric fields; the qubits are hosted in single-
electron quantum dots that are individually addressable. We
enhance coherence by dynamically decoupling the qubits from
the environment. Nanowires offer various advantages for quantum
computing: they can serve as one-dimensional templates for scalable
qubit registers, and it is possible to vary the material even during
wire growth5. Such flexibility can be used to design wires with sup-
pressed decoherence and to push semiconductor qubit fidelities
towards error correction levels. Furthermore, electrical dots can
be integrated with optical dots in p–n junction nanowires6. The
coherence times achieved here are sufficient for the conversion of
an electronic qubit into a photon, which can serve as a flying qubit
for long-distance quantum communication.
Figure 1a shows a scanning electronmicroscope image of our nano-

wire device. Two electrodes, source and drain, are used to apply a
voltage bias of 6mV across the InAs nanowire. Voltages applied to
five closely spaced, narrow gates underneath the nanowire create a
confinement potential for two electrons separated by a tunnelling
barrier. The defined structure is known as a double quantum dot in
the (1, 1) charge configuration7.
Each of the two electrons represents a spin–orbit qubit (Fig. 1b). In

the presence of strong spin–orbit coupling, neither spin nor orbital
number is separately well defined. Instead, each qubit state is a spin–
orbit doublet, X and Y. Similar to pure spin states, a magnetic field, B,
controls the energy splitting, EZ5 gmBB, between spin–orbit states,
where g is the Landé g-factor in a quantum dot and mB is the Bohr
magneton. The crucial difference from a spin qubit is that in a spin–
orbit qubit the orbital part of the spin–orbit wavefunction is used for
qubit manipulation2,8.
The qubit read-out and initialization rely on the effect of spin

blockade9,10. A source–drain bias induces a current of electrons passing
one by one through the double dot. The process of electron transfer
between the dots can be allowed energetically but blocked by a spin
selection rule. For instance, a (1, 1) triplet state cannot change into a
(0, 2) singlet state. This stops the left-hand electron from tunnelling
into the right-hand dot, and thereby blocks the current. In practice, the
double dot becomes blocked only in a parallel configuration, that is, in
either a (X, X) or a (Y, Y) state, because antiparallel states decay quickly
to a non-blocked singlet state11,12. By idling the qubits in the parameter
range of spin blockade, they will be initialized in one of the two parallel
states with equal probability. We note that spin–orbit and hyperfine
interactions also mediate a slower decay of parallel states into
(0, 2)7,9,10. This reduces the read-out fidelity to 70–80% (Supplemen-
tary Information, section 5.1).
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Figure 1 | Electric-dipole spin resonance. a, Scanning electron microscope
image of a prototype device showing source (S) and drain (D) contacts, narrow
gates one to five and wide gates B1 and B2. b, Left-hand (red) and right-hand
(green) quantum dots are formed between gates two and five. A microwave
electric field applied to gate four oscillates both electrons with amplitude,Dr,
inducing EDSR. c, Spin blockade is lifted near B5 0 and on resonance when
f5 gmBB/h. Here the microwave power is P5242 dBm. I, current. d, Trace
extracted from c at f5 9GHz. e, Magnified view of the EDSR line, which is split
at high B values owing to the difference between gL and gR. At each B value, the
frequency is swept in a fixed range around f05 gmBB/h (g5 9.28). The current
at resonance varies owing to non-monotonic microwave transmission.
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Spin–orbit qubit in a semiconductor nanowire
S. Nadj-Perge1*, S. M. Frolov1*, E. P. A. M. Bakkers1,2 & L. P. Kouwenhoven1

Motion of electrons can influence their spins through a fun-
damental effect called spin–orbit interaction. This interaction pro-
vides a way to control spins electrically and thus lies at the
foundation of spintronics1. Even at the level of single electrons,
the spin–orbit interaction has proven promising for coherent spin
rotations2. Here we implement a spin–orbit quantum bit (qubit) in
an indium arsenide nanowire, where the spin–orbit interaction is
so strong that spin andmotion can no longer be separated3,4. In this
regime, we realize fast qubit rotations and universal single-qubit
control using only electric fields; the qubits are hosted in single-
electron quantum dots that are individually addressable. We
enhance coherence by dynamically decoupling the qubits from
the environment. Nanowires offer various advantages for quantum
computing: they can serve as one-dimensional templates for scalable
qubit registers, and it is possible to vary the material even during
wire growth5. Such flexibility can be used to design wires with sup-
pressed decoherence and to push semiconductor qubit fidelities
towards error correction levels. Furthermore, electrical dots can
be integrated with optical dots in p–n junction nanowires6. The
coherence times achieved here are sufficient for the conversion of
an electronic qubit into a photon, which can serve as a flying qubit
for long-distance quantum communication.
Figure 1a shows a scanning electronmicroscope image of our nano-

wire device. Two electrodes, source and drain, are used to apply a
voltage bias of 6mV across the InAs nanowire. Voltages applied to
five closely spaced, narrow gates underneath the nanowire create a
confinement potential for two electrons separated by a tunnelling
barrier. The defined structure is known as a double quantum dot in
the (1, 1) charge configuration7.
Each of the two electrons represents a spin–orbit qubit (Fig. 1b). In

the presence of strong spin–orbit coupling, neither spin nor orbital
number is separately well defined. Instead, each qubit state is a spin–
orbit doublet, X and Y. Similar to pure spin states, a magnetic field, B,
controls the energy splitting, EZ5 gmBB, between spin–orbit states,
where g is the Landé g-factor in a quantum dot and mB is the Bohr
magneton. The crucial difference from a spin qubit is that in a spin–
orbit qubit the orbital part of the spin–orbit wavefunction is used for
qubit manipulation2,8.
The qubit read-out and initialization rely on the effect of spin

blockade9,10. A source–drain bias induces a current of electrons passing
one by one through the double dot. The process of electron transfer
between the dots can be allowed energetically but blocked by a spin
selection rule. For instance, a (1, 1) triplet state cannot change into a
(0, 2) singlet state. This stops the left-hand electron from tunnelling
into the right-hand dot, and thereby blocks the current. In practice, the
double dot becomes blocked only in a parallel configuration, that is, in
either a (X, X) or a (Y, Y) state, because antiparallel states decay quickly
to a non-blocked singlet state11,12. By idling the qubits in the parameter
range of spin blockade, they will be initialized in one of the two parallel
states with equal probability. We note that spin–orbit and hyperfine
interactions also mediate a slower decay of parallel states into
(0, 2)7,9,10. This reduces the read-out fidelity to 70–80% (Supplemen-
tary Information, section 5.1).
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Figure 1 | Electric-dipole spin resonance. a, Scanning electron microscope
image of a prototype device showing source (S) and drain (D) contacts, narrow
gates one to five and wide gates B1 and B2. b, Left-hand (red) and right-hand
(green) quantum dots are formed between gates two and five. A microwave
electric field applied to gate four oscillates both electrons with amplitude,Dr,
inducing EDSR. c, Spin blockade is lifted near B5 0 and on resonance when
f5 gmBB/h. Here the microwave power is P5242 dBm. I, current. d, Trace
extracted from c at f5 9GHz. e, Magnified view of the EDSR line, which is split
at high B values owing to the difference between gL and gR. At each B value, the
frequency is swept in a fixed range around f05 gmBB/h (g5 9.28). The current
at resonance varies owing to non-monotonic microwave transmission.
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A microwave-frequency electric field applied to gate four oscillates
electrons inside the nanowire (Fig. 1b). This motion can induce
resonant transitions between spin–orbit states by means of an effect
called electric-dipole spin resonance2,8,13–16 (EDSR). Such transitions
are expected when the frequency of the a.c. electric field is equal to the
Larmor frequency, f05 gmBB/h (h, Planck’s constant). At resonance,
the spin–orbit state of the double dot rapidly changes from parallel to
antiparallel. The antiparallel state does not experience spin blockade,
so the left-hand electron tunnels to the right, thereby contributing to
the current. Figure 1c shows the resonance as a V shape that maps out
the Larmor frequency in the plane of microwave frequency and mag-
netic field.
The V-shaped resonance signal vanishes in the vicinity of zero

magnetic field. This behaviour is consistent with spin–orbit mediated
EDSR: the effect of spin–orbit interaction must cancel at zero field
owing to time-reversal symmetry2,16. The field-dependent EDSR
strength rules out a.c. magnetic field and hyperfine field gradient as
possible mechanisms. A g-tensor modulation in our nanowires is esti-
mated to be too weak to drive EDSR (Supplementary Information,
section 2). The current peak near zero magnetic field arises from the
hyperfine interaction between electron spin and the nuclear spin
bath11,12. From the width of this hyperfine-induced peak, we extract
the root mean squared magnetic field generated by the fluctuating
nuclear spins, BN5 0.666 0.1mT (ref. 17). The width of the EDSR
line at lowmicrowave power is also consistent with broadening due to
fluctuating nuclear spins18 (that is, the side EDSR peaks and the central
hyperfine peak have comparable widths in Fig. 1d).
At higher magnetic field, the resonance line splits (Fig. 1e), indi-

cating that the g-factors in the left- and right-hand dots, gL and gR, are
different. This is expected for quantum dots of different sizes because
confinement changes the effective g-factor19. We measured the con-
finement as the orbital excitation energy at the (1, 0)« (0, 1) trans-
ition and found 7.56 0.1meV for the left-hand dot and 9.06 0.2meV
for the right-hand dot. A smaller orbital excitation energy should
correspond to a larger g-factor in InAs; therefore, we assign the values
obtained from Fig. 1e to the left- and right-hand dots as follows:
jgLj5 9.26 0.1 and jgRj5 8.96 0.1. At frequencies above 10GHz,
the two resonances are more than a linewidth apart, allowing us to
control the left- and right-hand qubits separately8.
Coherent control over spin–orbit states is demonstrated in a time-

resolvedmeasurement of Rabi oscillations2,18,20, explained in Fig. 2a, b.
Periodic square pulses shift the relative positions of the energy levels in
the two dots between spin blockade and Coulomb blockade. First, the
double dot is initialized in a parallel state by idling in spin blockade.
This is followed by a shift to Coulomb blockade, fromwhich electrons
cannot escape. While in Coulomb blockade, a resonant microwave
burst is applied for a time tburst to induce qubit rotation. Finally, the
double dot is brought back into spin blockade for read-out. At the
read-out stage, the probability of the left-hand electron tunnelling
out is proportional to the probability of projecting the final state onto
the (1, 1) singlet. This cycle is repeated continuously.
The singlet component in the final state is measured as the d.c. cur-

rent. The current oscillates as tburst is varied, reflecting Rabi oscillations
of the driven qubit (Fig. 2c). Rabi oscillations are observed for driving
frequencies in the range f< 9–19GHz. Rabi oscillations are not
observed at lower frequencies (and lower magnetic fields) because the
effective spin–orbit field, BSO, is less than BN, such that nuclear fluctua-
tions average out the coherent qubit dynamics. We note that the obser-
vation of incoherent EDSR (Fig. 1c) requires a much smaller BSO,
because even qubit rotations with a random phase contribute to extra
current near resonance.
Our highest Rabi frequency is fR5 586 2MHz (Fig. 2d), achieved

at f5 13GHz. The field BSO is expected to grow with B (ref. 16);
however, at higher driving frequencies the Rabi frequency is limited
by the maximum microwave source power and by the reduced trans-
mission of the microwave circuit. With the strongest driving, the

amplitude of the orbital oscillation is estimated to reach 1 nm. The
qubit state is flipped in,110 microwave periods, and thus rotated by
,1.6u per cycle of the orbital motion.
We can resolve up to five Rabi oscillation periods. The damping of

the oscillations at a microwave power of P,232 dBm is consistent
with a,tburst

20.5 decay envelope observed previously for rotations of a
single spin interactingwith a slow nuclear bath21.We have verified that
the relaxation time,T1, does not limit coherent evolution on timescales
up to 1ms (Supplementary Information, section 3). The qubit mani-
pulation fidelity is 486 2%, estimated by comparing the values of BSO
and BN (ref. 18; Supplementary Information, section 5.3). As expected,
the Rabi frequency is proportional to the square root of themicrowave
power, P, applied to the gate (Fig. 2e). Absorption of microwave
photons allows interdot tunnelling regardless of the qubit state. This
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effect probably accelerates the decay of Rabi oscillations near the highest
power2,18 (Fig. 2d, top trace). However, the apparent photon-assisted
tunnelling is substantially reduced for P,232 dBm, although Rabi
frequencies remain high.
In Fig. 2c, d only the left qubit is rotated. Figure 2f shows data from

coherent rotations of either the left- or the right-hand qubit induced at
the same microwave frequency but at two different magnetic fields,
which correspond to the two EDSR resonance conditions shown in
Fig. 1e (ref. 22; Supplementary information, section 4).
In the Rabi experiment, the qubit state is rotated around only one

axis. This is not enough for full qubit operation, which ultimately
requires the preparation of an arbitrary superposition of X and Y,
known as universal control23–25. Such ability is demonstrated in a
Ramsey experiment (Fig. 3a, b). Here two short bursts with different
microwave phases are applied during the manipulation stage. In the
reference frame that rotates at the Larmor frequency, the qubit is
initially rotated from j1zæ to j2yæ on the Bloch sphere by applying
a p/2 rotation around the x axis. After a delay time, t, we apply a 3p/2
pulse. The tunable phase of themicrowave signal, w, sets the axis of the
second rotation (w5 0 corresponds to a rotation around x and w5p/2
corresponds to a rotation around y). The final z component depends
on the axis of the second rotation as well as on dephasing. The double-
dot current oscillates with w, revealing Ramsey fringes (Fig. 3a). The
contrast of the Ramsey fringes decreases with increasing t, allowing us
to determine the inhomogeneous dephasing time, T2*5 86 1 ns
(Fig. 3b).
Coherence can be extended by a Hahn echo technique, which partly

cancels dephasing coming from a slowly varying nuclear magnetic
field (Fig. 3c, d). In the echo sequence, a p pulse is applied halfway
between the two p/2 pulses. The contrast of the Ramsey fringes is

extended to longer coherent evolution times by performing Hahn
echo (Fig. 3c). The phase of the fringes can be flipped depending on
whether the p rotation is around the x axis (px) or around the y axis
(py). Hahn echoes of both these types increase the coherence time to
Techo5 506 5 ns (Fig. 3d).
Gate-defined spin qubits were previously only realized in lateral

quantum dots in GaAs–AlGaAs two-dimensional electron gases9.
Owing to the much stronger spin–orbit interaction in InAs, the Rabi
frequencies in our nanowire spin–orbit qubits are more than an order
of magnitude higher than in GaAs dots2. Dephasing times, T2*, are of
the same order in InAs and GaAs quantum dots23,26. The relatively low
Techo found in the present work encourages further study. A likely
reason is faster nuclear spin fluctuations caused by the large nuclear
spin of indium, I5 9/2. However, charge noise and nearby paramag-
netic impurities cannot be ruled out as significant dephasing sources
(Supplementary Information, section 6). Nanowires offer future solu-
tions for suppressing the effects of nuclear spins, such as nanowires
with sections of nuclear-spin-free silicon. The qubit can be stored in a
silicon section of the nanowire and moved to an InAs section only for
manipulation using spin–orbit interaction.
In the present qubit, longer coherence times can already be achieved

byCarr–Purcell–Meiboom–Gill (CPMG)dynamical-decouplingpulse
sequences27,28 (Fig. 4a). Here a single echo p pulse is replaced with an
array of equidistant p pulses, each of which refocuses the qubit state.
The total time of coherent evolution grows as the number of p pulses is
increased (Fig. 4a, inset). Importantly, an arbitrarily prepared qubit
state in thex–yplane is preserved during the decoupling sequence. This
is verified in Fig. 4b, which shows that the phase of the initial p/2 pulse
determines the phase of the Ramsey fringes. Similar evaluation was
carried out for CPMG sequences of up to seven p pulses. In future,
more efficient dynamical decoupling can be achieved using nuclear
spin state preparation27,29 in combination with faster p pulses or adia-
batic pulse techniques30.

METHODS SUMMARY
We fabricate devices on undoped silicon substrates. Instead of a global back gate,
twowide gates, B1 and B2, are located underneath the nanowire contacts (Fig. 1a).
They are set to constant positive voltages to enhance conductance through the
nanowire. Thewide gates are covered by a 50-nm layer of Si3N4 dielectric; on topof
this layer narrow gates and a 25-nm layer of Si3N4 are deposited. InAs nanowires
with diameters between 50 and80nmare grownnearly free of stacking faults using
metal-organic vapour phase epitaxy. The wires have the wurtzite crystal symmetry
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effect probably accelerates the decay of Rabi oscillations near the highest
power2,18 (Fig. 2d, top trace). However, the apparent photon-assisted
tunnelling is substantially reduced for P,232 dBm, although Rabi
frequencies remain high.
In Fig. 2c, d only the left qubit is rotated. Figure 2f shows data from

coherent rotations of either the left- or the right-hand qubit induced at
the same microwave frequency but at two different magnetic fields,
which correspond to the two EDSR resonance conditions shown in
Fig. 1e (ref. 22; Supplementary information, section 4).
In the Rabi experiment, the qubit state is rotated around only one

axis. This is not enough for full qubit operation, which ultimately
requires the preparation of an arbitrary superposition of X and Y,
known as universal control23–25. Such ability is demonstrated in a
Ramsey experiment (Fig. 3a, b). Here two short bursts with different
microwave phases are applied during the manipulation stage. In the
reference frame that rotates at the Larmor frequency, the qubit is
initially rotated from j1zæ to j2yæ on the Bloch sphere by applying
a p/2 rotation around the x axis. After a delay time, t, we apply a 3p/2
pulse. The tunable phase of themicrowave signal, w, sets the axis of the
second rotation (w5 0 corresponds to a rotation around x and w5p/2
corresponds to a rotation around y). The final z component depends
on the axis of the second rotation as well as on dephasing. The double-
dot current oscillates with w, revealing Ramsey fringes (Fig. 3a). The
contrast of the Ramsey fringes decreases with increasing t, allowing us
to determine the inhomogeneous dephasing time, T2*5 86 1 ns
(Fig. 3b).
Coherence can be extended by a Hahn echo technique, which partly

cancels dephasing coming from a slowly varying nuclear magnetic
field (Fig. 3c, d). In the echo sequence, a p pulse is applied halfway
between the two p/2 pulses. The contrast of the Ramsey fringes is

extended to longer coherent evolution times by performing Hahn
echo (Fig. 3c). The phase of the fringes can be flipped depending on
whether the p rotation is around the x axis (px) or around the y axis
(py). Hahn echoes of both these types increase the coherence time to
Techo5 506 5 ns (Fig. 3d).
Gate-defined spin qubits were previously only realized in lateral

quantum dots in GaAs–AlGaAs two-dimensional electron gases9.
Owing to the much stronger spin–orbit interaction in InAs, the Rabi
frequencies in our nanowire spin–orbit qubits are more than an order
of magnitude higher than in GaAs dots2. Dephasing times, T2*, are of
the same order in InAs and GaAs quantum dots23,26. The relatively low
Techo found in the present work encourages further study. A likely
reason is faster nuclear spin fluctuations caused by the large nuclear
spin of indium, I5 9/2. However, charge noise and nearby paramag-
netic impurities cannot be ruled out as significant dephasing sources
(Supplementary Information, section 6). Nanowires offer future solu-
tions for suppressing the effects of nuclear spins, such as nanowires
with sections of nuclear-spin-free silicon. The qubit can be stored in a
silicon section of the nanowire and moved to an InAs section only for
manipulation using spin–orbit interaction.
In the present qubit, longer coherence times can already be achieved

byCarr–Purcell–Meiboom–Gill (CPMG)dynamical-decouplingpulse
sequences27,28 (Fig. 4a). Here a single echo p pulse is replaced with an
array of equidistant p pulses, each of which refocuses the qubit state.
The total time of coherent evolution grows as the number of p pulses is
increased (Fig. 4a, inset). Importantly, an arbitrarily prepared qubit
state in thex–yplane is preserved during the decoupling sequence. This
is verified in Fig. 4b, which shows that the phase of the initial p/2 pulse
determines the phase of the Ramsey fringes. Similar evaluation was
carried out for CPMG sequences of up to seven p pulses. In future,
more efficient dynamical decoupling can be achieved using nuclear
spin state preparation27,29 in combination with faster p pulses or adia-
batic pulse techniques30.

