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Because of the strong spin-orbit interaction in indium antimonide, orbital motion and spin are no longer

separated. This enables fast manipulation of qubit states by means of microwave electric fields. We report

Rabi oscillation frequencies exceeding 100 MHz for spin-orbit qubits in InSb nanowires. Individual

qubits can be selectively addressed due to intrinsic differences in their g factors. Based on Ramsey fringe

measurements, we extract a coherence time T�
2 ¼ 8� 1 ns at a driving frequency of 18.65 GHz. Applying

a Hahn echo sequence extends this coherence time to 34 ns.

DOI: 10.1103/PhysRevLett.110.066806 PACS numbers: 73.63.Kv, 03.67.Lx, 85.35.Be

The spin of a single electron forms a two-level system,
which makes it a natural choice for creating a quantum bit
(qubit) [1]. Quantum information processing based on such
qubits has developed into a mature and diverse field [2].
Previous work has demonstrated important milestones,
including single-shot detection of spin state, coherent con-
trol of a single spin, and coherent coupling between two
spins [2–6]. Of great importance for future development
of spin-based quantum computation is combining efficient
single-qubit control and two-qubit operations in the same
system [7] and developing ways to integrate spin qubits
with other quantum computing architectures. To pursue
these goals, several promising material platforms are being
explored. Among these are narrow band-gap semicon-
ductor nanowires, such as indium arsenide and indium
antimonide. This class of materials has recently gained
considerable attention, due to their strong spin-orbit cou-
pling, which enables efficient all-electrical spin control
[5,8–11] and could provide a means of coupling qubits to
quantum systems based on superconducting cavities [12].

In this Letter, we demonstrate an electrically controlled
spin-orbit qubit in an indium antimonide nanowire. We
observe Rabi oscillations with frequencies up to 104 MHz,
the fastest reported to date for an electrically controlled
single-spin qubit in a quantum dot. Furthermore, we show
that the individual qubits in the two dots can be addressed
with high selectivity, owing to a large g-factor difference
between two dots. We achieve universal qubit control and
study qubit coherence by means of Ramsey-type measure-
ments. We find that the inhomogeneous dephasing time T�

2

can be extended to�35 ns by using a Hahn echo.
To realize our spin-orbit qubit, a double quantum dot is

defined inside the nanowire by means of local electrostatic
gating. The qubits’ basis states are spin-orbit doublets
(denoted by * and + ), which—analogous to conventional
spin qubits—are split by the Zeeman energy in a magnetic
field. Transitions between these states can be induced by
applying microwave frequency electric fields.

An image of our device obtained by scanning electron
microscopy is presented in Fig. 1(a). It consists of an
indium antimonide nanowire (� 1:5 �m long, 100 nm
thick) contacted by Ti=Al source and drain electrodes.
Below the nanowire, separated by a layer of Si3N4 dielec-
tric, is a set of five narrow gates (60 nm pitch) used to
induce a double quantum dot potential in the nanowire and
control the number of electrons in these dots. Underneath
another layer of Si3N4 is a large metallic gate (BG) by
which the conductance of the entire wire can be tuned.
Measurements are performed in a 3He system with a base
temperature of 260 mK.
In order to read out and initialize our qubits, we take

advantage of Pauli spin blockade [2,13]. When a bias
voltage is applied between the source and drain of the
double dot, sequential transport through the dots is possible
in a triangular region in gate space. However, spin conser-
vation introduces additional constraints on interdot tunnel-
ing. Although a transition may be energetically allowed, it
may be prohibited by spin selection rules. For example, a
triplet state with one electron in each dot such as ( * , * )
cannot transition to a (0,2) singlet state, unless one of the
spin-orbit states is rotated. The current through the dots
thus becomes suppressed, as eventually such a parallel
triplet state is loaded. This principle is illustrated in
Fig. 1(c). Note that the antiparallel T0 state is in practice
not blocked, as hyperfine interaction makes it quickly
decay into a singlet state [2]. Rotation of a spin-orbit state
from * to + , or vice versa, can be accomplished by electric-
dipole spin resonance (EDSR). Application of an alternat-
ing electric field, resonant with the Larmor precession
frequency, drives transitions between the spin-orbit states
[14–17], lifting the spin blockade. To detect the EDSR, we
measure the spin blockade leakage current as a function
of applied magnetic field B and microwave frequency f
[Fig. 1(b)]. From the slope of the resonance we extract a
Landé g factor of 41 for our quantum dot. In addition to the
resonance, we observe a finite current around B ¼ 0 [18],
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resulting from mixing of the (1,1) triplet states to the
singlet by the nuclear field [19,20].