METHODS SUMMARY
We fabricate devices on undoped silicon substrates. Instead of a global back gate,
twowide gates, B1 and B2, are located underneath the nanowire contacts (Fig. 1a).
They are set to constant positive voltages to enhance conductance through the
nanowire. Thewide gates are covered by a 50-nm layer of Si3N4 dielectric; on topof
this layer narrow gates and a 25-nm layer of Si3N4 are deposited. InAs nanowires
with diameters between 50 and80nmare grownnearly free of stacking faults using
metal-organic vapour phase epitaxy. The wires have the wurtzite crystal symmetry
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proper expression or for modulating channel
properties, similar to b subunits of voltage-gated
channels (32) or SUR subunits of adenosine 5´-
triphosphate–sensitive K+ channels (33). In this
case, all the cell types used here would have to
express an inactive conducting subunit of an MA
channel that requires Piezos to function. Alterna-
tively, Piezo proteinsmay define a distinct class of
ion channels, akin to Orai1, which lacks sequence
homology to other channels (34). Piezo1 is also
found in the endoplasmic reticulum (14, 15), so
Piezos may act at both the plasma membrane and
in intracellular compartments.

We described a role of Piezo2 in rapidly adapt-
ingMA currents in somatosensory neurons. Thus,
Piezo2 has potential roles in touch and pain sen-
sation (35, 36). Piezo1 and Piezo2 are expressed
in various tissues, and their homologs are present
throughout animals, plants, and protozoa, raising
the possibility that Piezo proteins have a broad
role in mechanotransduction.
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REPORTS
Universal Dynamical Decoupling of
a Single Solid-State Spin from a
Spin Bath
G. de Lange,1 Z. H. Wang,2 D. Ristè,1 V. V. Dobrovitski,2 R. Hanson1*

Controlling the interaction of a single quantum system with its environment is a fundamental
challenge in quantum science and technology. We strongly suppressed the coupling of a
single spin in diamond with the surrounding spin bath by using double-axis dynamical
decoupling. The coherence was preserved for arbitrary quantum states, as verified by quantum
process tomography. The resulting coherence time enhancement followed a general scaling with
the number of decoupling pulses. No limit was observed for the decoupling action up to
136 pulses, for which the coherence time was enhanced more than 25 times compared to that
obtained with spin echo. These results uncover a new regime for experimental quantum science and
allow us to overcome a major hurdle for implementing quantum information protocols.

In the past decade, manipulation and mea-
surement of single quantum systems in the
solid state have been achieved (1, 2). This

control has promising applications in quantum
information processing (3, 4), quantum commu-

nication (5), metrology (6), and ultrasensitive
magnetometry (7, 8). However, uncontrolled in-
teractions with the surroundings inevitably lead
to decoherence of the quantum states (9) and pose a
major hurdle for realizing these technologies.
Therefore, the key challenge in current experimen-
tal quantum science is to protect individual quan-
tum states from decoherence by their solid-state
environment.

If a quantum system can be controlled with
high fidelity, dynamical decoupling can be ex-

ploited to efficiently mitigate the interactions with
the environment (10–12). By reversing the evo-
lution of the quantum system at specific timeswith
control pulses, the effect of the environment ac-
cumulated before the pulse is canceled during the
evolution after the pulse. When viewed at the end
of the control cycle, the quantum system will ap-
pear as an isolated system that is decoupled from
its environment. Thanks to recent progress in quan-
tum control speed and precision (13, 14), we can
now unlock the full power of dynamical decou-
pling at the level of a single spin.

We focused on electron spins of single nitrogen-
vacancy (NV) defect centers in diamond coupled
to a spin bath (Fig. 1A). NV center spins can be
optically imaged, initialized, and read out, as well
as coherently controlled at room temperature (Fig.
1B). These favorable properties have been ex-
ploited to gain deeper insight into spin decoher-
ence (15, 16), as well as for demonstrating basic
quantum information protocols at room temper-
ature (17, 18).

We used nanosecond microwave pulses to
manipulate single NV spins. To raise the fidelity
of our control to the required level for efficient
decoupling, we fabricated on-chip coplanar wave-
guide (CPW) transmission lines using electron
beam lithography (Fig. 1A). The high bandwidth
of the CPW (13) combined with efficient sup-
pression of reflections and fine-tuned pulse calibra-
tion (14) allows fast and precise manipulation of

1Kavli Institute of Nanoscience Delft, Delft University of
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lands. 2Ames Laboratory and Iowa State University, Ames,
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proper expression or for modulating channel
properties, similar to b subunits of voltage-gated
channels (32) or SUR subunits of adenosine 5´-
triphosphate–sensitive K+ channels (33). In this
case, all the cell types used here would have to
express an inactive conducting subunit of an MA
channel that requires Piezos to function. Alterna-
tively, Piezo proteinsmay define a distinct class of
ion channels, akin to Orai1, which lacks sequence
homology to other channels (34). Piezo1 is also
found in the endoplasmic reticulum (14, 15), so
Piezos may act at both the plasma membrane and
in intracellular compartments.

We described a role of Piezo2 in rapidly adapt-
ingMA currents in somatosensory neurons. Thus,
Piezo2 has potential roles in touch and pain sen-
sation (35, 36). Piezo1 and Piezo2 are expressed
in various tissues, and their homologs are present
throughout animals, plants, and protozoa, raising
the possibility that Piezo proteins have a broad
role in mechanotransduction.
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Universal Dynamical Decoupling of
a Single Solid-State Spin from a
Spin Bath
G. de Lange,1 Z. H. Wang,2 D. Ristè,1 V. V. Dobrovitski,2 R. Hanson1*

Controlling the interaction of a single quantum system with its environment is a fundamental
challenge in quantum science and technology. We strongly suppressed the coupling of a
single spin in diamond with the surrounding spin bath by using double-axis dynamical
decoupling. The coherence was preserved for arbitrary quantum states, as verified by quantum
process tomography. The resulting coherence time enhancement followed a general scaling with
the number of decoupling pulses. No limit was observed for the decoupling action up to
136 pulses, for which the coherence time was enhanced more than 25 times compared to that
obtained with spin echo. These results uncover a new regime for experimental quantum science and
allow us to overcome a major hurdle for implementing quantum information protocols.

In the past decade, manipulation and mea-
surement of single quantum systems in the
solid state have been achieved (1, 2). This

control has promising applications in quantum
information processing (3, 4), quantum commu-

nication (5), metrology (6), and ultrasensitive
magnetometry (7, 8). However, uncontrolled in-
teractions with the surroundings inevitably lead
to decoherence of the quantum states (9) and pose a
major hurdle for realizing these technologies.
Therefore, the key challenge in current experimen-
tal quantum science is to protect individual quan-
tum states from decoherence by their solid-state
environment.

If a quantum system can be controlled with
high fidelity, dynamical decoupling can be ex-

ploited to efficiently mitigate the interactions with
the environment (10–12). By reversing the evo-
lution of the quantum system at specific timeswith
control pulses, the effect of the environment ac-
cumulated before the pulse is canceled during the
evolution after the pulse. When viewed at the end
of the control cycle, the quantum system will ap-
pear as an isolated system that is decoupled from
its environment. Thanks to recent progress in quan-
tum control speed and precision (13, 14), we can
now unlock the full power of dynamical decou-
pling at the level of a single spin.

We focused on electron spins of single nitrogen-
vacancy (NV) defect centers in diamond coupled
to a spin bath (Fig. 1A). NV center spins can be
optically imaged, initialized, and read out, as well
as coherently controlled at room temperature (Fig.
1B). These favorable properties have been ex-
ploited to gain deeper insight into spin decoher-
ence (15, 16), as well as for demonstrating basic
quantum information protocols at room temper-
ature (17, 18).

We used nanosecond microwave pulses to
manipulate single NV spins. To raise the fidelity
of our control to the required level for efficient
decoupling, we fabricated on-chip coplanar wave-
guide (CPW) transmission lines using electron
beam lithography (Fig. 1A). The high bandwidth
of the CPW (13) combined with efficient sup-
pression of reflections and fine-tuned pulse calibra-
tion (14) allows fast and precise manipulation of
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the NV spin (Fig. 1B), leading to process fidel-
ities of 99% for the basic control pulses needed
for dynamical decoupling (14).

The coherent dynamics of an NV spin are
strongly influenced by the coupling to neighboring
spins (the spin bath) (15, 16). Because such spin
environments are common in the solid state, our
results are directly relevant for other solid-state
quantumbits such as spins in quantumdots (19, 20)
and donors in silicon (4, 21). For the NV centers
studied here, the bath is composed of electron
spins localized on nitrogen impurity atoms. Res-
onant interactions (flip-flops) between the bath
spins and the NV spin are suppressed because of
a large energy mismatch (16). Therefore, the im-
pact of the spin bath on the NV spin is limited to
dephasing and can be described as a random
magnetic fieldB(t) that is directed along the NV’s
quantization axis. The value of B(t) is determined
by the state of the environment. We modeled the
bath field B(t) by an Ornstein-Uhlenbeck process
with the correlation function C(t) = 〈B(0)B(t)〉 =
b2 exp(−|t|/tC), where b is the coupling strength
of the bath to the spin and tC is the correlation
time of the bath, which measures the rate of flip-
flops between the bath spins due to the intrabath
dipolar coupling (14, 22).

The values of the parameters describing the
bath field were extracted from experiments. The
bath-induced dephasing during free evolution
had aGaussian envelope S(t) = exp(–b2t2/2), which
yielded the value for b (14); we found b = (3.6 T
0.1) ms−1 forNV1 (Fig. 1C), and b= (2.6 T 0.1) ms−1

for NV2 (14). The quasi-static dephasing could
be undone with a spin echo (SE) technique (Fig.
2A), revealing the much slower decay of spin
coherence caused by the dynamics of the spin
bath. The spin echo signal decayed as SE(t) =
exp[−(t/T2)3], characteristic for a slowly fluctuat-
ing spin bath with tC = T2

3b2/12 >> 1/b (22). The
values we found for tC, (25 T 3) ms for NV1 [T2 =
(2.8 T 0.1) ms] and (23 T 3) ms for NV2 [T2 = (3.5 T
0.2)ms], confirmed this. The spin echo decay time
T2 is often considered as the coherence or mem-
ory time of the system.We took T2 as the starting
point and demonstrated that the coherence time
could be markedly prolonged by dynamically de-
coupling the spin from the surrounding spin bath.

We first explored the potential of dynamical
decoupling by extending the SE pulse sequence
to periodic repetitions of the Carr-Purcell-Meiboom-
Gill (CPMG) cycle (Fig. 2A). The decoupling
performance was characterized by measuring
the state fidelity Fs ¼ 〈yijrmjyi〉, where jyi〉 is
the expected (ideal) state after applying the
sequence and rm the measured density matrix
of the actual state. Although the coherence had
vanished after 4 ms for the SE case, we observed
that the eight-pulse CPMG sequence preserved
the coherence almost completely during this same
time.

The optimal decoupling sequence for a quan-
tum system depends on the coupling to its environ-
ment and the dynamics within the environment
itself. In (23), nonperiodic interpulse spacing,

now called the UDD sequence, was found to
achieve a strong improvement in decoupling
efficiency over periodic pulse spacing in the case
of environmental noise spectra with a hard cut-

off; this was experimentally verified in (24, 25).
Recent theory (26, 27), however, suggests that
periodic, CPMG-like pulse spacing is ideal for
decoupling from an environment with a soft cut-

Fig. 1. Quantumcontrol
of a single spin in dia-
mond. (A) Left: A nitrogen-
vacancy defect is formed
by a single substitutional
nitrogen (14N) atom and
an adjacent vacancy (V).
The NV electron spin (or-
ange arrow) is coupled
to the host 14N nuclear
spin (blue arrow) through
the hyperfine interaction.
Middle: The NV center is
surrounded by a bath of
electron spins located at
sites of substitutional ni-
trogen atoms in the dia-
mond lattice (16). Right:
Confocal photolumines-
cence scan of a section
of the device, where the
golden regions are part
of the on-chip coplanar waveguide (CPW) used for applying quantum control pulses and NV centers appear as
bright spots in between the conductors of the CPW. (B) Energy level diagrams of the NV center electron spin
(left) and the electron spins in the bath (right). An applied magnetic field splits the NV spin triplet electronic
ground state; the effective two-level system used here is formed by the spin sublevelsmS = 0 (labeledj0〉) and
mS = −1 (labeledj1〉) (14). (C) Coherent driven oscillations of NV1. For the pulsed experiments, the same Rabi
frequency is used (14). (D) Decay during free evolution of NV1 probed using Ramsey interference. Solid line is
a fit (14). The fast oscillating component is due to a detuning of the driving field of 15 MHz with respect to the
spin transition, whereas the beating is caused by the hyperfine interaction with the host nuclear spin.
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Fig. 2. Optimized dynamical decoupling of NV1. (A) Left: State fidelities for CPMG decoupling sequence
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The same color scheme applies. (C) Single-axis decoupling for different input states, showing state-
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sphere on the right shows input states and the decoupling axis. Solid lines are numerical simulations
incorporating the experimental pulse errors (14). (D) Double-axis decoupling, with XY4 sequence with N=
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off. We investigated the efficiency of these dif-
ferent protocols in decoupling a single spin from
a spin bath environment (Fig. 2B) and observed
that CPMG outperformed UDD for all numbers
of pulses investigated in both simulations and ex-
periments (Fig. 2B, right panel). These findings
are in agreement with our model of a Lorentzian
bath noise spectrum, which exhibits a soft cut-off
(14).

For applications in quantum information pro-
cessing, it is essential that the decoupling pro-
tocol is universal, meaning that it can preserve
coherence for arbitrary quantum states. Because
pulse errors can severely degrade the coherence,
universal decoupling requires robustness to pulse
errors for all possible quantum states. In contrast,
protocols that use single-axis decoupling such as
CPMG optimally preserve only a limited range
of quantum states, whereas for other quantum
states the pulse errors accumulate rapidly with
increasing number of control pulses. In Fig. 2C,
we demonstrated this experimentally by compar-
ing the decay curves of superposition states
aligned (jx〉) and perpendicular (jy〉) to the CPMG
decoupling axis. Even though the fidelity of the
single-pulse control was very high (14), the
remaining small errors caused a significant loss

of decoupling fidelity for state jy〉 when the
number of operations was increased to 12 pulses;
this effect was accurately reproduced by simu-
lations (Fig. 2C) (14).

The use of sequences containing decoupling
pulses over two axes, such as XY4 (Fig. 2D) (28),
avoids this selective robustness to pulse errors
and can compensate certain systematic pulse
errors and coherent resonant perturbations with-
out increasing control overhead. We found that
XY4 could indeed preserve both quantum states
jx〉 and jy〉 (Fig. 2D).

We studied the decoupling performance in
more detail with the use of quantum process to-
mography (QPT), which allows for a complete
characterization of any quantum process (29).
Figure 3 shows the experimental QPT results for
XY4 with N = 8 operations, at different free evo-
lution times. For a free evolution time of 4.4 ms,
much longer than T2, the measured process matrix
c is in excellent agreement with the ideal process
of identity that is expected for perfect universal
decoupling.

By taking snapshots of the process for dif-
ferent free evolution times, we monitored how
decoherence affects the quantum states. We ob-
served that after t = 10 ms, the process element
corresponding to identity had decreased, whereas
the sz-sz element had grown. After 20 ms, these
elements had approximately equal amplitudes.
This behavior is characteristic for pure, off-
diagonal dephasing (29) and is consistent with
our model of the environment, in which the
magnetic dipolar coupling with the bath leads to
phase randomization. The independently
measured energy relaxation time T1 > 1 ms (14)
confirmed that longitudinal decay is not relevant
in this regime.

Finally, we investigated how the coherence
time scales with the number of control pulses. A
detailed theoretical analysis showed that for N
perfect pulses, the decoupling fidelity decayed as
F(t) = exp[−ANt3/(2NtC)3], where the total free

evolution time t = 2Nt and 2t is the interpulse
distance (14). For the XY4 sequence, we found
that A = (2/3)b2tC

2 for both large and small N.
The theory predicts two interesting features: (i)
The decay follows the universal form exp[−(t/Tcoh)3]
for all N, and (ii) the 1/e decay time scales as
Tcoh(N) = T2N

2/3.
In Fig. 4A, we show XY4 decoupling for N =

4, 16, and 72, as well as the spin echo for
comparison. These data indicate that the 1/e decay
time indeed scales with the number of pulses. For
a thorough comparison with the theory, we
renormalized the time axis to T2N 2=3(Fig. 4B).
We found that all data collapse onto a single curve
in linewith the prediction. Then,we plotted the 1/e
decay time of coherence of NV1 and NV2 and fit
this to the expected scaling law. The data of both
NV centers showed excellent agreement with the
theory over a range in N spanning two orders of
magnitude. For the longest sequence applied (136
pulses), the coherence time was increased by a
factor of 26.

Is there a limit to the coherence enhancement
that can be achieved with dynamical decoupling?
Our results demonstrate that we can prolong the
spin coherence beyond the bath correlation time
tC. Also, the nuclear spin bath, which would af-
fect the NV dynamics on a 5-ms time scale for the
magnetic field used here (15), is efficiently de-
coupled from the NV spin. Indeed, the theory in-
dicates no fundamental limit to the coherence time.
In practice, the decoupling efficiencywill be limited
by the minimum interpulse delay (on the order of
the pulse widths) and the longitudinal relaxation
time.

Because the spin bath environment is com-
mon to solid-state quantum bits, our findings can
be transferred to other promising systems such as
spins in quantum dots (3, 19, 20) and donors in
silicon (4, 21). Furthermore, the performance of
spin-based magnetometers can greatly benefit
from this work, because the magnetic field sen-
sitivity scales with the coherence time (7, 8). Fi-
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Fig. 3. Universal decoupling demonstrated with
quantum process tomography. QPT is performed at
free evolution times of 4.4, 10, and 24 ms for XY4
with N = 8 (see fig. S2B). At t = 4.4 ms, the mea-
sured process matrix nearly equals the identity
process matrix c (fidelity of 0.96 T 0.02), indicating
close-to-perfect quantum state protection. At longer
free evolution times, the process changes into pure
dephasing in accordance with our model of the spin
bath.

Fig. 4. Scaling of the coherence
enhancement with number of con-
trol pulses. (A) Decoupling for differ-
ent number of control pulses N.
Increasing N extends the coherence
to longer times. Solid lines are
simulations (14). (B) Data rescaled
to the normalized time axis t/(T2N2/3).
(C) Coherence 1/e decay time (Tcoh)
plotted as a function of the number
of control pulses for NV1 and NV2.
Solid lines are fits to Tcoh(N) = T2N 2/3

with T2 as free parameter.

free evolution time (µs)

A

st
at

e 
fid

el
ity

B C

1 10 100

100

10

number of pulses N

1/
e 

de
ca

y 
tim

e 
(µ

s)

NV2

NV1

0.1 1 10

0.5

1

normalized time  (t / T2 N 2/3)

N = 4
SE

N = 8
N = 16
N = 36
N = 72
N = 136

st
at

e 
fid

el
ity

1 10 100

0.5

1

SE
N = 4
N = 16
N = 72

1 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org62

REPORTS

 o
n 

O
ct

ob
er

 8
, 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

TCPMT � N�
�

the NV spin (Fig. 1B), leading to process fidel-
ities of 99% for the basic control pulses needed
for dynamical decoupling (14).

The coherent dynamics of an NV spin are
strongly influenced by the coupling to neighboring
spins (the spin bath) (15, 16). Because such spin
environments are common in the solid state, our
results are directly relevant for other solid-state
quantumbits such as spins in quantumdots (19, 20)
and donors in silicon (4, 21). For the NV centers
studied here, the bath is composed of electron
spins localized on nitrogen impurity atoms. Res-
onant interactions (flip-flops) between the bath
spins and the NV spin are suppressed because of
a large energy mismatch (16). Therefore, the im-
pact of the spin bath on the NV spin is limited to
dephasing and can be described as a random
magnetic fieldB(t) that is directed along the NV’s
quantization axis. The value of B(t) is determined
by the state of the environment. We modeled the
bath field B(t) by an Ornstein-Uhlenbeck process
with the correlation function C(t) = 〈B(0)B(t)〉 =
b2 exp(−|t|/tC), where b is the coupling strength
of the bath to the spin and tC is the correlation
time of the bath, which measures the rate of flip-
flops between the bath spins due to the intrabath
dipolar coupling (14, 22).

The values of the parameters describing the
bath field were extracted from experiments. The
bath-induced dephasing during free evolution
had aGaussian envelope S(t) = exp(–b2t2/2), which
yielded the value for b (14); we found b = (3.6 T
0.1) ms−1 forNV1 (Fig. 1C), and b= (2.6 T 0.1) ms−1

for NV2 (14). The quasi-static dephasing could
be undone with a spin echo (SE) technique (Fig.
2A), revealing the much slower decay of spin
coherence caused by the dynamics of the spin
bath. The spin echo signal decayed as SE(t) =
exp[−(t/T2)3], characteristic for a slowly fluctuat-
ing spin bath with tC = T2

3b2/12 >> 1/b (22). The
values we found for tC, (25 T 3) ms for NV1 [T2 =
(2.8 T 0.1) ms] and (23 T 3) ms for NV2 [T2 = (3.5 T
0.2)ms], confirmed this. The spin echo decay time
T2 is often considered as the coherence or mem-
ory time of the system.We took T2 as the starting
point and demonstrated that the coherence time
could be markedly prolonged by dynamically de-
coupling the spin from the surrounding spin bath.

We first explored the potential of dynamical
decoupling by extending the SE pulse sequence
to periodic repetitions of the Carr-Purcell-Meiboom-
Gill (CPMG) cycle (Fig. 2A). The decoupling
performance was characterized by measuring
the state fidelity Fs ¼ 〈yijrmjyi〉, where jyi〉 is
the expected (ideal) state after applying the
sequence and rm the measured density matrix
of the actual state. Although the coherence had
vanished after 4 ms for the SE case, we observed
that the eight-pulse CPMG sequence preserved
the coherence almost completely during this same
time.

The optimal decoupling sequence for a quan-
tum system depends on the coupling to its environ-
ment and the dynamics within the environment
itself. In (23), nonperiodic interpulse spacing,

now called the UDD sequence, was found to
achieve a strong improvement in decoupling
efficiency over periodic pulse spacing in the case
of environmental noise spectra with a hard cut-

off; this was experimentally verified in (24, 25).
Recent theory (26, 27), however, suggests that
periodic, CPMG-like pulse spacing is ideal for
decoupling from an environment with a soft cut-

Fig. 1. Quantumcontrol
of a single spin in dia-
mond. (A) Left: A nitrogen-
vacancy defect is formed
by a single substitutional
nitrogen (14N) atom and
an adjacent vacancy (V).
The NV electron spin (or-
ange arrow) is coupled
to the host 14N nuclear
spin (blue arrow) through
the hyperfine interaction.
Middle: The NV center is
surrounded by a bath of
electron spins located at
sites of substitutional ni-
trogen atoms in the dia-
mond lattice (16). Right:
Confocal photolumines-
cence scan of a section
of the device, where the
golden regions are part
of the on-chip coplanar waveguide (CPW) used for applying quantum control pulses and NV centers appear as
bright spots in between the conductors of the CPW. (B) Energy level diagrams of the NV center electron spin
(left) and the electron spins in the bath (right). An applied magnetic field splits the NV spin triplet electronic
ground state; the effective two-level system used here is formed by the spin sublevelsmS = 0 (labeledj0〉) and
mS = −1 (labeledj1〉) (14). (C) Coherent driven oscillations of NV1. For the pulsed experiments, the same Rabi
frequency is used (14). (D) Decay during free evolution of NV1 probed using Ramsey interference. Solid line is
a fit (14). The fast oscillating component is due to a detuning of the driving field of 15 MHz with respect to the
spin transition, whereas the beating is caused by the hyperfine interaction with the host nuclear spin.
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Fig. 2. Optimized dynamical decoupling of NV1. (A) Left: State fidelities for CPMG decoupling sequence
applied to NV1. The blue curve is a spin echo measurement. High state fidelity is recovered for increasing
number of pulsesN. Solid lines are fits to ~exp[–(t/Tcoh)3]. Right: Vertical lines indicate the location of p-pulses.
(B) Comparison of decoupling with CPMG (orange) and UDD (green) for N = 6 pulses. The solid lines are
fits to ~exp[−(t/Tcoh)3]. The right panel shows the 1/e decay times from fits to data and to simulations (14).
The same color scheme applies. (C) Single-axis decoupling for different input states, showing state-
selective decoupling for the CPMG sequence with N = 12 operations (shown in the upper right). Bloch
sphere on the right shows input states and the decoupling axis. Solid lines are numerical simulations
incorporating the experimental pulse errors (14). (D) Double-axis decoupling, with XY4 sequence with N=
12, showing excellent decoupling for both input states. Pulse timings are the same as for CPMG but with
the decoupling axis alternating between X and Y, as shown on the right. The simulations for jx〉 and jy〉
yield practically the same curve and therefore appear as one.
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off. We investigated the efficiency of these dif-
ferent protocols in decoupling a single spin from
a spin bath environment (Fig. 2B) and observed
that CPMG outperformed UDD for all numbers
of pulses investigated in both simulations and ex-
periments (Fig. 2B, right panel). These findings
are in agreement with our model of a Lorentzian
bath noise spectrum, which exhibits a soft cut-off
(14).

For applications in quantum information pro-
cessing, it is essential that the decoupling pro-
tocol is universal, meaning that it can preserve
coherence for arbitrary quantum states. Because
pulse errors can severely degrade the coherence,
universal decoupling requires robustness to pulse
errors for all possible quantum states. In contrast,
protocols that use single-axis decoupling such as
CPMG optimally preserve only a limited range
of quantum states, whereas for other quantum
states the pulse errors accumulate rapidly with
increasing number of control pulses. In Fig. 2C,
we demonstrated this experimentally by compar-
ing the decay curves of superposition states
aligned (jx〉) and perpendicular (jy〉) to the CPMG
decoupling axis. Even though the fidelity of the
single-pulse control was very high (14), the
remaining small errors caused a significant loss

of decoupling fidelity for state jy〉 when the
number of operations was increased to 12 pulses;
this effect was accurately reproduced by simu-
lations (Fig. 2C) (14).

The use of sequences containing decoupling
pulses over two axes, such as XY4 (Fig. 2D) (28),
avoids this selective robustness to pulse errors
and can compensate certain systematic pulse
errors and coherent resonant perturbations with-
out increasing control overhead. We found that
XY4 could indeed preserve both quantum states
jx〉 and jy〉 (Fig. 2D).

We studied the decoupling performance in
more detail with the use of quantum process to-
mography (QPT), which allows for a complete
characterization of any quantum process (29).
Figure 3 shows the experimental QPT results for
XY4 with N = 8 operations, at different free evo-
lution times. For a free evolution time of 4.4 ms,
much longer than T2, the measured process matrix
c is in excellent agreement with the ideal process
of identity that is expected for perfect universal
decoupling.

By taking snapshots of the process for dif-
ferent free evolution times, we monitored how
decoherence affects the quantum states. We ob-
served that after t = 10 ms, the process element
corresponding to identity had decreased, whereas
the sz-sz element had grown. After 20 ms, these
elements had approximately equal amplitudes.
This behavior is characteristic for pure, off-
diagonal dephasing (29) and is consistent with
our model of the environment, in which the
magnetic dipolar coupling with the bath leads to
phase randomization. The independently
measured energy relaxation time T1 > 1 ms (14)
confirmed that longitudinal decay is not relevant
in this regime.

Finally, we investigated how the coherence
time scales with the number of control pulses. A
detailed theoretical analysis showed that for N
perfect pulses, the decoupling fidelity decayed as
F(t) = exp[−ANt3/(2NtC)3], where the total free

evolution time t = 2Nt and 2t is the interpulse
distance (14). For the XY4 sequence, we found
that A = (2/3)b2tC

2 for both large and small N.
The theory predicts two interesting features: (i)
The decay follows the universal form exp[−(t/Tcoh)3]
for all N, and (ii) the 1/e decay time scales as
Tcoh(N) = T2N

2/3.
In Fig. 4A, we show XY4 decoupling for N =

4, 16, and 72, as well as the spin echo for
comparison. These data indicate that the 1/e decay
time indeed scales with the number of pulses. For
a thorough comparison with the theory, we
renormalized the time axis to T2N 2=3(Fig. 4B).
We found that all data collapse onto a single curve
in linewith the prediction. Then,we plotted the 1/e
decay time of coherence of NV1 and NV2 and fit
this to the expected scaling law. The data of both
NV centers showed excellent agreement with the
theory over a range in N spanning two orders of
magnitude. For the longest sequence applied (136
pulses), the coherence time was increased by a
factor of 26.

Is there a limit to the coherence enhancement
that can be achieved with dynamical decoupling?
Our results demonstrate that we can prolong the
spin coherence beyond the bath correlation time
tC. Also, the nuclear spin bath, which would af-
fect the NV dynamics on a 5-ms time scale for the
magnetic field used here (15), is efficiently de-
coupled from the NV spin. Indeed, the theory in-
dicates no fundamental limit to the coherence time.
In practice, the decoupling efficiencywill be limited
by the minimum interpulse delay (on the order of
the pulse widths) and the longitudinal relaxation
time.

Because the spin bath environment is com-
mon to solid-state quantum bits, our findings can
be transferred to other promising systems such as
spins in quantum dots (3, 19, 20) and donors in
silicon (4, 21). Furthermore, the performance of
spin-based magnetometers can greatly benefit
from this work, because the magnetic field sen-
sitivity scales with the coherence time (7, 8). Fi-
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Fig. 3. Universal decoupling demonstrated with
quantum process tomography. QPT is performed at
free evolution times of 4.4, 10, and 24 ms for XY4
with N = 8 (see fig. S2B). At t = 4.4 ms, the mea-
sured process matrix nearly equals the identity
process matrix c (fidelity of 0.96 T 0.02), indicating
close-to-perfect quantum state protection. At longer
free evolution times, the process changes into pure
dephasing in accordance with our model of the spin
bath.

Fig. 4. Scaling of the coherence
enhancement with number of con-
trol pulses. (A) Decoupling for differ-
ent number of control pulses N.
Increasing N extends the coherence
to longer times. Solid lines are
simulations (14). (B) Data rescaled
to the normalized time axis t/(T2N2/3).
(C) Coherence 1/e decay time (Tcoh)
plotted as a function of the number
of control pulses for NV1 and NV2.
Solid lines are fits to Tcoh(N) = T2N 2/3

with T2 as free parameter.

free evolution time (µs)

A

st
at

e 
fid

el
ity

B C

1 10 100

100

10

number of pulses N

1/
e 

de
ca

y 
tim

e 
(µ

s)

NV2

NV1

0.1 1 10

0.5

1

normalized time  (t / T2 N 2/3)

N = 4
SE

N = 8
N = 16
N = 36
N = 72
N = 136

st
at

e 
fid

el
ity

1 10 100

0.5

1

SE
N = 4
N = 16
N = 72

1 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org62

REPORTS

 o
n 

O
ct

ob
er

 8
, 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

� = 0.66



intuition for connection between 
scaling of dynamical decoupling and noise spectrum

S(�)

�

noise spectrum

1/T

slow noise
can be removed by 

echo

fast noise
cannot be removed by 
echo

c)

d)

a) b)

ε
0

E (0,2)S

(0,2)S

T-

T+

εS εPεM

T0

S

εE

JE

T



remarkably simple relation between noise spectrum, 
fidelity envelope, and pulse scaling exponent*

S(�)

�
1 10 100

1

10

100
S(�) � ���

1 2 3

1

0

�

PS(�) PS(�) � e�(�/T2)
�

� = � + 1

� =
1

1 � �

1

1

10 100

10

100

N even
�

T2

T2 � (N even
� )�

� =
�

1 � �

*applies to power-law noise 
spectrum and T2 << T1

Medford, et al.
PRL 108 086802 (2012)



proper expression or for modulating channel
properties, similar to b subunits of voltage-gated
channels (32) or SUR subunits of adenosine 5´-
triphosphate–sensitive K+ channels (33). In this
case, all the cell types used here would have to
express an inactive conducting subunit of an MA
channel that requires Piezos to function. Alterna-
tively, Piezo proteinsmay define a distinct class of
ion channels, akin to Orai1, which lacks sequence
homology to other channels (34). Piezo1 is also
found in the endoplasmic reticulum (14, 15), so
Piezos may act at both the plasma membrane and
in intracellular compartments.

We described a role of Piezo2 in rapidly adapt-
ingMA currents in somatosensory neurons. Thus,
Piezo2 has potential roles in touch and pain sen-
sation (35, 36). Piezo1 and Piezo2 are expressed
in various tissues, and their homologs are present
throughout animals, plants, and protozoa, raising
the possibility that Piezo proteins have a broad
role in mechanotransduction.
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Universal Dynamical Decoupling of
a Single Solid-State Spin from a
Spin Bath
G. de Lange,1 Z. H. Wang,2 D. Ristè,1 V. V. Dobrovitski,2 R. Hanson1*

Controlling the interaction of a single quantum system with its environment is a fundamental
challenge in quantum science and technology. We strongly suppressed the coupling of a
single spin in diamond with the surrounding spin bath by using double-axis dynamical
decoupling. The coherence was preserved for arbitrary quantum states, as verified by quantum
process tomography. The resulting coherence time enhancement followed a general scaling with
the number of decoupling pulses. No limit was observed for the decoupling action up to
136 pulses, for which the coherence time was enhanced more than 25 times compared to that
obtained with spin echo. These results uncover a new regime for experimental quantum science and
allow us to overcome a major hurdle for implementing quantum information protocols.

In the past decade, manipulation and mea-
surement of single quantum systems in the
solid state have been achieved (1, 2). This

control has promising applications in quantum
information processing (3, 4), quantum commu-

nication (5), metrology (6), and ultrasensitive
magnetometry (7, 8). However, uncontrolled in-
teractions with the surroundings inevitably lead
to decoherence of the quantum states (9) and pose a
major hurdle for realizing these technologies.
Therefore, the key challenge in current experimen-
tal quantum science is to protect individual quan-
tum states from decoherence by their solid-state
environment.

If a quantum system can be controlled with
high fidelity, dynamical decoupling can be ex-

ploited to efficiently mitigate the interactions with
the environment (10–12). By reversing the evo-
lution of the quantum system at specific timeswith
control pulses, the effect of the environment ac-
cumulated before the pulse is canceled during the
evolution after the pulse. When viewed at the end
of the control cycle, the quantum system will ap-
pear as an isolated system that is decoupled from
its environment. Thanks to recent progress in quan-
tum control speed and precision (13, 14), we can
now unlock the full power of dynamical decou-
pling at the level of a single spin.

We focused on electron spins of single nitrogen-
vacancy (NV) defect centers in diamond coupled
to a spin bath (Fig. 1A). NV center spins can be
optically imaged, initialized, and read out, as well
as coherently controlled at room temperature (Fig.
1B). These favorable properties have been ex-
ploited to gain deeper insight into spin decoher-
ence (15, 16), as well as for demonstrating basic
quantum information protocols at room temper-
ature (17, 18).

We used nanosecond microwave pulses to
manipulate single NV spins. To raise the fidelity
of our control to the required level for efficient
decoupling, we fabricated on-chip coplanar wave-
guide (CPW) transmission lines using electron
beam lithography (Fig. 1A). The high bandwidth
of the CPW (13) combined with efficient sup-
pression of reflections and fine-tuned pulse calibra-
tion (14) allows fast and precise manipulation of
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proper expression or for modulating channel
properties, similar to b subunits of voltage-gated
channels (32) or SUR subunits of adenosine 5´-
triphosphate–sensitive K+ channels (33). In this
case, all the cell types used here would have to
express an inactive conducting subunit of an MA
channel that requires Piezos to function. Alterna-
tively, Piezo proteinsmay define a distinct class of
ion channels, akin to Orai1, which lacks sequence
homology to other channels (34). Piezo1 is also
found in the endoplasmic reticulum (14, 15), so
Piezos may act at both the plasma membrane and
in intracellular compartments.

We described a role of Piezo2 in rapidly adapt-
ingMA currents in somatosensory neurons. Thus,
Piezo2 has potential roles in touch and pain sen-
sation (35, 36). Piezo1 and Piezo2 are expressed
in various tissues, and their homologs are present
throughout animals, plants, and protozoa, raising
the possibility that Piezo proteins have a broad
role in mechanotransduction.
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Universal Dynamical Decoupling of
a Single Solid-State Spin from a
Spin Bath
G. de Lange,1 Z. H. Wang,2 D. Ristè,1 V. V. Dobrovitski,2 R. Hanson1*

Controlling the interaction of a single quantum system with its environment is a fundamental
challenge in quantum science and technology. We strongly suppressed the coupling of a
single spin in diamond with the surrounding spin bath by using double-axis dynamical
decoupling. The coherence was preserved for arbitrary quantum states, as verified by quantum
process tomography. The resulting coherence time enhancement followed a general scaling with
the number of decoupling pulses. No limit was observed for the decoupling action up to
136 pulses, for which the coherence time was enhanced more than 25 times compared to that
obtained with spin echo. These results uncover a new regime for experimental quantum science and
allow us to overcome a major hurdle for implementing quantum information protocols.

In the past decade, manipulation and mea-
surement of single quantum systems in the
solid state have been achieved (1, 2). This

control has promising applications in quantum
information processing (3, 4), quantum commu-

nication (5), metrology (6), and ultrasensitive
magnetometry (7, 8). However, uncontrolled in-
teractions with the surroundings inevitably lead
to decoherence of the quantum states (9) and pose a
major hurdle for realizing these technologies.
Therefore, the key challenge in current experimen-
tal quantum science is to protect individual quan-
tum states from decoherence by their solid-state
environment.

If a quantum system can be controlled with
high fidelity, dynamical decoupling can be ex-

ploited to efficiently mitigate the interactions with
the environment (10–12). By reversing the evo-
lution of the quantum system at specific timeswith
control pulses, the effect of the environment ac-
cumulated before the pulse is canceled during the
evolution after the pulse. When viewed at the end
of the control cycle, the quantum system will ap-
pear as an isolated system that is decoupled from
its environment. Thanks to recent progress in quan-
tum control speed and precision (13, 14), we can
now unlock the full power of dynamical decou-
pling at the level of a single spin.

We focused on electron spins of single nitrogen-
vacancy (NV) defect centers in diamond coupled
to a spin bath (Fig. 1A). NV center spins can be
optically imaged, initialized, and read out, as well
as coherently controlled at room temperature (Fig.
1B). These favorable properties have been ex-
ploited to gain deeper insight into spin decoher-
ence (15, 16), as well as for demonstrating basic
quantum information protocols at room temper-
ature (17, 18).