To demonstrate coherent control over the qubit, we apply
microwave bursts of variable length. First, the qubit is
initialized into a spin-blocked charge configuration. This
is accomplished by idling inside the bias triangle [Fig. 2(a)].
In order to prevent the electron from tunneling out of the dot
during its subsequent manipulation, the double dot is main-
tained in Coulomb blockade in the same charge configura-
tion. While in the Coulomb blockade regime, a microwave
burst is applied. The double dot is then again quickly
brought back to the spin blockade configuration by pulsing
the plunger gates. By applying such microwave bursts
[schematically depicted in Fig. 2(b)], we perform a Rabi
measurement. If the manipulation has flipped the electron
spin-orbit state, the blockade is lifted and an electron can
move from the first to the second dot and exit again through
the outgoing lead. By continuously repeating the pulse
sequence andmeasuring the (dc) current through the double
dot, we measure the Rabi oscillations associated with the
rotation of the spin-orbit state [Fig. 2(c)].

We have achieved Rabi oscillations with more than five
oscillation periods at a maximum frequency of 104 MHz.

Even higher Rabi frequencies could be observed for larger
microwave driving power [21], but this resulted in a quick
damping of the oscillations, likely due to photon-assisted
tunneling [22,23]. The high frequency allows for fast
operation of the qubit, which is important for quantum
information processing. Also important in this respect is
the qubit manipulation fidelity. We can estimate this fidel-
ity from the strength of the spin-orbit field relative to the
fluctuations of the nuclear spin bath (believed to be the
main source of dephasing) [22]. From the Rabi frequency
of 104 MHz we obtain a spin-orbit field BSO ¼ 0:36 mT
driving the rotations. By taking the width of the EDSR
peak as a measure for the nuclear magnetic field, we can
estimate a value of BN ¼ 0:16� 0:02 mT for this field.

FIG. 2 (color online). (a) Bias triangle in which spin blockade
was observed for a negative bias of �5 mV. This is the
ð2mþ 1; 2nþ 1Þ ! ð2m; 2nþ 2Þ transition (transition A; see
Ref. [21]). (b) Sequence used for measuring Rabi oscillations.
Pulses are applied to gates 2 and 4 to move the double dot along
the detuning axis between Coulomb blockade (CB) and spin
blockade (SB) configurations. In CB a microwave burst is
applied via gate BG to rotate the spin. (c) Rabi oscillation
obtained at a magnetic field of 31.4 mT, driving frequency of
18.65 GHz, and source power of 11 (bottom) to 17 dBm (top).
Dashed lines are fits to a cosðfR�burst þ�Þ��d

burst þ b, giving

Rabi frequencies fR of 54� 1, 67� 1, 84�1, and 104�
1 MHz. Linear slopes, attributed to photon-assisted tunneling,
of 0.5, 0.6, 0.4, and 0:6 fA=ns (top to bottom) were subtracted.
d ¼ 0:5 for the bottom trace and 0.4 for the others. Curves are
offset by 0.5 pA for clarity. Inset: Rabi frequencies set out
against driving amplitudes, including a linear fit through 0.

FIG. 1 (color online). (a) Electron microscope image of the
device consisting of an InSb nanowire contacted by source and
drain electrodes, lying across a set of fine gates (numbered,
60 nm pitch) as well as a larger bottom gate (labeled BG).
(b) Current through the device when applying microwaves with
the double dot in spin blockade configuration (a vertical linecut
near 0 mT has been subtracted to suppress resonances at constant
frequency). When the microwave frequency matches the Larmor
frequency (resonance highlighted by the dashed blue box),
blockade is lifted and current increases. (c) Schematic illustra-
tion of Pauli spin blockade on which readout depends. Only
antiparallel states (right) can occupy the same dot, allowing
current through the device. A parallel configuration (left) leads
to a suppression of the current.
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With these values of BN and BSO we estimate our qubit
manipulation fidelity to be 81� 6% [21]. We also note that
the Rabi frequency is expected to be largest when BSO and
B are perpendicular [15]. Even faster Rabi frequencies are
thus expected upon optimization of the magnetic field
angle (currently the magnetic field is applied at an angle
of �55� to the nanowire), which would be an interesting
topic for further study.

The Rabi experiment demonstrates rotation of the qubit
around a single axis. However, in order to be able to
prepare the qubit in any arbitrary superposition, it is nec-
essary to achieve rotations around two independent axes.
We demonstrate such universal control by means of a
Ramsey experiment, where the axis of qubit rotation is
determined by varying the phase of the applied microwave
bursts, as illustrated at the top of Fig. 3(a). As in the Rabi
experiment, the microwave bursts are applied while the
dots are kept in Coulomb blockade, to maintain a well
defined charge state and prevent the electrons from tunnel-
ing out during manipulation. In the Ramsey sequence an
initial microwave burst rotates the state by �=2 to the xy
plane of the Bloch sphere. We take this rotation axis to be
the x axis. A second burst is then applied after some delay
�, making a 3�=2 rotation. By varying the phase of this

pulse with respect to the initial �=2 pulse, we can control
the axis of the second rotation [see Fig. 3(a)]. For example,
if the two bursts are applied with the same phase, in total
a 2� rotation will have been made. This restores a spin
blockade configuration, thus leading to a suppression of the
current. A second burst with a phase �, however, would
rotate the qubit in the opposite direction, ending up along
the j� zi direction on the Bloch sphere. For this case spin
blockade is thus fully lifted, and current increases to a
maximum.
When the delay time between the first and final pulses

in the Ramsey sequence is increased, the qubit starts to
dephase. The loss of phase coherence leads to decay of the
Ramsey fringe contrast, as shown in Fig. 3(b). By fitting
the experimental data to exp½�ð�=T�

2Þ2�, we extract a

dephasing time of T�
2 ¼ 8� 1 ns, obtained at a driving

frequency of 18.65 GHz. Other driving frequencies of 7.9
and 31.91 GHz resulted in similar T�

2 values of 6� 1 and

9� 1 ns, respectively. To extend the coherence of the
qubit, we employ a Hahn echo technique [24,25]:
Halfway between two �=2 pulses, an extra pulse is applied
to flip the state over an angle �. Doing so partially refo-
cuses the dephasing caused by the nuclear magnetic field,
which varies slowly compared to the electron spin dynam-
ics [26]. From Fig. 3(c), where the total delay has been
extended to � ¼ 30 ns, it is clear that this technique can
maintain contrast of the Ramsey fringes for considerably
longer times. An increase in the coherence time to
Techo ¼ 34� 2 ns is obtained from the decay of the con-
trast [Fig. 3(d)] for a driving frequency of 18.65 GHz.
Similar values of 32� 1 and 35� 1 ns were obtained at
driving frequencies 7.9 and 31.91 GHz, respectively.
The relatively low coherence times obtained here are in

linewith previous results obtained for InAs nanowires [11].
The time scales show no significant dependence on driving
frequency within the accessible range of 8–32 GHz. These
results suggest the existence of a fast spin bath interacting
with the electron, likely originating from the large nuclear
spins of indium antimonide (5=2 and 7=2 for 121Sb and
123Sb, respectively, and 9=2 for In). It must be noted,
though, that other sources of dephasing, such as nearby
paramagnetic impurities or charge noise, cannot be com-
pletely ruled out.
Thus far we have presented only coherent rotations of

one of the qubits. It is possible to individually address
each qubit in the two dots if the EDSR peak splits into
two separate resonances. This splitting can arise due to a
g-factor difference between the two dots, as in our present
device, but can also be engineered, e.g., through incorpo-
ration of a micromagnet into a device [17,27]. The main
panel of Fig. 4 displays the two EDSR peaks corresponding
to the two dots. From the magnetic field dependence of the
resonances, we determine g factors of 48 and 36 for the two
dots, respectively [21]. This difference in g factors for the
two dots can be explained by a difference in confinement

FIG. 3 (color online). (a) Ramsey experiment; an initial �=2
pulse rotates the spin to the xy plane. After some delay a 3�=2
pulse is applied, restoring spin blockade or (partially) lifting it,
depending on the phase of the pulse. (b) Decay of the Ramsey
fringe contrast with increasing delay time � for different driving
frequencies. The solid line is a fit to exp½�ð�=T�

2Þ2� at a driving
frequency of 18.65 GHz, giving T�

2 ¼ 8� 1 ns. (c) A Hahn echo

sequence (top) extends the decay of the fringe contrast, to 30 ns
in this case. (d) Decay of the fringe contrast in the Hahn echo
sequence for different microwave frequencies. The solid line is
a fit to exp½�ð�=TechoÞ3� for driving frequency 18.65 GHz,
yielding Techo ¼ 34� 2 ns.
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[11,20,28,29]. Note that these measurements were
obtained at the charge transition ð2mþ 1; 2nþ 3Þ !
ð2mþ 2; 2nþ 2Þ (transition B [21]) in opposite bias than
the previously presented data. No second resonance was
resolved for charge transition A, perhaps due to strongly
similar g factors or decreased coupling of the microwaves
to the second dot.

Utilizing the large difference in g factors between the
two dots, we have achieved coherent control of both qubits.
Here, we probe the qubits by using similar microwave
frequencies but different magnetic fields. The insets in
Fig. 4 show the Rabi oscillations obtained for each of the
qubits. The frequency of the Rabi oscillations (see the insets
in Fig. 4) for the qubit corresponding to g factor 48, was
96 MHz. For the other dot, with a corresponding g factor of
36, a lower Rabi frequency of 47 MHz was achieved. This
slower Rabi oscillation is consistent with aweaker coupling
of the microwave electric field to this dot [30].

In summary, we have demonstrated the realization of a
spin-orbit qubit in an indium antimonide nanowire. Fast
manipulation and universal control of the qubit were dem-
onstrated by Rabi and Ramsey measurements. A signifi-
cant improvement in terms of speed and fidelity was
achieved compared to previously realized indium arsenide
spin-orbit qubits. Dephasing times, however, remained
similar to InAs, suggesting that the nuclear spin bath is
the main source of dephasing. The large interdot g-factor
differences make possible the selective addressing of
different qubits. Importantly, we estimate that the large
interdot Zeeman energy difference would be sufficient to
implement a fast (� 1 ns) two-qubit CPHASE gate [31,32],
operating well within the Techo coherence time.

We thank V. E. Calado and M. Shafiei for discussions.
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The Netherlands Organisation for Scientific Research
NWO/FOM.
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