We used nanosecond microwave pulses to
manipulate single NV spins. To raise the fidelity
of our control to the required level for efficient
decoupling, we fabricated on-chip coplanar wave-
guide (CPW) transmission lines using electron
beam lithography (Fig. 1A). The high bandwidth
of the CPW (13) combined with efficient sup-
pression of reflections and fine-tuned pulse calibra-
tion (14) allows fast and precise manipulation of
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the NV spin (Fig. 1B), leading to process fidel-
ities of 99% for the basic control pulses needed
for dynamical decoupling (14).

The coherent dynamics of an NV spin are
strongly influenced by the coupling to neighboring
spins (the spin bath) (15, 16). Because such spin
environments are common in the solid state, our
results are directly relevant for other solid-state
quantumbits such as spins in quantumdots (19, 20)
and donors in silicon (4, 21). For the NV centers
studied here, the bath is composed of electron
spins localized on nitrogen impurity atoms. Res-
onant interactions (flip-flops) between the bath
spins and the NV spin are suppressed because of
a large energy mismatch (16). Therefore, the im-
pact of the spin bath on the NV spin is limited to
dephasing and can be described as a random
magnetic fieldB(t) that is directed along the NV’s
quantization axis. The value of B(t) is determined
by the state of the environment. We modeled the
bath field B(t) by an Ornstein-Uhlenbeck process
with the correlation function C(t) = 〈B(0)B(t)〉 =
b2 exp(−|t|/tC), where b is the coupling strength
of the bath to the spin and tC is the correlation
time of the bath, which measures the rate of flip-
flops between the bath spins due to the intrabath
dipolar coupling (14, 22).

The values of the parameters describing the
bath field were extracted from experiments. The
bath-induced dephasing during free evolution
had aGaussian envelope S(t) = exp(–b2t2/2), which
yielded the value for b (14); we found b = (3.6 T
0.1) ms−1 forNV1 (Fig. 1C), and b= (2.6 T 0.1) ms−1

for NV2 (14). The quasi-static dephasing could
be undone with a spin echo (SE) technique (Fig.
2A), revealing the much slower decay of spin
coherence caused by the dynamics of the spin
bath. The spin echo signal decayed as SE(t) =
exp[−(t/T2)3], characteristic for a slowly fluctuat-
ing spin bath with tC = T2

3b2/12 >> 1/b (22). The
values we found for tC, (25 T 3) ms for NV1 [T2 =
(2.8 T 0.1) ms] and (23 T 3) ms for NV2 [T2 = (3.5 T
0.2)ms], confirmed this. The spin echo decay time
T2 is often considered as the coherence or mem-
ory time of the system.We took T2 as the starting
point and demonstrated that the coherence time
could be markedly prolonged by dynamically de-
coupling the spin from the surrounding spin bath.

We first explored the potential of dynamical
decoupling by extending the SE pulse sequence
to periodic repetitions of the Carr-Purcell-Meiboom-
Gill (CPMG) cycle (Fig. 2A). The decoupling
performance was characterized by measuring
the state fidelity Fs ¼ 〈yijrmjyi〉, where jyi〉 is
the expected (ideal) state after applying the
sequence and rm the measured density matrix
of the actual state. Although the coherence had
vanished after 4 ms for the SE case, we observed
that the eight-pulse CPMG sequence preserved
the coherence almost completely during this same
time.

The optimal decoupling sequence for a quan-
tum system depends on the coupling to its environ-
ment and the dynamics within the environment
itself. In (23), nonperiodic interpulse spacing,

now called the UDD sequence, was found to
achieve a strong improvement in decoupling
efficiency over periodic pulse spacing in the case
of environmental noise spectra with a hard cut-

off; this was experimentally verified in (24, 25).
Recent theory (26, 27), however, suggests that
periodic, CPMG-like pulse spacing is ideal for
decoupling from an environment with a soft cut-

Fig. 1. Quantumcontrol
of a single spin in dia-
mond. (A) Left: A nitrogen-
vacancy defect is formed
by a single substitutional
nitrogen (14N) atom and
an adjacent vacancy (V).
The NV electron spin (or-
ange arrow) is coupled
to the host 14N nuclear
spin (blue arrow) through
the hyperfine interaction.
Middle: The NV center is
surrounded by a bath of
electron spins located at
sites of substitutional ni-
trogen atoms in the dia-
mond lattice (16). Right:
Confocal photolumines-
cence scan of a section
of the device, where the
golden regions are part
of the on-chip coplanar waveguide (CPW) used for applying quantum control pulses and NV centers appear as
bright spots in between the conductors of the CPW. (B) Energy level diagrams of the NV center electron spin
(left) and the electron spins in the bath (right). An applied magnetic field splits the NV spin triplet electronic
ground state; the effective two-level system used here is formed by the spin sublevelsmS = 0 (labeledj0〉) and
mS = −1 (labeledj1〉) (14). (C) Coherent driven oscillations of NV1. For the pulsed experiments, the same Rabi
frequency is used (14). (D) Decay during free evolution of NV1 probed using Ramsey interference. Solid line is
a fit (14). The fast oscillating component is due to a detuning of the driving field of 15 MHz with respect to the
spin transition, whereas the beating is caused by the hyperfine interaction with the host nuclear spin.
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(B) Comparison of decoupling with CPMG (orange) and UDD (green) for N = 6 pulses. The solid lines are
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off. We investigated the efficiency of these dif-
ferent protocols in decoupling a single spin from
a spin bath environment (Fig. 2B) and observed
that CPMG outperformed UDD for all numbers
of pulses investigated in both simulations and ex-
periments (Fig. 2B, right panel). These findings
are in agreement with our model of a Lorentzian
bath noise spectrum, which exhibits a soft cut-off
(14).

For applications in quantum information pro-
cessing, it is essential that the decoupling pro-
tocol is universal, meaning that it can preserve
coherence for arbitrary quantum states. Because
pulse errors can severely degrade the coherence,
universal decoupling requires robustness to pulse
errors for all possible quantum states. In contrast,
protocols that use single-axis decoupling such as
CPMG optimally preserve only a limited range
of quantum states, whereas for other quantum
states the pulse errors accumulate rapidly with
increasing number of control pulses. In Fig. 2C,
we demonstrated this experimentally by compar-
ing the decay curves of superposition states
aligned (jx〉) and perpendicular (jy〉) to the CPMG
decoupling axis. Even though the fidelity of the
single-pulse control was very high (14), the
remaining small errors caused a significant loss

of decoupling fidelity for state jy〉 when the
number of operations was increased to 12 pulses;
this effect was accurately reproduced by simu-
lations (Fig. 2C) (14).

The use of sequences containing decoupling
pulses over two axes, such as XY4 (Fig. 2D) (28),
avoids this selective robustness to pulse errors
and can compensate certain systematic pulse
errors and coherent resonant perturbations with-
out increasing control overhead. We found that
XY4 could indeed preserve both quantum states
jx〉 and jy〉 (Fig. 2D).

We studied the decoupling performance in
more detail with the use of quantum process to-
mography (QPT), which allows for a complete
characterization of any quantum process (29).
Figure 3 shows the experimental QPT results for
XY4 with N = 8 operations, at different free evo-
lution times. For a free evolution time of 4.4 ms,
much longer than T2, the measured process matrix
c is in excellent agreement with the ideal process
of identity that is expected for perfect universal
decoupling.

By taking snapshots of the process for dif-
ferent free evolution times, we monitored how
decoherence affects the quantum states. We ob-
served that after t = 10 ms, the process element
corresponding to identity had decreased, whereas
the sz-sz element had grown. After 20 ms, these
elements had approximately equal amplitudes.
This behavior is characteristic for pure, off-
diagonal dephasing (29) and is consistent with
our model of the environment, in which the
magnetic dipolar coupling with the bath leads to
phase randomization. The independently
measured energy relaxation time T1 > 1 ms (14)
confirmed that longitudinal decay is not relevant
in this regime.

Finally, we investigated how the coherence
time scales with the number of control pulses. A
detailed theoretical analysis showed that for N
perfect pulses, the decoupling fidelity decayed as
F(t) = exp[−ANt3/(2NtC)3], where the total free

evolution time t = 2Nt and 2t is the interpulse
distance (14). For the XY4 sequence, we found
that A = (2/3)b2tC

2 for both large and small N.
The theory predicts two interesting features: (i)
The decay follows the universal form exp[−(t/Tcoh)3]
for all N, and (ii) the 1/e decay time scales as
Tcoh(N) = T2N

2/3.
In Fig. 4A, we show XY4 decoupling for N =

4, 16, and 72, as well as the spin echo for
comparison. These data indicate that the 1/e decay
time indeed scales with the number of pulses. For
a thorough comparison with the theory, we
renormalized the time axis to T2N 2=3(Fig. 4B).
We found that all data collapse onto a single curve
in linewith the prediction. Then,we plotted the 1/e
decay time of coherence of NV1 and NV2 and fit
this to the expected scaling law. The data of both
NV centers showed excellent agreement with the
theory over a range in N spanning two orders of
magnitude. For the longest sequence applied (136
pulses), the coherence time was increased by a
factor of 26.

Is there a limit to the coherence enhancement
that can be achieved with dynamical decoupling?
Our results demonstrate that we can prolong the
spin coherence beyond the bath correlation time
tC. Also, the nuclear spin bath, which would af-
fect the NV dynamics on a 5-ms time scale for the
magnetic field used here (15), is efficiently de-
coupled from the NV spin. Indeed, the theory in-
dicates no fundamental limit to the coherence time.
In practice, the decoupling efficiencywill be limited
by the minimum interpulse delay (on the order of
the pulse widths) and the longitudinal relaxation
time.

Because the spin bath environment is com-
mon to solid-state quantum bits, our findings can
be transferred to other promising systems such as
spins in quantum dots (3, 19, 20) and donors in
silicon (4, 21). Furthermore, the performance of
spin-based magnetometers can greatly benefit
from this work, because the magnetic field sen-
sitivity scales with the coherence time (7, 8). Fi-
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Fig. 3. Universal decoupling demonstrated with
quantum process tomography. QPT is performed at
free evolution times of 4.4, 10, and 24 ms for XY4
with N = 8 (see fig. S2B). At t = 4.4 ms, the mea-
sured process matrix nearly equals the identity
process matrix c (fidelity of 0.96 T 0.02), indicating
close-to-perfect quantum state protection. At longer
free evolution times, the process changes into pure
dephasing in accordance with our model of the spin
bath.

Fig. 4. Scaling of the coherence
enhancement with number of con-
trol pulses. (A) Decoupling for differ-
ent number of control pulses N.
Increasing N extends the coherence
to longer times. Solid lines are
simulations (14). (B) Data rescaled
to the normalized time axis t/(T2N2/3).
(C) Coherence 1/e decay time (Tcoh)
plotted as a function of the number
of control pulses for NV1 and NV2.
Solid lines are fits to Tcoh(N) = T2N 2/3

with T2 as free parameter.
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the NV spin (Fig. 1B), leading to process fidel-
ities of 99% for the basic control pulses needed
for dynamical decoupling (14).

The coherent dynamics of an NV spin are
strongly influenced by the coupling to neighboring
spins (the spin bath) (15, 16). Because such spin
environments are common in the solid state, our
results are directly relevant for other solid-state
quantumbits such as spins in quantumdots (19, 20)
and donors in silicon (4, 21). For the NV centers
studied here, the bath is composed of electron
spins localized on nitrogen impurity atoms. Res-
onant interactions (flip-flops) between the bath
spins and the NV spin are suppressed because of
a large energy mismatch (16). Therefore, the im-
pact of the spin bath on the NV spin is limited to
dephasing and can be described as a random
magnetic fieldB(t) that is directed along the NV’s
quantization axis. The value of B(t) is determined
by the state of the environment. We modeled the
bath field B(t) by an Ornstein-Uhlenbeck process
with the correlation function C(t) = 〈B(0)B(t)〉 =
b2 exp(−|t|/tC), where b is the coupling strength
of the bath to the spin and tC is the correlation
time of the bath, which measures the rate of flip-
flops between the bath spins due to the intrabath
dipolar coupling (14, 22).

The values of the parameters describing the
bath field were extracted from experiments. The
bath-induced dephasing during free evolution
had aGaussian envelope S(t) = exp(–b2t2/2), which
yielded the value for b (14); we found b = (3.6 T
0.1) ms−1 forNV1 (Fig. 1C), and b= (2.6 T 0.1) ms−1

for NV2 (14). The quasi-static dephasing could
be undone with a spin echo (SE) technique (Fig.
2A), revealing the much slower decay of spin
coherence caused by the dynamics of the spin
bath. The spin echo signal decayed as SE(t) =
exp[−(t/T2)3], characteristic for a slowly fluctuat-
ing spin bath with tC = T2

3b2/12 >> 1/b (22). The
values we found for tC, (25 T 3) ms for NV1 [T2 =
(2.8 T 0.1) ms] and (23 T 3) ms for NV2 [T2 = (3.5 T
0.2)ms], confirmed this. The spin echo decay time
T2 is often considered as the coherence or mem-
ory time of the system.We took T2 as the starting
point and demonstrated that the coherence time
could be markedly prolonged by dynamically de-
coupling the spin from the surrounding spin bath.

We first explored the potential of dynamical
decoupling by extending the SE pulse sequence
to periodic repetitions of the Carr-Purcell-Meiboom-
Gill (CPMG) cycle (Fig. 2A). The decoupling
performance was characterized by measuring
the state fidelity Fs ¼ 〈yijrmjyi〉, where jyi〉 is
the expected (ideal) state after applying the
sequence and rm the measured density matrix
of the actual state. Although the coherence had
vanished after 4 ms for the SE case, we observed
that the eight-pulse CPMG sequence preserved
the coherence almost completely during this same
time.

The optimal decoupling sequence for a quan-
tum system depends on the coupling to its environ-
ment and the dynamics within the environment
itself. In (23), nonperiodic interpulse spacing,

now called the UDD sequence, was found to
achieve a strong improvement in decoupling
efficiency over periodic pulse spacing in the case
of environmental noise spectra with a hard cut-

off; this was experimentally verified in (24, 25).
Recent theory (26, 27), however, suggests that
periodic, CPMG-like pulse spacing is ideal for
decoupling from an environment with a soft cut-

Fig. 1. Quantumcontrol
of a single spin in dia-
mond. (A) Left: A nitrogen-
vacancy defect is formed
by a single substitutional
nitrogen (14N) atom and
an adjacent vacancy (V).
The NV electron spin (or-
ange arrow) is coupled
to the host 14N nuclear
spin (blue arrow) through
the hyperfine interaction.
Middle: The NV center is
surrounded by a bath of
electron spins located at
sites of substitutional ni-
trogen atoms in the dia-
mond lattice (16). Right:
Confocal photolumines-
cence scan of a section
of the device, where the
golden regions are part
of the on-chip coplanar waveguide (CPW) used for applying quantum control pulses and NV centers appear as
bright spots in between the conductors of the CPW. (B) Energy level diagrams of the NV center electron spin
(left) and the electron spins in the bath (right). An applied magnetic field splits the NV spin triplet electronic
ground state; the effective two-level system used here is formed by the spin sublevelsmS = 0 (labeledj0〉) and
mS = −1 (labeledj1〉) (14). (C) Coherent driven oscillations of NV1. For the pulsed experiments, the same Rabi
frequency is used (14). (D) Decay during free evolution of NV1 probed using Ramsey interference. Solid line is
a fit (14). The fast oscillating component is due to a detuning of the driving field of 15 MHz with respect to the
spin transition, whereas the beating is caused by the hyperfine interaction with the host nuclear spin.
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number of pulsesN. Solid lines are fits to ~exp[–(t/Tcoh)3]. Right: Vertical lines indicate the location of p-pulses.
(B) Comparison of decoupling with CPMG (orange) and UDD (green) for N = 6 pulses. The solid lines are
fits to ~exp[−(t/Tcoh)3]. The right panel shows the 1/e decay times from fits to data and to simulations (14).
The same color scheme applies. (C) Single-axis decoupling for different input states, showing state-
selective decoupling for the CPMG sequence with N = 12 operations (shown in the upper right). Bloch
sphere on the right shows input states and the decoupling axis. Solid lines are numerical simulations
incorporating the experimental pulse errors (14). (D) Double-axis decoupling, with XY4 sequence with N=
12, showing excellent decoupling for both input states. Pulse timings are the same as for CPMG but with
the decoupling axis alternating between X and Y, as shown on the right. The simulations for jx〉 and jy〉
yield practically the same curve and therefore appear as one.
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off. We investigated the efficiency of these dif-
ferent protocols in decoupling a single spin from
a spin bath environment (Fig. 2B) and observed
that CPMG outperformed UDD for all numbers
of pulses investigated in both simulations and ex-
periments (Fig. 2B, right panel). These findings
are in agreement with our model of a Lorentzian
bath noise spectrum, which exhibits a soft cut-off
(14).

For applications in quantum information pro-
cessing, it is essential that the decoupling pro-
tocol is universal, meaning that it can preserve
coherence for arbitrary quantum states. Because
pulse errors can severely degrade the coherence,
universal decoupling requires robustness to pulse
errors for all possible quantum states. In contrast,
protocols that use single-axis decoupling such as
CPMG optimally preserve only a limited range
of quantum states, whereas for other quantum
states the pulse errors accumulate rapidly with
increasing number of control pulses. In Fig. 2C,
we demonstrated this experimentally by compar-
ing the decay curves of superposition states
aligned (jx〉) and perpendicular (jy〉) to the CPMG
decoupling axis. Even though the fidelity of the
single-pulse control was very high (14), the
remaining small errors caused a significant loss

of decoupling fidelity for state jy〉 when the
number of operations was increased to 12 pulses;
this effect was accurately reproduced by simu-
lations (Fig. 2C) (14).

The use of sequences containing decoupling
pulses over two axes, such as XY4 (Fig. 2D) (28),
avoids this selective robustness to pulse errors
and can compensate certain systematic pulse
errors and coherent resonant perturbations with-
out increasing control overhead. We found that
XY4 could indeed preserve both quantum states
jx〉 and jy〉 (Fig. 2D).

We studied the decoupling performance in
more detail with the use of quantum process to-
mography (QPT), which allows for a complete
characterization of any quantum process (29).
Figure 3 shows the experimental QPT results for
XY4 with N = 8 operations, at different free evo-
lution times. For a free evolution time of 4.4 ms,
much longer than T2, the measured process matrix
c is in excellent agreement with the ideal process
of identity that is expected for perfect universal
decoupling.

By taking snapshots of the process for dif-
ferent free evolution times, we monitored how
decoherence affects the quantum states. We ob-
served that after t = 10 ms, the process element
corresponding to identity had decreased, whereas
the sz-sz element had grown. After 20 ms, these
elements had approximately equal amplitudes.
This behavior is characteristic for pure, off-
diagonal dephasing (29) and is consistent with
our model of the environment, in which the
magnetic dipolar coupling with the bath leads to
phase randomization. The independently
measured energy relaxation time T1 > 1 ms (14)
confirmed that longitudinal decay is not relevant
in this regime.

Finally, we investigated how the coherence
time scales with the number of control pulses. A
detailed theoretical analysis showed that for N
perfect pulses, the decoupling fidelity decayed as
F(t) = exp[−ANt3/(2NtC)3], where the total free

evolution time t = 2Nt and 2t is the interpulse
distance (14). For the XY4 sequence, we found
that A = (2/3)b2tC

2 for both large and small N.
The theory predicts two interesting features: (i)
The decay follows the universal form exp[−(t/Tcoh)3]
for all N, and (ii) the 1/e decay time scales as
Tcoh(N) = T2N

2/3.
In Fig. 4A, we show XY4 decoupling for N =

4, 16, and 72, as well as the spin echo for
comparison. These data indicate that the 1/e decay
time indeed scales with the number of pulses. For
a thorough comparison with the theory, we
renormalized the time axis to T2N 2=3(Fig. 4B).
We found that all data collapse onto a single curve
in linewith the prediction. Then,we plotted the 1/e
decay time of coherence of NV1 and NV2 and fit
this to the expected scaling law. The data of both
NV centers showed excellent agreement with the
theory over a range in N spanning two orders of
magnitude. For the longest sequence applied (136
pulses), the coherence time was increased by a
factor of 26.

Is there a limit to the coherence enhancement
that can be achieved with dynamical decoupling?
Our results demonstrate that we can prolong the
spin coherence beyond the bath correlation time
tC. Also, the nuclear spin bath, which would af-
fect the NV dynamics on a 5-ms time scale for the
magnetic field used here (15), is efficiently de-
coupled from the NV spin. Indeed, the theory in-
dicates no fundamental limit to the coherence time.
In practice, the decoupling efficiencywill be limited
by the minimum interpulse delay (on the order of
the pulse widths) and the longitudinal relaxation
time.

Because the spin bath environment is com-
mon to solid-state quantum bits, our findings can
be transferred to other promising systems such as
spins in quantum dots (3, 19, 20) and donors in
silicon (4, 21). Furthermore, the performance of
spin-based magnetometers can greatly benefit
from this work, because the magnetic field sen-
sitivity scales with the coherence time (7, 8). Fi-
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Fig. 3. Universal decoupling demonstrated with
quantum process tomography. QPT is performed at
free evolution times of 4.4, 10, and 24 ms for XY4
with N = 8 (see fig. S2B). At t = 4.4 ms, the mea-
sured process matrix nearly equals the identity
process matrix c (fidelity of 0.96 T 0.02), indicating
close-to-perfect quantum state protection. At longer
free evolution times, the process changes into pure
dephasing in accordance with our model of the spin
bath.

Fig. 4. Scaling of the coherence
enhancement with number of con-
trol pulses. (A) Decoupling for differ-
ent number of control pulses N.
Increasing N extends the coherence
to longer times. Solid lines are
simulations (14). (B) Data rescaled
to the normalized time axis t/(T2N2/3).
(C) Coherence 1/e decay time (Tcoh)
plotted as a function of the number
of control pulses for NV1 and NV2.
Solid lines are fits to Tcoh(N) = T2N 2/3

with T2 as free parameter.
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J. Medford1, C. Barthel1, ⇥L. Cywiński2, C. M. Marcus1, M. P. Hanson3, and A. C. Gossard3

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Institute of Physics, Polish Academy of Sciences,
al. Lotników 32/46, PL 02-668 Warszawa, Poland

3Materials Department, University of California, Santa Barbara, California 93106, USA
(Dated: April 4, 2011)

The e⇥ects of Carr-Purcell-Meiboom-Gill (CPMG) and Concatenated Dynamical Decoupling
(CDD) pulse sequences on singlet-triplet spin qubits are studied for up to 42 pulses. The co-
herence time, T2, of the CPMG sequence is shown to have a power law dependence on the number
of pulses, n�, with an exponent, �CP MG, of � 0.7. This exponent is demonstrated to be independent
of the envelope function used to extract T2. T CDD

2 is found to be only approximately described
by a power law dependence on n�, with �CDD � 0.6. We e⇤ciently estimate information about
the environment of the qubit from our analysis of T CP MG

2 , and use that information to calculate a
T CDD

2 that agrees with experimental results.

PACS numbers:

Solid state systems are rapidly emerging as platforms
for qubit architectures that study quantum coherence
and entanglement[1–4]. Quantum dot spin qubits in par-
ticular have recently demonstrated large gains in manip-
ulation and coherence[2, 3], to the point where analysis
of the coherence decay can be used to make estimations
of the environment, contributing to similar work in the
superconducting[5], ion trap[6] and nitrogen-vacancy[1]
communities. Qubit coherence measurements, specifi-
cally the coherence decay under dynamical decoupling
(DD) by a sequence of ⇤-pulses, can be used to gain in-
formation on the noise a�ecting the qubit [1, 5–9]. For
spin qubits, the influence of the intrinsic dynamics of the
nuclear bath on the spin echo and DD signal is quite
well understood [2, 10–12]. Much less is known about
the spectrum of charge noise, which also can a�ect the
spin qubit’s coherence through fluctuations of the posi-
tion of the electrons, leading to apparent fluctuations of
the nuclear Overhauser field even in the absence of any
nuclear dynamics[2]. Here we show how a careful analy-
sis of coherence decay under various DD sequences allows
us to characterize important qualitative and quantitative
features of the noise spectrum a�ecting the qubit.

The interpretation of the results is especially simple
for pure dephasing Gaussian noise a�ecting the qubit.
The envelope of the coherence decay and the power law
relationship between T2 and the number of pulses n⌅ can
be connected with certain features of the spectral density
of noise S(⇧). Specifically, one might be able to infer the
existence and values of frequencies at which S(⇧) changes
its functional form (e.g. it has a peak, as seen in the DD
data in Ref. [6], or it has a cuto� ⇧c above which it is
suppressed), and the value of the power law ⇥ if S(⇧) is
⇥ ⇧�⇥ in a certain range of frequencies.

In this Letter, we investigate the e�ects of increasing
n⌅ on the coherence of a singlet-triplet spin qubit for
CPMG and CDD dynamical decoupling sequences. We
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FIG. 1: (Color online) (a) Micrograph of lithographically
identical device with dot locations depicted. Gate voltages,
VR(L), set the charge occupancy of right (left) dot as well
as the detuning of the qubit. An rf-sensor quantum dot is
indicated on the right. (b) Double dot charge state mapped
onto dc conductance change, �g, with lettered pulse sequence
gate voltages. Detuning axis is orthogonal to the (0,2)-(1,1)
charge degeneracy through points E, S, and M.

model the coherence decay as ⇥ exp(�(⌅D/T2)�), where
⌅D is the total dephasing time, T2 is the coherence time,
and � is an unknown constant. We then show that the
scaling relation of T2 ⇥ n⇤

⌅ is a more robust figure of merit
for the environmental noise than �, due to its reliance on
the data in the regime of large coherence, rather than
data spanning several orders of decreasing magnitude to
fit �. We find that T CP MG

2 ⇥ n0.72
⌅ and T CDD

2 ⇥ n0.61
⌅ ,

which in the case of CPMG implies a classical noise envi-
ronment of S(⇧) ⇥ ⇧�2.6. Using a spectral noise density
estimated from the decay of the CPMG sequence, we are
able to reproduce numerically the observed CDD coher-
ence decay. Finally, we show that the coherence decay
envelope should not be described by a single parameter
�, as we observe that � can change as a function of the
time between pulses, (⌅D/n⌅), where ⌅D is the total de-
phasing time of the system.

Our device is a lateral double quantum dot litho-
graphically defined by Ti/Au depletion gates on a

2

performed in a dilution refrigerator with an electron
temperature Te ⇥150 mK. The double quantum dot is
operated as a spin qubit by first depleting the quan-
tum dots to the last two electrons, and then manipu-
lating the charge occupancy of the two dots with high
bandwidth plunger gates VL and VR along a detuning
axis ⌅ [Figs. 1(a,b)]. In this work, the charge occu-
pancy was manipulated between states (0,2) and (1,1),
where (NL,NR) represent the charge in the left and right
dots respectively. Charge occupancy is determined by
the di�ering conductance through the proximal sensor
quantum dot for each charge configuration, which in
turn modulates the reflection coe⇥cient of the rf-readout
circuit[14, 15].

The spin qubit is formed between the spin anti-
symmetric singlet (S = (|⇤⌅⌃� |⌅⇤⌃)/

⌥
2)) and the m = 0

triplet (T0 = (|⇤⌅⌃ + |⌅⇤⌃)/
⌥

2)). The m = ±1 triplet
states are split o� by a 750 mT in-plane external mag-
netic field, applied perpendicular to the dot connection
axis [Figs. 1(a), 2(a)]. The qubit is manipulated by ap-
plying nanosecond pulses to VL and VR, moving along
a detuning axis ⌅. An (0,2) singlet is prepared at point
P o� the detuning axis through rapid relaxation to the
groundstate, and then initialized into the (1,1) singlet S
by the separation of the electrons into either dot at point
S. The di�ering Overhauser fields in each dot from the
host nuclei form an e�ective magnetic field gradient be-
tween the spins, driving a rotation between S and T0.
These Overhauser fields evolve in time, leading to a fluc-
tuating gradient that dephases the qubit about the x̂ of
its Bloch sphere.

This dephasing can be reversed through dynamical de-
coupling (DD) by pulsing to point E, where the exchange
splitting between S and T0 drives a ⇧-rotation about the
ẑ axis, inverting the acquired phase. Returning to point
S for an equal time ⌃D/2 cancels phase acquired due to
the low-frequency (⌥<2/⌃D) part of the dephasing noise
spectrum [7, 8]. Repeated ⇧-pulses form an even bet-
ter low-pass noise filter whose properties are determined
by the spacing of the pulse [7, 8]. The simplest repeti-
tion of pulses, the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[16, 17], is performed by pulsing repeatedly to
point E at evenly spaced intervals, with a half interval
at before the first and after the last pulse [Figs. 2(b,c)].
The second DD sequence which we investigate is Con-
catenated Dynamical Decoupling [18–20] (CDD), which
is built up iteratively from the previous order, with an ad-
ditional ⇧-pulse in the center of odd orders [Figs. 2(b,d)].
Finally, the qubit is pulsed to point M, where S can tun-
nel into (0,2) while T0 remains (1,1), allowing for a spin-
to-charge conversion [Fig. 2(a)]. The resulting di�erence
in charge state can then be detected by the sensor quan-
tum dot. The reflected voltage signal is integrated for
600 ns, and then averaged over 104 measurements. The
average voltage is then normalized by the voltages corre-
sponding to S and T0 outcomes as determined by a single
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FIG. 2: (Color online) (a) Energy level diagram along the
detuning axis �. The (0,2) singlet is prepared at �P, followed
by an adiabatic transition to �S, where the electrons are sep-
arated and qubit dephases. ⇥-pulses are performed at �E,
allowing for subsequent rephasing at �S. Spin-to-charge con-
version at �M is utilized to readout the qubit. The exchange
energy, JE, that drives the ⇥-pulses at �E is indicated with
a dashed line. (b-d) Schematics of detunings during CPMG
and CDD pulse sequences.

shot measurement[21], yielding PS(⌃D), the probability of
singlet return.

For CPMG, we examine sequences with n⌅= 1, 2, 3,
4, 8, 16, and 32 [Fig. 3(a)] and fit the decay of singlet re-
turn probability, PS , to 0.5 + V/2 exp(�(⌃D/TCPMG

2 )�),
where V is the observed visibility, ⌃D is the total dephas-
ing time, and TCPMG

2 is the coherence time of the system.
Under certain conditions, the quantity � has been calcu-
lated to be related to the classical spectral noise density,
S(⌥)[8]. For an S(⌥) ⇥ ⌥�⇥ , � is predicted to be equal
to ⇥ + 1. On a linear scale, our data can be fit equally
well with � between 2 and 4, obscuring any information
we might learn about the spectral noise density of the
environment. Robust fitting of � is strongly dependent
on the small amplitude PS(⌃D) in the tail of the decay
envelope, rendering it highly susceptible to noise.

The scaling of T2 with even numbers of ⇧-pulses can
also be used to estimate S(⌥). With coherence times
from di�erent CPMG sequences with even numbers of
pulses, T even

2 can be modeled as a power law of n⌅ by
T even

2 = T 0
2 n⇤e

⌅ . Fitting ⇤e requires only having reliable
estimates of T2, which are rather insensitive to the value
of � used to fit the results (see Fig. 3(b)), allowing for a
more robust characterization of our system. For all �’s
investigated, ⇤e was shown to be 0.72.

From the observed value of ⇤e = 0.72 we can draw two
possible conclusions about S(⌥): LUKE ADD HERE(a)
S(⌥) ⇥ A1+⇥/⌥⇥ with ⇥ = ⇤e/(1 � ⇤e) = 2.6 for ⌥ ⇧
[.....] (see Ref. [8]), or (b) there is a hard cuto� ⌥c in
S(⌥) with ⌥c < 2n/T2 (so that at times up to T2 all
the noise is strongly suppressed). In the (b) case one
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FIG. 3: (Color online) (a) Experimental singlet return proba-
bilities as a function of time for CPMG with n⇥ = 2, 4, 8. Fits
to PS(⌅D) = 0.5 + V/2 exp(�(⌅D/T2)

�), with � constrained
to 2 (solid curves), 3 (dotted curves) and 4 (dashed curves)
[27]. It is di⇤cult to determine � from these fits. (b) Ex-
tracted T2 for even-n⇥ CPMG sequences for � constrained
to 1, 2, 3, 4, and 5. Circle size proportional to ⇧2 good-
ness of fit of PS(⌅D) in (a). A power-law fit to the form
ln(T even

2 (�)) = ln(T 0
2 ) + ⇤e ln(n⇥), shown for �=3 (dashed

line) gives ⇤e = 0.72. The fit value ⇤e depends only weakly
on � in the range 2 � 5 (inset). The weighted average over
� = 2� 5 yields ⇤e = 0.72± 0.01.

o⇥ in S(⌥) at ⌥c < 2/T2, in which case ⇥o =1. (iii) For
⌥c>2/T2, i.e. for larger ⌥c or larger n⌅ (leading to longer
T2), the EOE disappears and ⇥ tends to 1 [14]. (iv) Fi-
nally, the presence of the EOE and 2/3<⇥e<1 indicate
S(⌥) ⇧ ⌥�� , with �>2.

Experimentally, we find ⇥e = 0.72 for even number of
CPMG pulses, and n⌅ = 1 not along the scaling line, in-
dicating an EOE. We conclude that scenario (iv) applies,
namely S(⌥) =A�+1/⌥� with 2< � < 3. Using Eq. (1)
and the CPMG filter function gives in the large-n⌅ limit

⌃(t) ⌃ (A⇧D)
1+�

�
a

n�
⌅

+
be/o
n4
⌅

⇥
, (2)

with a⌃�2+�/⌅2(2⌅)� , where �⇤=
⇤1

k=1(k�
1
2 )

�⇤, and
for odd (even) n⌅ we have bo ⌃ [32⌅(3 � �)]�1 (be ⌃
[128⌅(5��)]�1 ⌃ bo/10), i.e., the b/n4

⌅ term is negligible
for even n⌅, while it gives a significant correction for
small, odd n⌅. The EOE comes from the di⇥erence in
the low-z behavior of the CPMG filter functions, which
for z < 1 behave as F (z) ⇧ z4/25n4

⌅ (z
6/27n4

⌅) for odd

CPMG

FIG. 4: (Color online) T2 for all measured n⇥ for CPMG,
extracted using � = 2, 3, and 4 (circles). Circle size for each �
proportional to ⇧2 goodness of fit. Theory (black solid curve)
for ⇥ = ⇤e/(1 � ⇤e) = 2.6 and integration of Eq. (1) with
the CPMG filter functions. Note that Eq. (2) captures the
even/odd e�ect quantitatively for small n⇥.

(even) n⌅. For �>2 this leads to di⇥erent contributions
of very low ⌥ to the integral in Eq. (1). For even n⌅, we
find that ⌃(⇧D) approximately reduces to (A⇧D)1+�a/n�

⌅,
from which we obtain the � ⇤ 2 result of ⇥e = �/(1 + �)
in this case as well.
Assuming this form of S(⌥), fits to the even n⌅

[Fig. 3(b)] yield � = 2.6 and A�1 = 3.6 µs. Using these
two parameters we calculate odd-n⌅ values for T2 by nu-
merically integrating Eq. (1). As shown in Fig. 4, the
obtained value of T2 is in good agreement with the mea-
sured value for n⌅ = 1 (Hahn echo). We note that the
large n⌅ scaling of T2⇧n⇥

⌅ is due to the behavior of S(⌥)
at ⌥ ⌅ ⌅n⌅/T2, which is ⇧ 0.3(n⌅)0.28 µs�1 here, while
the EOE at small n⌅ is due to behavior at ⌥ < 1/T2,
which is ⇧ 0.15 µs�1. The consistency between small-
and large-n⌅ data indicates that S(⌥)⇧ ⌥�2.6 over this
range of frequencies (i.e., ⌥/2⌅ ⇧ 10 � 100 kHz). The
EOE behavior at low n⌅ can be fit within scenario (ii)
using S(⌥)=A3/⌥2 with A�1⇧1 µs and ⌥c⇧0.08 µs�1.
However, this scenario crosses over to (iii) for n⌅ > 5,
where ⇥ tends to 1. The resulting large-n⌅ behavior,
T2⇧n⌅ ⇥ 7 µs, departs significantly from the n⌅⌅8 data
in Fig. 4.

Using S(⌥)=A�+1/⌥� with parameters A and � fixed
from the even-n⌅ CPMG fit, we can calculate the ex-
pected dependence of T2(n⌅) for the CDD pulse sequence
using the known filter functions [12]. For n⌅=5, 10, and
21 we get good agreement between the calculated and
measured T2 [Fig. 5]. For n⌅=42, the experimental T2 is
shorter than predicted by theory, possibly reflecting an
accumulation of errors for such a large number of pulses.
Note that CDD was shown to be robust to pulse errors
[29] only in the case of two-axis control (i.e. when the
⌅-pulses are about x and y axes alternately) and for a
quasi-static bath.

Summarizing, the measurements of qubit decoherence
under dynamical decoupling with the CPMG pulse se-
quence have been used to reconstruct the crucial features
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�), with � constrained
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[27]. It is di⇥cult to determine � from these fits. (b) Ex-
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line) gives ⇤e = 0.72. The fit value ⇤e depends only weakly
on � in the range 2 � 5 (inset). The weighted average over
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o⇥ in S(⌃) at ⌃c < 2/T2, in which case ⇥o =1. (iii) For
⌃c>2/T2, i.e. for larger ⌃c or larger n⌅ (leading to longer
T2), the EOE disappears and ⇥ tends to 1 [14]. (iv) Fi-
nally, the presence of the EOE and 2/3<⇥e<1 indicate
S(⌃) ⇧ ⌃�� , with �>2.

Experimentally, we find ⇥e = 0.72 for even number of
CPMG pulses, and n⌅ = 1 not along the scaling line, in-
dicating an EOE. We conclude that scenario (iv) applies,
namely S(⌃) =A�+1/⌃� with 2< � < 3. Using Eq. (1)
and the CPMG filter function gives in the large-n⌅ limit
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FIG. 4: (Color online) T2 for all measured n⇥ for CPMG,
extracted using � = 2, 3, and 4 (circles). Circle size for each �
proportional to ⇧2 goodness of fit. Theory (black solid curve)
for ⇥ = ⇤e/(1 � ⇤e) = 2.6 and integration of Eq. (1) with
the CPMG filter functions. Note that Eq. (2) captures the
even/odd e�ect quantitatively for small n⇥.

(even) n⌅. For �>2 this leads to di⇥erent contributions
of very low ⌃ to the integral in Eq. (1). For even n⌅, we
find that ⇧(⌅D) approximately reduces to (A⌅D)1+�a/n�

⌅,
from which we obtain the � ⇤ 2 result of ⇥e = �/(1 + �)
in this case as well.
Assuming this form of S(⌃), fits to the even n⌅

[Fig. 3(b)] yield � = 2.6 and A�1 = 3.6 µs. Using these
two parameters we calculate odd-n⌅ values for T2 by nu-
merically integrating Eq. (1). As shown in Fig. 4, the
obtained value of T2 is in good agreement with the mea-
sured value for n⌅ = 1 (Hahn echo). We note that the
large n⌅ scaling of T2⇧n⇥

⌅ is due to the behavior of S(⌃)
at ⌃ ⌅ ⇤n⌅/T2, which is ⇧ 0.3(n⌅)0.28 µs�1 here, while
the EOE at small n⌅ is due to behavior at ⌃ < 1/T2,
which is ⇧ 0.15 µs�1. The consistency between small-
and large-n⌅ data indicates that S(⌃)⇧ ⌃�2.6 over this
range of frequencies (i.e., ⌃/2⇤ ⇧ 10 � 100 kHz). The
EOE behavior at low n⌅ can be fit within scenario (ii)
using S(⌃)=A3/⌃2 with A�1⇧1 µs and ⌃c⇧0.08 µs�1.
However, this scenario crosses over to (iii) for n⌅ > 5,
where ⇥ tends to 1. The resulting large-n⌅ behavior,
T2⇧n⌅ ⇥ 7 µs, departs significantly from the n⌅⌅8 data
in Fig. 4.

Using S(⌃)=A�+1/⌃� with parameters A and � fixed
from the even-n⌅ CPMG fit, we can calculate the ex-
pected dependence of T2(n⌅) for the CDD pulse sequence
using the known filter functions [12]. For n⌅=5, 10, and
21 we get good agreement between the calculated and
measured T2 [Fig. 5]. For n⌅=42, the experimental T2 is
shorter than predicted by theory, possibly reflecting an
accumulation of errors for such a large number of pulses.
Note that CDD was shown to be robust to pulse errors
[29] only in the case of two-axis control (i.e. when the
⇤-pulses are about x and y axes alternately) and for a
quasi-static bath.

Summarizing, the measurements of qubit decoherence
under dynamical decoupling with the CPMG pulse se-
quence have been used to reconstruct the crucial features
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We investigate scaling of coherence time, T2, with the number of ⇤-pulses, n⇤, in a singlet-
triplet spin qubit using Carr-Purcell-Meiboom-Gill (CPMG) and concatenated dynamical decoupling
(CDD) pulse sequences. For an even numbers of CPMG pulses, we find a power law, T2 ⇤ (n⇤)

⇥e ,
with ⇥e = 0.72±0.01, essentially independent of the envelope function used to extract T2. From this
surprisingly robust value, a power-law model of the noise spectrum of the environment, S(⌅) ⇥ ⌅�� ,
yields � = ⇥e/(1 � ⇥e) = 2.6 ± 0.1. Model values for T2(n⇤) using � = 2.6 for CPMG with both
even and odd n⇤ up to 32 and CDD orders 3 through 6 compare very well with experiment.

PACS numbers:

A variety of solid state systems are emerging as ef-
fective platforms for studying decoherence and entangle-
ment in controlled quantum systems [1–4]. Among them,
quantum-dot-based spin qubits have recently achieved
su⇥cient control and long coherence times [1, 2] that new
information about the noise environment of the qubit can
be extracted, complementing related work in nitrogen-
vacancy centers in diamond [4], superconducting qubits
[3], trapped ions [5], and neutral atoms [6].
Dynamical decoupling in the form of a sequence of ⌅-

pulses [7–10] functions as a high-pass filter, thus pro-
viding information about the spectral content of envi-
ronmental noise [3–5, 11–14]. For spin qubits, the ef-
fectiveness of various decoupling schemes at mitigating
dephasing due to nuclear bath dynamics has been well
studied theoretically [15–19]. Much less is known about
mitigating the e�ects of charge noise, which couples to
the qubit via gate dependent exchange interaction and
through spatially varying Overhauser fields [1]. When
the decoherence time, T2, is short compared to the energy
relaxation time, T1,—which is the case in this study—
both the envelope of the coherence decay as well as the
dependence of T2 on the number of ⌅-pulses, n⌅, de-
pend on the spectral density of the environment, S(⌃).
Knowledge of S(⌃) inferred from such measurements can
in turn be used to design optimal decoupling sequences
[5, 12, 20–22].
In this Letter, we investigate scaling of T2 with

the number of ⌅-pulses for Carr-Purcell-Meiboom-Gill
(CPMG) and concatenated dynamical decoupling (CDD)
sequences in a GaAs two-electron singlet-triple qubit
[Fig. 1(a)]. The coherence envelope is reasonably well
described by the form exp(�(⇧D/T2)�), where ⇧D is the
time during which ⌅-pulses are applied [Fig. 2(b)]. It is
di⇥cult, however, to accurately determine � by directly
fitting to this form. In contrast, we find that the scaling
relation T2 ⇤ (n⌅)⇤ very accurately describes the data
irrespective of the value of � used to extract T2. The
resulting ⇤ can then be related to � and other quanti-

ties of interest within specific noise models. For CPMG
with even n⌅, the scaling relation T2 ⌅ (n⌅)⇤e yields
⇤e = 0.72 ± 0.01, using T2 values extracted using any
� in the range 2 to 5. A model of dephasing due to
a power-law spectrum of classical noise, S(⌃) ⇤ ⌃�⇥ ,
leads to a scaling relation in the number of ⌅-pulses, with
the exponent of the power law, ⇥, related to the scaling
exponent by the simple relation ⇥ = ⇤e/(1 � ⇤e). For
the present experiment, ⇤e = 0.72 thus yields ⇥ = 2.6.
Further support for a power-law form for S(⌃) is found
by comparing experimental and theoretical dependences
T2(n⌅) for CPMG with both even and odd n⌅ as well
as CDD pulse sequences. This model also gives the sim-
ple relation � = ⇥ + 1 connecting the noise spectrum
and the decoherence envelope exponent. The resulting
value, � = 3.6±0.1 is thus determined with considerably
greater accuracy than can be obtained from direct fits to
the coherence envelope data.

The lateral double quantum dot investigated was de-
fined by Ti/Au depletion gates patterned using electron
beam lithography on a GaAs/Al0.3Ga0.7As heterostruc-
ture with a two dimensional electron gas (density 2⇥1015

(b)
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500 nm rf
B

[110]

[110]

(a)

(0,2)S

FIG. 1: (Color online) (a) Micrograph of lithographically
identical device with dot locations depicted. Gate voltages,
VR(L), set the charge occupancy of right (left) dot as well
as the detuning of the qubit. An rf-sensor quantum dot is
indicated on the right. (b) Double dot charge state mapped
onto dc conductance change, �g, with lettered pulse sequence
gate voltages. Detuning axis is orthogonal to the (0,2)-(1,1)
charge degeneracy through points E, S, and M.
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J. Medford,1 Ł. Cywiński,2 C. Barthel,1 C.M. Marcus,1 M. P. Hanson,3 and A. C. Gossard3

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, PL 02-668 Warszawa, Poland

3Materials Department, University of California, Santa Barbara, California 93106, USA
(Received 18 August 2011; published 23 February 2012)

We investigate the scaling of coherence time T2 with the number of ! pulses n! in a singlet-triplet spin

qubit using Carr-Purcell-Meiboom-Gill (CPMG) and concatenated dynamical decoupling (CDD)

pulse sequences. For an even numbers of CPMG pulses, we find a power law T2 / ðn!Þ"e , with "e ¼
0:72$ 0:01, essentially independent of the envelope function used to extract T2. From this surprisingly

robust value, a power-law model of the noise spectrum of the environment, Sð!Þ %!&#, yields # ¼
"e=ð1& "eÞ ¼ 2:6$ 0:1. Model values for T2 n!ð Þ using # ¼ 2:6 for CPMG with both even and odd n!
up to 32 and CDD orders 3 through 6 compare very well with the experiment.
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Avariety of solid state systems are emerging as effective
platforms for studying decoherence and entanglement in
controlled quantum systems [1–4]. Among them, quantum-
dot-based spin qubits have recently achieved sufficient
control and long coherence times [1,2] that new informa-
tion about the noise environment of the qubit can be
extracted, complementing related work in nitrogen-
vacancy centers in diamond [4], superconducting qubits
[3], trapped ions [5], and neutral atoms [6].

Dynamical decoupling in the form of a sequence of !
pulses [7–10] functions as a high-pass filter, thus providing
information about the spectral content of environmental
noise [3–5,11–16]. For spin qubits, the effectiveness of
various decoupling schemes at mitigating dephasing due
to nuclear bath dynamics has been well-studied theoreti-
cally [17–21]. Much less is known about mitigating the
effects of charge noise, which couples to the qubit via gate-
dependent exchange interaction and through spatially vary-
ing Overhauser fields [1]. When the decoherence time T2 is
short compared to the energy relaxation time T1—which is
the case in this study—both the envelope of the coherence
decay as well as the dependence of T2 on the number of !
pulses, n!, depend on the spectral density of the environ-
ment, S !ð Þ. Knowledge of S !ð Þ inferred from such mea-
surements can in turn be used to design optimal decoupling
sequences [5,12,22–24].

In this Letter, we investigate the scaling of T2 with the
number of ! pulses for Carr-Purcell-Meiboom-Gill
(CPMG) and concatenated dynamical decoupling (CDD)
sequences in a GaAs two-electron singlet-triple qubit
[Fig. 1(a)]. The coherence envelope is reasonably well-
described by the form exp½&ð$D=T2Þ%(, where $D is the
time during which ! pulses are applied [Fig. 2(b)]. It is
difficult, however, to accurately determine % by directly
fitting to this form. In contrast, we find that the scaling
relation T2 % ðn!Þ" very accurately describes the data,
irrespective of the value of % used to extract T2. The

resulting " can then be related to % and other quantities
of interest within specific noise models. For CPMG with
even n!, the scaling relation T2 / ðn!Þ"e yields "e ¼
0:72$ 0:01, using T2 values extracted using any % in the
range of 2 to 5. A model of dephasing due to a power-law
spectrum of classical noise, Sð!Þ %!&#, leads to a scaling
relation in the number of! pulses, with the exponent of the
power law # related to the scaling exponent by the simple
relation # ¼ "e= 1& "eð Þ. For the present experiment,
"e ¼ 0:72 thus yields # ¼ 2:6. Further support for a
power-law form for S !ð Þ is found by comparing experi-
mental and theoretical dependences T2 n!ð Þ for CPMGwith
both even and odd n! as well as CDD pulse sequences.
This model also gives the simple relation % ¼ #þ 1,
connecting the noise spectrum and the decoherence enve-
lope exponent. The resulting value, % ¼ 3:6$ 0:1, is thus
determined with considerably greater accuracy than can be
obtained from direct fits to the coherence envelope data.
The lateral double quantum dot investigated was defined

by Ti=Au depletion gates patterned using electron beam
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FIG. 1 (color online). (a) Micrograph of a lithographically
identical device with dot locations depicted. The gate voltages
VRðLÞ set the charge occupancy of the right (left) dot as well as
the detuning of the qubit. An rf-sensor quantum dot is indicated
on the right. (b) Double-dot charge state mapped onto dc con-
ductance change, !g, with lettered pulse sequence gate voltages.
The detuning axis is orthogonal to the (0,2)–(1,1) charge degen-
eracy through points E, S, and M.
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FIG. 3: (Color online) (a) Experimental singlet return proba-
bilities as a function of time for CPMG with n⇥ = 2, 4, 8. Fits
to PS(⌅D) = 0.5 + V/2 exp(�(⌅D/T2)

�), with � constrained
to 2 (solid curves), 3 (dotted curves) and 4 (dashed curves)
[27]. It is di⇥cult to determine � from these fits. (b) Ex-
tracted T2 for even-n⇥ CPMG sequences for � constrained
to 1, 2, 3, 4, and 5. Circle size proportional to ⇧2 good-
ness of fit of PS(⌅D) in (a). A power-law fit to the form
ln(T even

2 (�)) = ln(T 0
2 ) + ⇤e ln(n⇥), shown for �=3 (dashed

line) gives ⇤e = 0.72. The fit value ⇤e depends only weakly
on � in the range 2 � 5 (inset). The weighted average over
� = 2� 5 yields ⇤e = 0.72± 0.01.

o⇥ in S(⌃) at ⌃c < 2/T2, in which case ⇥o =1. (iii) For
⌃c>2/T2, i.e. for larger ⌃c or larger n⌅ (leading to longer
T2), the EOE disappears and ⇥ tends to 1 [14]. (iv) Fi-
nally, the presence of the EOE and 2/3<⇥e<1 indicate
S(⌃) ⇧ ⌃�� , with �>2.

Experimentally, we find ⇥e = 0.72 for even number of
CPMG pulses, and n⌅ = 1 not along the scaling line, in-
dicating an EOE. We conclude that scenario (iv) applies,
namely S(⌃) =A�+1/⌃� with 2< � < 3. Using Eq. (1)
and the CPMG filter function gives in the large-n⌅ limit

⇧(t) ⌃ (A⌅D)
1+�

�
a

n�
⌅

+
be/o
n4
⌅

⇥
, (2)

with a⌃�2+�/⇤2(2⇤)� , where �⇤=
⇤1

k=1(k�
1
2 )

�⇤, and
for odd (even) n⌅ we have bo ⌃ [32⇤(3 � �)]�1 (be ⌃
[128⇤(5��)]�1 ⌃ bo/10), i.e., the b/n4

⌅ term is negligible
for even n⌅, while it gives a significant correction for
small, odd n⌅. The EOE comes from the di⇥erence in
the low-z behavior of the CPMG filter functions, which
for z < 1 behave as F (z) ⇧ z4/25n4

⌅ (z
6/27n4

⌅) for odd

CPMG

FIG. 4: (Color online) T2 for all measured n⇥ for CPMG,
extracted using � = 2, 3, and 4 (circles). Circle size for each �
proportional to ⇧2 goodness of fit. Theory (black solid curve)
for ⇥ = ⇤e/(1 � ⇤e) = 2.6 and integration of Eq. (1) with
the CPMG filter functions. Note that Eq. (2) captures the
even/odd e�ect quantitatively for small n⇥.
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of very low ⌃ to the integral in Eq. (1). For even n⌅, we
find that ⇧(⌅D) approximately reduces to (A⌅D)1+�a/n�
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from which we obtain the � ⇤ 2 result of ⇥e = �/(1 + �)
in this case as well.
Assuming this form of S(⌃), fits to the even n⌅

[Fig. 3(b)] yield � = 2.6 and A�1 = 3.6 µs. Using these
two parameters we calculate odd-n⌅ values for T2 by nu-
merically integrating Eq. (1). As shown in Fig. 4, the
obtained value of T2 is in good agreement with the mea-
sured value for n⌅ = 1 (Hahn echo). We note that the
large n⌅ scaling of T2⇧n⇥

⌅ is due to the behavior of S(⌃)
at ⌃ ⌅ ⇤n⌅/T2, which is ⇧ 0.3(n⌅)0.28 µs�1 here, while
the EOE at small n⌅ is due to behavior at ⌃ < 1/T2,
which is ⇧ 0.15 µs�1. The consistency between small-
and large-n⌅ data indicates that S(⌃)⇧ ⌃�2.6 over this
range of frequencies (i.e., ⌃/2⇤ ⇧ 10 � 100 kHz). The
EOE behavior at low n⌅ can be fit within scenario (ii)
using S(⌃)=A3/⌃2 with A�1⇧1 µs and ⌃c⇧0.08 µs�1.
However, this scenario crosses over to (iii) for n⌅ > 5,
where ⇥ tends to 1. The resulting large-n⌅ behavior,
T2⇧n⌅ ⇥ 7 µs, departs significantly from the n⌅⌅8 data
in Fig. 4.

Using S(⌃)=A�+1/⌃� with parameters A and � fixed
from the even-n⌅ CPMG fit, we can calculate the ex-
pected dependence of T2(n⌅) for the CDD pulse sequence
using the known filter functions [12]. For n⌅=5, 10, and
21 we get good agreement between the calculated and
measured T2 [Fig. 5]. For n⌅=42, the experimental T2 is
shorter than predicted by theory, possibly reflecting an
accumulation of errors for such a large number of pulses.
Note that CDD was shown to be robust to pulse errors
[29] only in the case of two-axis control (i.e. when the
⇤-pulses are about x and y axes alternately) and for a
quasi-static bath.

Summarizing, the measurements of qubit decoherence
under dynamical decoupling with the CPMG pulse se-
quence have been used to reconstruct the crucial features
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J. Medford,1 Ł. Cywiński,2 C. Barthel,1 C.M. Marcus,1 M. P. Hanson,3 and A. C. Gossard3

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, PL 02-668 Warszawa, Poland

3Materials Department, University of California, Santa Barbara, California 93106, USA
(Received 18 August 2011; published 23 February 2012)

We investigate the scaling of coherence time T2 with the number of ! pulses n! in a singlet-triplet spin

qubit using Carr-Purcell-Meiboom-Gill (CPMG) and concatenated dynamical decoupling (CDD)

pulse sequences. For an even numbers of CPMG pulses, we find a power law T2 / ðn!Þ"e , with "e ¼
0:72$ 0:01, essentially independent of the envelope function used to extract T2. From this surprisingly

robust value, a power-law model of the noise spectrum of the environment, Sð!Þ %!&#, yields # ¼
"e=ð1& "eÞ ¼ 2:6$ 0:1. Model values for T2 n!ð Þ using # ¼ 2:6 for CPMG with both even and odd n!
up to 32 and CDD orders 3 through 6 compare very well with the experiment.
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Avariety of solid state systems are emerging as effective
platforms for studying decoherence and entanglement in
controlled quantum systems [1–4]. Among them, quantum-
dot-based spin qubits have recently achieved sufficient
control and long coherence times [1,2] that new informa-
tion about the noise environment of the qubit can be
extracted, complementing related work in nitrogen-
vacancy centers in diamond [4], superconducting qubits
[3], trapped ions [5], and neutral atoms [6].

Dynamical decoupling in the form of a sequence of !
pulses [7–10] functions as a high-pass filter, thus providing
information about the spectral content of environmental
noise [3–5,11–16]. For spin qubits, the effectiveness of
various decoupling schemes at mitigating dephasing due
to nuclear bath dynamics has been well-studied theoreti-
cally [17–21]. Much less is known about mitigating the
effects of charge noise, which couples to the qubit via gate-
dependent exchange interaction and through spatially vary-
ing Overhauser fields [1]. When the decoherence time T2 is
short compared to the energy relaxation time T1—which is
the case in this study—both the envelope of the coherence
decay as well as the dependence of T2 on the number of !
pulses, n!, depend on the spectral density of the environ-
ment, S !ð Þ. Knowledge of S !ð Þ inferred from such mea-
surements can in turn be used to design optimal decoupling
sequences [5,12,22–24].

In this Letter, we investigate the scaling of T2 with the
number of ! pulses for Carr-Purcell-Meiboom-Gill
(CPMG) and concatenated dynamical decoupling (CDD)
sequences in a GaAs two-electron singlet-triple qubit
[Fig. 1(a)]. The coherence envelope is reasonably well-
described by the form exp½&ð$D=T2Þ%(, where $D is the
time during which ! pulses are applied [Fig. 2(b)]. It is
difficult, however, to accurately determine % by directly
fitting to this form. In contrast, we find that the scaling
relation T2 % ðn!Þ" very accurately describes the data,
irrespective of the value of % used to extract T2. The

resulting " can then be related to % and other quantities
of interest within specific noise models. For CPMG with
even n!, the scaling relation T2 / ðn!Þ"e yields "e ¼
0:72$ 0:01, using T2 values extracted using any % in the
range of 2 to 5. A model of dephasing due to a power-law
spectrum of classical noise, Sð!Þ %!&#, leads to a scaling
relation in the number of! pulses, with the exponent of the
power law # related to the scaling exponent by the simple
relation # ¼ "e= 1& "eð Þ. For the present experiment,
"e ¼ 0:72 thus yields # ¼ 2:6. Further support for a
power-law form for S !ð Þ is found by comparing experi-
mental and theoretical dependences T2 n!ð Þ for CPMGwith
both even and odd n! as well as CDD pulse sequences.
This model also gives the simple relation % ¼ #þ 1,
connecting the noise spectrum and the decoherence enve-
lope exponent. The resulting value, % ¼ 3:6$ 0:1, is thus
determined with considerably greater accuracy than can be
obtained from direct fits to the coherence envelope data.
The lateral double quantum dot investigated was defined

by Ti=Au depletion gates patterned using electron beam
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FIG. 1 (color online). (a) Micrograph of a lithographically
identical device with dot locations depicted. The gate voltages
VRðLÞ set the charge occupancy of the right (left) dot as well as
the detuning of the qubit. An rf-sensor quantum dot is indicated
on the right. (b) Double-dot charge state mapped onto dc con-
ductance change, !g, with lettered pulse sequence gate voltages.
The detuning axis is orthogonal to the (0,2)–(1,1) charge degen-
eracy through points E, S, and M.
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full numerical solution for even and odd nπ
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FIG. 3: (Color online) (a) CPMG decay envelopes for
n⇤ = 2, 4, 8. The curves are fit to PS(⌅D) = 0.5 +
V exp(�(⌅D/T2)

�)/2, where � is constrained to 2, 3 and 4[22].
(b) The T2 values from each of the even CPMG sequences are
plotted for a set of fixed �’s. Circle size represents normalized
goodness-of-fit as determined from the ⇧2 values, with the
largest corresponding to the best fit to PS(⌅D) in (a). Fits in
(b) are to T2(n⇤, �) = T 0

2 n⇥e
⇤ for each value of �[23]. (inset)

The power law dependence of T2 on even n⇤ as a function
of the � parameter used to fit the CPMG decay envelope,
extracted from fits of ln(T even

2 ) = ln(T 0
2 ) + ⇤e ln(n⇤). The

weighted average of these points yields ⇤e = 0.72 ± 0.01.

gets for even (odd) n� in CPMG sequence that � = 6
(4) and T2 ⇥ n2/3

� M�1/6
4 (T2 ⇥ n�M�1/4

2 ) (with Mk �R ⇥c

0 S(⇥)⇥kd⇥). However, we can reject scenario (b) base
the fact that

The value of B⇤0.3 µs�1 fits all the CPMG data quite
well. Fitting of ⇥0 to the data from Fig. 3(c) gives ⇥0⇤1
µs�1 (recheck it). These numbers imply T2 =an2/3

� +bn�

with a ⇤ 9.66 µs�1 and b ⇤ 1 µs�1, which gives a very
good fit to results from Fig. 3b [SHOULD WE ADD A
PLOT?]. Using the S(⇥) inferred from the CPMG data
we can calculate the expected CDD data. For n� =2, 5,

CPMG

S(�) = A ���

� =
⇥e

1 � ⇥e
= 2.6

� = ⇥ + 1

FIG. 4: (Color online) T CPMG
2 for all n⇤, extracted from � =

2-4. Theory curve is plotted based on ⇥ = ⇤e/(1 � ⇤e) = 2.6.
LUKE ADD HERE.

and 10 we get a good agreement between the calculated
and measured T2. For larger n� the theoretical T2 is
visibly larger than the observed one, further signalling
the increasing e�ect of accumulation of pulse errors in
the CDD signal with many pulses.

The measurements of qubit decoherence under dynam-
ical decoupling with the CPMG pulse sequence have been
used to reconstruct the crucial features of the spectral
density of pure dephasing noise a�ecting the qubit. Us-
ing the data for even n� of CPMG we have been able to
estimate the magnitude of noise and its functional form.
The reconstructed spectral density of noise allows us to
calculate the expected decoherence signal for other pulse
sequences, and this calculation agrees with the CDD se-
quence measurements for n� as well as the odd CPMG
orders. At larger n� the pulse errors accumulate in the
CDD case, while the CPMG is shown to be more robust
to pulse imperfections. We have shown that instead of
fitting the exact functional form of the coherence decay
function, it is more useful to focus on the scaling of the
measured T2 time with the number of applies pulses.

We acknowledge funding from ..... We thank .... for
useful discussion.
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performed in a dilution refrigerator with an electron
temperature Te ⇥150 mK. The double quantum dot is
operated as a spin qubit by first depleting the quan-
tum dots to the last two electrons, and then manipu-
lating the charge occupancy of the two dots with high
bandwidth plunger gates VL and VR along a detuning
axis ⌅ [Figs. 1(a,b)]. In this work, the charge occu-
pancy was manipulated between states (0,2) and (1,1),
where (NL,NR) represent the charge in the left and right
dots respectively. Charge occupancy is determined by
the di�ering conductance through the proximal sensor
quantum dot for each charge configuration, which in
turn modulates the reflection coe⇥cient of the rf-readout
circuit[14, 15].

The spin qubit is formed between the spin anti-
symmetric singlet (S = (|⇤⌅⌃� |⌅⇤⌃)/

⌥
2)) and the m = 0

triplet (T0 = (|⇤⌅⌃ + |⌅⇤⌃)/
⌥

2)). The m = ±1 triplet
states are split o� by a 750 mT in-plane external mag-
netic field, applied perpendicular to the dot connection
axis [Figs. 1(a), 2(a)]. The qubit is manipulated by ap-
plying nanosecond pulses to VL and VR, moving along
a detuning axis ⌅. An (0,2) singlet is prepared at point
P o� the detuning axis through rapid relaxation to the
groundstate, and then initialized into the (1,1) singlet S
by the separation of the electrons into either dot at point
S. The di�ering Overhauser fields in each dot from the
host nuclei form an e�ective magnetic field gradient be-
tween the spins, driving a rotation between S and T0.
These Overhauser fields evolve in time, leading to a fluc-
tuating gradient that dephases the qubit about the x̂ of
its Bloch sphere.

This dephasing can be reversed through dynamical de-
coupling (DD) by pulsing to point E, where the exchange
splitting between S and T0 drives a ⇧-rotation about the
ẑ axis, inverting the acquired phase. Returning to point
S for an equal time ⌃D/2 cancels phase acquired due to
the low-frequency (⌥<2/⌃D) part of the dephasing noise
spectrum [7, 8]. Repeated ⇧-pulses form an even bet-
ter low-pass noise filter whose properties are determined
by the spacing of the pulse [7, 8]. The simplest repeti-
tion of pulses, the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[16, 17], is performed by pulsing repeatedly to
point E at evenly spaced intervals, with a half interval
at before the first and after the last pulse [Figs. 2(b,c)].
The second DD sequence which we investigate is Con-
catenated Dynamical Decoupling [18–20] (CDD), which
is built up iteratively from the previous order, with an ad-
ditional ⇧-pulse in the center of odd orders [Figs. 2(b,d)].
Finally, the qubit is pulsed to point M, where S can tun-
nel into (0,2) while T0 remains (1,1), allowing for a spin-
to-charge conversion [Fig. 2(a)]. The resulting di�erence
in charge state can then be detected by the sensor quan-
tum dot. The reflected voltage signal is integrated for
600 ns, and then averaged over 104 measurements. The
average voltage is then normalized by the voltages corre-
sponding to S and T0 outcomes as determined by a single

c)

d)

a) b)

ε
0

E (0,2)S

(0,2)S

T-

T+

εS εPεM

T0

S

εE

JE

FIG. 2: (Color online) (a) Energy level diagram along the
detuning axis �. The (0,2) singlet is prepared at �P, followed
by an adiabatic transition to �S, where the electrons are sep-
arated and qubit dephases. ⇥-pulses are performed at �E,
allowing for subsequent rephasing at �S. Spin-to-charge con-
version at �M is utilized to readout the qubit. The exchange
energy, JE, that drives the ⇥-pulses at �E is indicated with
a dashed line. (b-d) Schematics of detunings during CPMG
and CDD pulse sequences.

shot measurement[21], yielding PS(⌃D), the probability of
singlet return.

For CPMG, we examine sequences with n⌅= 1, 2, 3,
4, 8, 16, and 32 [Fig. 3(a)] and fit the decay of singlet re-
turn probability, PS , to 0.5 + V/2 exp(�(⌃D/TCPMG

2 )�),
where V is the observed visibility, ⌃D is the total dephas-
ing time, and TCPMG

2 is the coherence time of the system.
Under certain conditions, the quantity � has been calcu-
lated to be related to the classical spectral noise density,
S(⌥)[8]. For an S(⌥) ⇥ ⌥�⇥ , � is predicted to be equal
to ⇥ + 1. On a linear scale, our data can be fit equally
well with � between 2 and 4, obscuring any information
we might learn about the spectral noise density of the
environment. Robust fitting of � is strongly dependent
on the small amplitude PS(⌃D) in the tail of the decay
envelope, rendering it highly susceptible to noise.

The scaling of T2 with even numbers of ⇧-pulses can
also be used to estimate S(⌥). With coherence times
from di�erent CPMG sequences with even numbers of
pulses, T even

2 can be modeled as a power law of n⌅ by
T even

2 = T 0
2 n⇤e

⌅ . Fitting ⇤e requires only having reliable
estimates of T2, which are rather insensitive to the value
of � used to fit the results (see Fig. 3(b)), allowing for a
more robust characterization of our system. For all �’s
investigated, ⇤e was shown to be 0.72.

From the observed value of ⇤e = 0.72 we can draw two
possible conclusions about S(⌥): LUKE ADD HERE(a)
S(⌥) ⇥ A1+⇥/⌥⇥ with ⇥ = ⇤e/(1 � ⇤e) = 2.6 for ⌥ ⇧
[.....] (see Ref. [8]), or (b) there is a hard cuto� ⌥c in
S(⌥) with ⌥c < 2n/T2 (so that at times up to T2 all
the noise is strongly suppressed). In the (b) case one
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FIG. 5: (Color online) (a) Decay envelopes of CDD echo
sequences for orders 1-6. The curves are fit to PS(⌅D) =
0.5 + V exp(�(⌅D/T2)

�)/2, where � is constrained to � =
1/(1 � ⇤e) = 3.6[24]. (b) The T2 values from each of the
CDD sequences are plotted for a set of fixed �’s. Circle size
represents normalized goodness-of-fit as determined from the
⇧2 values, with the largest corresponding to the best fit to
PS(⌅D) in (a). Theory curve in (b) is based on ⇥ = ⇤e/(1 �
⇤e) = 2.6. LUKE ADD HERE.
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FIG. 3: (Color online) (a) Experimental singlet return proba-
bilities as a function of time for CPMG with n⇥ = 2, 4, 8. Fits
to PS(⌅D) = 0.5 + V/2 exp(�(⌅D/T2)

�), with � constrained
to 2 (solid curves), 3 (dotted curves) and 4 (dashed curves)
[27]. It is di⇤cult to determine � from these fits. (b) Ex-
tracted T2 for even-n⇥ CPMG sequences for � constrained
to 1, 2, 3, 4, and 5. Circle size proportional to ⇧2 good-
ness of fit of PS(⌅D) in (a). A power-law fit to the form
ln(T even

2 (�)) = ln(T 0
2 ) + ⇤e ln(n⇥), shown for �=3 (dashed

line) gives ⇤e = 0.72. The fit value ⇤e depends only weakly
on � in the range 2 � 5 (inset). The weighted average over
� = 2� 5 yields ⇤e = 0.72± 0.01.

o⇥ in S(⌥) at ⌥c < 2/T2, in which case ⇥o =1. (iii) For
⌥c>2/T2, i.e. for larger ⌥c or larger n⌅ (leading to longer
T2), the EOE disappears and ⇥ tends to 1 [14]. (iv) Fi-
nally, the presence of the EOE and 2/3<⇥e<1 indicate
S(⌥) ⇧ ⌥�� , with �>2.

Experimentally, we find ⇥e = 0.72 for even number of
CPMG pulses, and n⌅ = 1 not along the scaling line, in-
dicating an EOE. We conclude that scenario (iv) applies,
namely S(⌥) =A�+1/⌥� with 2< � < 3. Using Eq. (1)
and the CPMG filter function gives in the large-n⌅ limit
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1
2 )

�⇤, and
for odd (even) n⌅ we have bo ⌃ [32⌅(3 � �)]�1 (be ⌃
[128⌅(5��)]�1 ⌃ bo/10), i.e., the b/n4

⌅ term is negligible
for even n⌅, while it gives a significant correction for
small, odd n⌅. The EOE comes from the di⇥erence in
the low-z behavior of the CPMG filter functions, which
for z < 1 behave as F (z) ⇧ z4/25n4

⌅ (z
6/27n4

⌅) for odd

CPMG

FIG. 4: (Color online) T2 for all measured n⇥ for CPMG,
extracted using � = 2, 3, and 4 (circles). Circle size for each �
proportional to ⇧2 goodness of fit. Theory (black solid curve)
for ⇥ = ⇤e/(1 � ⇤e) = 2.6 and integration of Eq. (1) with
the CPMG filter functions. Note that Eq. (2) captures the
even/odd e�ect quantitatively for small n⇥.

(even) n⌅. For �>2 this leads to di⇥erent contributions
of very low ⌥ to the integral in Eq. (1). For even n⌅, we
find that ⌃(⇧D) approximately reduces to (A⇧D)1+�a/n�

⌅,
from which we obtain the � ⇤ 2 result of ⇥e = �/(1 + �)
in this case as well.
Assuming this form of S(⌥), fits to the even n⌅

[Fig. 3(b)] yield � = 2.6 and A�1 = 3.6 µs. Using these
two parameters we calculate odd-n⌅ values for T2 by nu-
merically integrating Eq. (1). As shown in Fig. 4, the
obtained value of T2 is in good agreement with the mea-
sured value for n⌅ = 1 (Hahn echo). We note that the
large n⌅ scaling of T2⇧n⇥

⌅ is due to the behavior of S(⌥)
at ⌥ ⌅ ⌅n⌅/T2, which is ⇧ 0.3(n⌅)0.28 µs�1 here, while
the EOE at small n⌅ is due to behavior at ⌥ < 1/T2,
which is ⇧ 0.15 µs�1. The consistency between small-
and large-n⌅ data indicates that S(⌥)⇧ ⌥�2.6 over this
range of frequencies (i.e., ⌥/2⌅ ⇧ 10 � 100 kHz). The
EOE behavior at low n⌅ can be fit within scenario (ii)
using S(⌥)=A3/⌥2 with A�1⇧1 µs and ⌥c⇧0.08 µs�1.
However, this scenario crosses over to (iii) for n⌅ > 5,
where ⇥ tends to 1. The resulting large-n⌅ behavior,
T2⇧n⌅ ⇥ 7 µs, departs significantly from the n⌅⌅8 data
in Fig. 4.

Using S(⌥)=A�+1/⌥� with parameters A and � fixed
from the even-n⌅ CPMG fit, we can calculate the ex-
pected dependence of T2(n⌅) for the CDD pulse sequence
using the known filter functions [12]. For n⌅=5, 10, and
21 we get good agreement between the calculated and
measured T2 [Fig. 5]. For n⌅=42, the experimental T2 is
shorter than predicted by theory, possibly reflecting an
accumulation of errors for such a large number of pulses.
Note that CDD was shown to be robust to pulse errors
[29] only in the case of two-axis control (i.e. when the
⌅-pulses are about x and y axes alternately) and for a
quasi-static bath.

Summarizing, the measurements of qubit decoherence
under dynamical decoupling with the CPMG pulse se-
quence have been used to reconstruct the crucial features

A and � are fit parameters
based on even-n� CPMG.

pulse errors
for nπ = 42?
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Transport through spin-blockaded quantum dots provides a means for electrical control and detection of nuclear
spin dynamics in the host material. Although such experiments have become increasingly popular in recent years,
interpretation of their results in terms of the underlying nuclear spin dynamics remains challenging. Here we
examine nuclear polarization dynamics within a two-polarization model that supports a wide range of nonlinear
phenomena. We point out a fundamental process in which nuclear spin dynamics can be driven by electron
shot noise; fast electric current fluctuations generate much slower nuclear polarization dynamics, which in turn
affect electron dynamics via the Overhauser field. The resulting intermittent, extremely slow current fluctuations
account for a variety of observed phenomena that were not previously understood.
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I. INTRODUCTION

The opportunity to study spin coherence and many-body
dynamics in a controllable solid-state setting has inspired
a wide range of experiments in a variety of materials such
as GaAs vertically grown and gate-defined structures,1 InAs
nanowires,2 and 13C-enriched carbon nanotubes.3 In particular,
electron transport through spin-blockaded double quantum
dots4 constitutes a purely electrical means of probing and
manipulating the dynamics of nuclear spins. Such experiments
have revealed complex dynamical phenomena, including
bistability and hysteresis,2,3,5,6 switching,3,7,8 slow transient
buildup of current,7 and slow oscillations.5,9

Despite wide interest in these phenomena and their im-
portance for quantum information processing, progress in
understanding them has been slow. While there is little
doubt that nuclear spins in the host material play a crucial
role, the lack of a direct probe of nuclear spin dynamics
requires their behavior to be inferred from electronic transport
measurements. To meet this challenge, theoretical modeling
must be used to complement analysis of relevent features in
transport data.

In previous work on spin dynamics in double quantum
dots, simple models involving a single dynamical variable
describing the total nuclear polarization have been used to
explain the origin of feedback in this system.10,11 Although
such models can successfully account for feedback-driven
nonlinear phenomena such as bistability and hysteresis, the
range of phenomena which they can describe is somewhat
limited. Here we expand the phase space of the model, and
describe nuclear spin dynamics in terms of two dynamical
variables sL and sR corresponding to the independent nu-
clear polarizations in the left and right dots (see also, e.g.,
Ref. 12), thereby extending the range of phenomena that can
be analyzed. Time evolution is described by trajectories in
a two-dimensional phase space (sL,sR), which can exhibit
complex dynamics including nonmonotonic behavior, limit
cycles, or spirals, as illustrated in Fig. 1 (also see Refs. 13

and 14 for additional examples of complex phenomena arising
from two-polarization dynamics in other contexts).

Nuclear polarization dynamics in spin-blockaded dots is
driven by carriers passing through the system.4 Each electron
passing through the dot can produce a spin flip of the nuclei
due to hyperfine exchange with nuclear spins in the host
lattice; see Fig. 1(a). Dynamic nuclear polarization (DNP)
arises when the up and down spin-flip rates are imbalanced,
!+ ̸= !−.5,10 Since the spin-flip rates in the two dots are in
general different, their corresponding nuclear polarizations

FIG. 1. (Color online) Nuclear dynamics and intermittent current
fluctuations driven by shot noise of the spin-blockaded current
through a double dot. (a) Hyperfine spin exchange with nuclei
mediates transitions between two-electron triplet and singlet states,
relieving blockade and producing dynamical nuclear polarizations
(DNPs) sL and sR in the left and right dots. (b) A phase portrait of
DNP trajectories, with a fixed point (DNP steady state) positioned
near the main diagonal, where current is low due to spin blockade
(see Fig. 3). (c) Typical simulated current trace showing the effects
of steady state DNP fluctuations [pink traces in (b) and (c)]; see the
Appendix. Switching between quiet and noisy regions results from
excursions into the dark stripe sL ≈ sR , marked by the shaded regions
in (c).
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doubt that nuclear spins in the host material play a crucial
role, the lack of a direct probe of nuclear spin dynamics
requires their behavior to be inferred from electronic transport
measurements. To meet this challenge, theoretical modeling
must be used to complement analysis of relevent features in
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dots, simple models involving a single dynamical variable
describing the total nuclear polarization have been used to
explain the origin of feedback in this system.10,11 Although
such models can successfully account for feedback-driven
nonlinear phenomena such as bistability and hysteresis, the
range of phenomena which they can describe is somewhat
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describe nuclear spin dynamics in terms of two dynamical
variables sL and sR corresponding to the independent nu-
clear polarizations in the left and right dots (see also, e.g.,
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passing through the dot can produce a spin flip of the nuclei
due to hyperfine exchange with nuclear spins in the host
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arises when the up and down spin-flip rates are imbalanced,
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fluctuations driven by shot noise of the spin-blockaded current
through a double dot. (a) Hyperfine spin exchange with nuclei
mediates transitions between two-electron triplet and singlet states,
relieving blockade and producing dynamical nuclear polarizations
(DNPs) sL and sR in the left and right dots. (b) A phase portrait of
DNP trajectories, with a fixed point (DNP steady state) positioned
near the main diagonal, where current is low due to spin blockade
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sL and sR have different time dependence, generating an
asymmetry between the dots, sL ̸= sR . As we shall see, such
asymmetry is dramatically reflected in the time dependence of
the electric current.

In this work we focus on the effects in nuclear polarization
dynamics due to the shot noise arising from the discreteness of
carriers passing through the system. Electrons are injected into
the system one by one, with random spin orientations. While
transiting through the dots, each such electron may exchange
its spin with the nuclear subsystem. Crucially, these stochastic
spin-flip processes comprise an intrinsic source of broadband
noise that couples to nuclear dynamics. The intensity of this
noise, which is proportional to the dc current, remains nonzero
even when the average rates of up and down spin flips are equal:
S ∝ (!+ + !−). The resulting DNP fluctuations are relatively
slow due to the large number of nuclear spins in the dots,
N ≈ 106, which requires many electrons to be transmitted
through the system before the DNP can change substantially.

Another important aspect of the double-dot system is the
complex relationship between the system’s internal variables
and measurable quantities, i.e., between the nuclear polar-
ization and the electric current. Due to the resonant energy
dependence of transition rates, the current is sensitive to the
alignment of energy levels via a number of external and internal
variables (gate voltages, magnetic field, Overhauser fields in
each dot, etc.). Changes in the hyperfine spin-flip rates feed
back into DNP dynamics, giving rise to a variety of inter-
esting nonlinear phenomena occurring on long time scales,
exemplified in Figs. 1(b) and 1(c). Numerical simulations
based on this microscopic model, which is described in detail
below, demonstrate how the complex long-time-scale dynam-
ics arises from the stochastic nature of electron transport.

In particular, we find that the high-frequency noise can drive
intermittency in electric current resembling the multiscale
switching behavior observed in experiments, which will be
discussed below. In dynamical systems, intermittency refers
to the alternation of phases of apparently regular and chaotic
dynamics.15 Such behavior arises in many physical systems.
For example, fluorescence intermittency, or blinking, is com-
monly observed in the optical response of various nanoscale
systems, such as large molecules or quantum dots, where it
signals competition between the radiative and nonradiative
relaxation pathways.16 In our system, a commonly observed
type of behavior is slow buildup followed by intermittent
switching between “quiet” and highly fluctuating current
states, illustrated in Figs. 1(b), 1(c), 2(a), and 2(b).

Throughout this paper, simulation results are compared to
data from the measurements described in Ref. 7. Figure 2(a)
shows typical experimental current traces observed in the
regime of moderate magnetic field (B = 200/mT) and with
a gate voltage setting where the electrostatic energy makes the
lowest two singlet states, one with one electron in each dot and
the other with both electrons in the right dot, nearly degenerate
(i.e., near-zero “detuning”). In this case, these “(1,1)” and
“(0,2)” singlet states are strongly hybridized by the tunnel
coupling between the dots [see Fig. 3(a)]. The traces were
taken after a long waiting period which allowed the system
to relax to equilibrium. The current displays dynamics on a
very long time scale, with a smooth transient “slow-buildup”
period lasting several tens of seconds followed by a “steady
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FIG. 2. (Color online) Time-dependent current, from experiment
(Ref. 7) (a), and from simulation (b), showing a long buildup
lasting several tens of seconds followed by steady-state intermittent
fluctuations (blue traces). Fluctuations can be suppressed by a small
change of detuning (gate voltage) which moves a fixed point away
from the sensitive region sL ≈ sR (red traces). (c) Fourier spectra of
the experimental and simulated noisy traces, evaluated in the marked
steady-state regions. The spectra display a roughly 1/f α dependence
with αexpt ≈ 2.5 and αsimul ≈ 2.

state” featuring intermittent large-amplitude fluctuations with
a correlation time on the scale of seconds (blue trace). The
fluctuations can be abruptly suppressed by a relatively small
change of detuning (red trace). Similar behavior was observed
during slow sweeps of magnetic field (shown in Fig. 4).

Similar-looking fluctuations were reported by Reilly et al.
as “blinking” of the Overhauser field measured in a double
dot which was repeatedly pulsed through a singlet-triplet
level crossing.8 There, long-time-scale noise correlations
were attributed to nuclear spin diffusion resulting from the
dipole-dipole interaction. In contrast, below we describe a
mechanism where diffusion of the net nuclear polarization is
not driven by the conventional dipole-dipole-mediated spin
flips, but rather is driven by shot noise in the current passing
through the system.

The rest of the paper is organized as follows. In Sec. II
we describe the physical mechanism of shot-noise-induced
multiscale intermittent fluctuations of current. Then in
Sec. III we present the mathematical description of our model
for describing the time dependence of nuclear polarization and
current in spin-blockaded double quantum dots. In Sec. IV we
present the results of simulations based on the model described
in Sec. III, and compare with experimental data. Finally, our
conclusions are summarized in Sec. V.

II. TRANSIENTS AND INTERMITTENCY IN THE
TWO-POLARIZATION MODEL

A typical behavior, often seen in the data, is a relatively
slow transient buildup of current after which the system enters
an intermittent state, characterized by alternation of quiet
and noisy behavior. Here we discuss the physics of how
such behavior can arise naturally from the two-polarization
model. The key elements of the mechanism are summarized in
schematic form in Fig. 1(b), which shows a phase portrait
of DNP in the (sL,sR) plane. In our analysis we assume
that, via the hyperfine interaction, the dynamics is primarily
controlled by two variables sL and sR that describe independent
nuclear polarizations in the two dots. The trajectories shown in
Fig. 1(b) are obtained by applying the ideas of Refs. 5 and 10
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FIG. 1. Device structure and electron/nuclear spin
qubits. a, Scanning electron micrograph image of a device
similar to Device A, highlighting the position of the P donor,
the microwave (MW) antenna, and the SET for spin readout.
b, Schematic of the Si substrate, consisting of an isotopically
purified 28Si epilayer (with a residual 29Si concentration of 800
ppm) on top of a natural Si wafer. c, Energy level diagram
of the coupled e�–31P0 system (left) and the ionized 31P+

nucleus (right). Arbitrary quantum states are encoded on the
qubits by applying pulses of oscillating magnetic field B1 at
the frequencies corresponding to the electron spin resonance
(ESR), ⌫e1,2 ⇡ �eB0 ± A/2, and nuclear magnetic resonance
(NMR), ⌫n1,2 ⇡ A/2 ± �nB0, where �e = 27.97 GHz/T and
�n = 17.23 MHz/T are the electron and nuclear gyromagnetic
ratios, respectively. The 31P qubit in the ionized state is
operated at the frequency ⌫n0 = �nB0.

We report a complete set of qubit control and coher-
ence benchmarks, that include: (i) Rabi oscillations, to
prepare arbitrary superposition states of the qubit; (ii)
Ramsey fringes, which yield the pure dephasing time T ⇤

2 ;
(iii) Hahn echoes, which yield the qubit coherence time
TH
2 ; (iv) Carr-Purcell-Meiboom-Gill (CPMGN ) dynami-

cal decoupling sequences, used here both to measure the
ultimate limit of the coherence time TDD

2 and to extract
the spectrum of the noise that couples to the qubits (see
supplementary section B for details).

The coherent operation of the e� qubit is shown in
Fig. 2a. The Rabi oscillations continue for over 500 µs
before any signs of decay. This is a tremendous improve-
ment over the e� qubit in natSi, where the Rabi oscil-
lations decayed in less than 1 µs [22]. The Ramsey ex-
periment (Fig. 2b) yields a pure electron dephasing time
T ⇤
2e = 270 µs on Device A – a 5,000-fold improvement

over the natSi value of 55 ns, and comparable to the val-
ues obtained with nitrogen-vacancy (NV) electron spins
in isotopically purified 12C diamond [23, 24]. The cor-
responding full-width half maximum of the electron spin
resonance (ESR) linewidth is �⌫fwhm = 1/(⇡T ⇤

2e) =
1.2 kHz (see supplementary section C for direct mea-
surement of linewidths). With a Hahn echo sequence we

measured electron coherence times TH
2e ⇡ 1 ms in both

devices (Fig. 2c), only a factor 5 longer than in natSi
[22]. However, using the CPMG dynamical decoupling
technique we extended the e� spin coherence of the or-
der of 1 second, TDD

2e = 0.56 s in Device B (Fig. 4a).
For the 31P qubit we report coherence measure-

ments in the neutral (31P0) and the ionized (31P+) case
(Fig. 2c,d). The 31P0 shows a similar dephasing time
to e�, T ⇤

2n0 ⇡ 500 µs. The Hahn echo decay was found
to be very di↵erent between Devices A and B, with val-
ues 1.5 ms and 20 ms, respectively. As observed be-
fore in both single-atom [20] and bulk experiments [8],
the nuclear spin coherence improves dramatically by re-
moving the electron from the P atom. The 31P+ Ram-
sey decay times reached the value T ⇤

2n+ = 0.6 s in De-
vice B, which would correspond to an NMR linewidth
�⌫fwhm ⇡ 0.5 Hz. The simple Hahn echo sequence
preserves the qubit coherence beyond 1 second, TH

2n+ =
1.75 s, and the CPMG dynamical decoupling extends it
beyond 30 s, TDD

2n+ = 35.6 s in Device B (Fig. 4a). This
currently represents the record coherence for any single
qubit in solid state. A summary of the coherence bench-
marks for e�, 31P0 and 31P+ in both devices is shown in
the supplementary section A.
The qubit measurement fidelities Fm were extracted

from the data in Fig. 3, using a method developed in
earlier work [20, 22]. For the e� qubit, Fm is limited
by the interplay of measurement bandwidth and electron
tunnel times [17], and by the occurrence of false spin-up
counts due to thermal e↵ects. Through careful filtering
of the signal lines we reduced the electron temperature
to ⇡ 100 mK, and achieved a measurement fidelity Fm ⇡
97%. For the 31P qubit, the readout fidelity depends on
the ratio between the readout time and the average time
between spin flips [20]. Here we achieved Fm ⇡ 99.99%.
The use of isotopically purified 28Si brought a dra-

matic improvement in the qubit control fidelities. In
natSi, the e� control fidelity was limited to Fc = 57%
[22] by the randomness of the instantaneous resonance
frequency, which fluctuates over a range comparable to
the spectral width of the control pulse. Here instead the
ESR linewidth is two orders of magnitude smaller than
the excitation pulse spectrum, which would yield an in-
trinsic control fidelity of order 99.9999%. Therefore the
control errors arise solely from variation in pulse parame-
ters due to technical limitations of the room-temperature
electronic set-up. The latter can be estimated by com-
paring the coherence decay obtained from CPMG, which
is insensitive to pulse errors up to fourth order, and
from Carr-Purcell (CP), where the errors accumulate
[25]. With this method we obtained e↵ective control fi-
delities F e

c ⇡ 99.6% for e�, 99.9% for 31P0 and 99.99%
for 31P+ (data plots presented in supplementary section
D).
Despite the record coherence times discussed above,

our results do not match those obtained in bulk ensem-
bles [6–8]. We investigate the microscopic origin of spin
decoherence in our nanoelectronic device by performing a
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The spin of an electron or a nucleus in a semi-
conductor [1] naturally implements the unit of
quantum information – the qubit – while provid-
ing a technological link to the established elec-
tronics industry [2]. The solid-state environment,
however, may provide deleterious interactions be-
tween the qubit and the nuclear spins of sur-
rounding atoms [3], or charge and spin fluctuators
in defects, oxides and interfaces [4]. For group IV
materials such as silicon, enrichment of the spin-
zero 28Si isotope drastically reduces spin-bath de-
coherence [5]. Experiments on bulk spin ensem-
bles in 28Si crystals have indeed demonstrated
extraordinary coherence times [6–8]. However,
it remained unclear whether these would persist
at the single-spin level, in gated nanostructures
near amorphous interfaces. Here we present the
coherent operation of individual 31P electron and
nuclear spin qubits in a top-gated nanostructure,
fabricated on an isotopically engineered 28Si sub-
strate. We report new benchmarks for coherence
time (> 30 seconds) and control fidelity (> 99.99%)
of any single qubit in solid state, and perform
a detailed noise spectroscopy [9] to demonstrate
that – contrary to widespread belief – the coher-
ence is not limited by the proximity to an in-
terface. Our results represent a fundamental ad-
vance in control and understanding of spin qubits
in nanostructures.

It is well known that the Si/SiO2 interface hosts a va-
riety of defects that act as charge and spin fluctuators.
Spin resonance experiments have documented the delete-
rious e↵ects of the Si/SiO2 interface on the coherence of
donors in 28Si, implanted at di↵erent depths [10]. The-
oretical models suggest that magnetic fluctuation from
paramagnetic spins at the interface cause the decoher-
ing noise [4], and recent work advocates the use of ‘clock
transitions’ in 209Bi donors [11] to obtain a spin qubit
that is to first-order insensitive to magnetic noise. Fluc-
tuations of interface charges or gate voltages can also
cause decoherence, if there is a physical mechanism for
electric fields to couple to the spin qubit states. Evidence
of such e↵ects was found for instance in carbon nanotube
valley-spin qubits [12]. For donors in silicon, fluctuating
electric fields can couple to the spin states by modulating

the hyperfine coupling [13, 14] or the g-factor [15]. Here
we operate single-atom spin qubits in isotopically purified
28Si, with a residual 29Si concentration of 800 ppm. Min-
imizing the e↵ect 29Si nuclear spin fluctuations allowed
us not only to set new benchmarks for qubit performance
in solid state, but also to uncover the microscopic origin
of residual decoherence mechanisms, specific to a gated
nanostructure.

A substitutional P atom in Si behaves to a good ap-
proximation like hydrogen in vacuum, with energy lev-
els renormalized by the e↵ective mass and the dielec-
tric constant of the host material [16]. Both the bound
electron (e�) and the nucleus (31P) possess a spin 1/2
and constitute natural qubits with simple spin up/down
eigenstates, which we denote as |"i, |#i for e� and |*i, |+i
for 31P. The contact hyperfine interaction A between e�

and 31P, and the application of a static magnetic field
B0 > 1 T result in a 4-level energy diagram as shown in
Fig. 1c. At high magnetic fields the eigenstates are, to a
very good approximation, the separable tensor products
of the electro-nuclear basis states.

The device structure is shown in Fig. 1a,b. It con-
sists of a silicon single-electron transistor (SET) for spin
readout [17], a broadband on-chip microwave antenna to
deliver an oscillating magnetic field B1 to the qubits [18],
ion-implanted P donors [19], and a stack of aluminum
gates above the SiO2 insulator to control the potentials
of the donors and the SET. All the data presented here
are obtained from the analysis of single-shot electron [17]
and nuclear [20] spin readout events. We have measured
two devices, A and B, which di↵er slightly in their gate
layout and ion-implantation parameters (see methods).
The experiments were performed in high magnetic fields
(B0 = 1.62 T for device A, B0 = 1.5 T for device B) and
low temperatures (electron temperature Tel ⇡ 100 mK).
The two devices had significantly di↵erent hyperfine con-
stants (A/h ⇡ 116.6 MHz for device A and 96.9 MHz for
device B), probably resulting from a combination of dif-
ferent donor depths, electric fields [13, 14] or strain [21].
We made no attempt to actively tune A, but we note that
the observed di↵erence corresponds to > 10, 000 times
the linewidth of the spin resonance transitions (see be-
low). Engineering and controlling A over the observed
range would therefore allow very precise individual ad-
dressing of individual qubits in a large register.
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The spin of an electron or a nucleus in a semi-
conductor [1] naturally implements the unit of
quantum information – the qubit – while provid-
ing a technological link to the established elec-
tronics industry [2]. The solid-state environment,
however, may provide deleterious interactions be-
tween the qubit and the nuclear spins of sur-
rounding atoms [3], or charge and spin fluctuators
in defects, oxides and interfaces [4]. For group IV
materials such as silicon, enrichment of the spin-
zero 28Si isotope drastically reduces spin-bath de-
coherence [5]. Experiments on bulk spin ensem-
bles in 28Si crystals have indeed demonstrated
extraordinary coherence times [6–8]. However,
it remained unclear whether these would persist
at the single-spin level, in gated nanostructures
near amorphous interfaces. Here we present the
coherent operation of individual 31P electron and
nuclear spin qubits in a top-gated nanostructure,
fabricated on an isotopically engineered 28Si sub-
strate. We report new benchmarks for coherence
time (> 30 seconds) and control fidelity (> 99.99%)
of any single qubit in solid state, and perform
a detailed noise spectroscopy [9] to demonstrate
that – contrary to widespread belief – the coher-
ence is not limited by the proximity to an in-
terface. Our results represent a fundamental ad-
vance in control and understanding of spin qubits
in nanostructures.

It is well known that the Si/SiO2 interface hosts a va-
riety of defects that act as charge and spin fluctuators.
Spin resonance experiments have documented the delete-
rious e↵ects of the Si/SiO2 interface on the coherence of
donors in 28Si, implanted at di↵erent depths [10]. The-
oretical models suggest that magnetic fluctuation from
paramagnetic spins at the interface cause the decoher-
ing noise [4], and recent work advocates the use of ‘clock
transitions’ in 209Bi donors [11] to obtain a spin qubit
that is to first-order insensitive to magnetic noise. Fluc-
tuations of interface charges or gate voltages can also
cause decoherence, if there is a physical mechanism for
electric fields to couple to the spin qubit states. Evidence
of such e↵ects was found for instance in carbon nanotube
valley-spin qubits [12]. For donors in silicon, fluctuating
electric fields can couple to the spin states by modulating

the hyperfine coupling [13, 14] or the g-factor [15]. Here
we operate single-atom spin qubits in isotopically purified
28Si, with a residual 29Si concentration of 800 ppm. Min-
imizing the e↵ect 29Si nuclear spin fluctuations allowed
us not only to set new benchmarks for qubit performance
in solid state, but also to uncover the microscopic origin
of residual decoherence mechanisms, specific to a gated
nanostructure.

A substitutional P atom in Si behaves to a good ap-
proximation like hydrogen in vacuum, with energy lev-
els renormalized by the e↵ective mass and the dielec-
tric constant of the host material [16]. Both the bound
electron (e�) and the nucleus (31P) possess a spin 1/2
and constitute natural qubits with simple spin up/down
eigenstates, which we denote as |"i, |#i for e� and |*i, |+i
for 31P. The contact hyperfine interaction A between e�

and 31P, and the application of a static magnetic field
B0 > 1 T result in a 4-level energy diagram as shown in
Fig. 1c. At high magnetic fields the eigenstates are, to a
very good approximation, the separable tensor products
of the electro-nuclear basis states.

The device structure is shown in Fig. 1a,b. It con-
sists of a silicon single-electron transistor (SET) for spin
readout [17], a broadband on-chip microwave antenna to
deliver an oscillating magnetic field B1 to the qubits [18],
ion-implanted P donors [19], and a stack of aluminum
gates above the SiO2 insulator to control the potentials
of the donors and the SET. All the data presented here
are obtained from the analysis of single-shot electron [17]
and nuclear [20] spin readout events. We have measured
two devices, A and B, which di↵er slightly in their gate
layout and ion-implantation parameters (see methods).
The experiments were performed in high magnetic fields
(B0 = 1.62 T for device A, B0 = 1.5 T for device B) and
low temperatures (electron temperature Tel ⇡ 100 mK).
The two devices had significantly di↵erent hyperfine con-
stants (A/h ⇡ 116.6 MHz for device A and 96.9 MHz for
device B), probably resulting from a combination of dif-
ferent donor depths, electric fields [13, 14] or strain [21].
We made no attempt to actively tune A, but we note that
the observed di↵erence corresponds to > 10, 000 times
the linewidth of the spin resonance transitions (see be-
low). Engineering and controlling A over the observed
range would therefore allow very precise individual ad-
dressing of individual qubits in a large register.
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