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Microwave-driven coherent operation of a
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An intuitive realization of a qubit is an electron charge at two
well-deﬁned positions of a double quantum dot. This qubit is
simple and has the potential for high-speed operation
because of its strong coupling to electric ﬁelds. However,
charge noise also couples strongly to this qubit, resulting in
rapid dephasing at all but one special operating point called
the ‘sweet spot’. In previous studies d.c. voltage pulses have
been used to manipulate semiconductor charge qubits1–8 but
did not achieve high-ﬁdelity control, because d.c. gating
requires excursions away from the sweet spot. Here, by
using resonant a.c. microwave driving we achieve fast
(greater than gigahertz) and universal single qubit rotations
of a semiconductor charge qubit. The Z-axis rotations of the
qubit are well protected at the sweet spot, and we demonstrate
the same protection for rotations about arbitrary axes in
the X–Y plane of the qubit Bloch sphere. We characterize the
qubit operation using two tomographic approaches: standard
process tomography9,10 and gate set tomography11.
Both methods consistently yield process ﬁdelities greater
than 86% with respect to a universal set of unitary
single-qubit operations.
Coherent control of qubits with resonant microwaves plays an
essential role in realizing precise single10,12,13 and two14 qubit gates
in solid-state quantum computing architectures15. In electrically
controlled quantum dots, driven coherent oscillations have been
demonstrated in spin-based qubits using electron spin resonance16–18, electric-dipole spin resonance19–22 or resonant exchange
gates23, with typical rotation rates (Rabi frequencies) of
<100 MHz. Here we demonstrate fast and coherent operation of a
charge qubit in a double quantum dot in a silicon/silicon-germanium
(Si/SiGe) heterostructure.
The charge qubit we study is formed by three electrons in a
Si/SiGe double quantum dot (Fig. 1a)7,24. Figure 1c presents the
qubit energy level diagram as a function of detuning with respect
to the sweet spot, δε ≡ ε − ε0 , where we deﬁne the sweet spot detuning ε0 with ∂E01 /∂ε|ε0 = 0, where E01 is the difference in energy
between the qubit states. Experimentally, the sweet spot is identiﬁed
by ﬁnding the minimum resonant frequency in a microwave spectroscopy measurement performed as a function of detuning (see
below). Detuning ε is controlled by gate GL or GR (Fig. 1a).
States |2,1〉 = |L〉 and |1,2〉 = |R〉 (the ground states of the system at
negative and positive ε, respectively) anticross near ε0 . A low-lying
excited state outside the qubit space25 and not visible in the
energy range shown in the ﬁgure affects the dispersion of the
energy levels shown and leads to non-zero ε0 , but is otherwise unimportant, because its occupation is negligible for the resonant driving
demonstrated here.

Near the sweet spot ε0 , an avoided crossing is formed between
states |L〉 and |R〉 with tunnel coupling strength Δ1 . The logical
qubit states are the energy eigenstates at ε0 , which are approximately
|0〉 ≈ (|L〉 + |R〉)/√2 and |1〉 ≈ (|L〉 – |R〉)/√2. As shown schematically
by the black solid line in Fig. 1c, state |L〉 is ﬁrst prepared by waiting
longer than the charge relaxation time (T1 = 23.5 ns) at a detuning
appropriate for initialization and readout, δɛr ≈ –160 µeV (ref. 25).
Ramping the gate voltage over a time of 4 ns changes the detuning
to a value near δɛ = 0, adiabatically evolving state |L〉 to state |0〉,
completing the qubit initialization. A 10 ns microwave burst is
then applied to gate GR. When the microwave frequency is resonant
with the splitting between the qubit energy levels, excitation occurs
from |0〉 to |1〉. The resulting probability of state |1〉, P1 , is measured
by ramping the detuning adiabatically over ∼2 ns back to δɛr , which
transforms |0〉 to |L〉 and |1〉 to |R〉, and measuring the change in
IQPC (ref. 25), where QPC indicates the quantum point contact.
Details of the measurement procedure and conversion to probability
are presented in Supplementary Section 1. By simulating the time
evolution of the density matrix under the initialization and
measurement ramp sequences, we estimate that the transformation
of state |L〉 (|R〉) to state |0〉 (|1〉) is performed with a ﬁdelity of over
99.99% (92%), with the lower ﬁdelity for the transformation
between |R〉 and |1〉 arising because of charge relaxation during
the ramp (Supplementary Section 2). Figure 1b presents the resulting spectroscopy of the qubit energy levels. We ﬁnd good agreement
between the spectroscopic measurement and the calculated lowestenergy excitation spectrum (green dashed curve), with Hamiltonian
parameters as measured in ref. 25. At the sweet spot ∂E01 /∂ε = 0, the
energy levels are ﬁrst-order insensitive to detuning noise5,7,23.
Coherent oscillations between qubit states |0〉 and |1〉 are
implemented by applying the microwave sequence shown in
Fig. 1c using an a.c. excitation frequency of fex ≈ 4.5 GHz, which is
resonant with the qubit at the sweet spot. Figure 1d shows the resulting microwave-driven Rabi oscillations in P1 , measured as a function of the microwave burst duration tb and gate voltage VGL ,
which determines the base level of δɛ. Figure 1e shows periodic
oscillations in P1 at a frequency of fRabi ≈ 1 GHz. The dependence
of P1 on tb is well ﬁt by an exponentially damped sine wave
(Fig. 1e, red solid curve), with the best ﬁt yielding a coherence
time of T2* = 1.5 ns.
Figure 1f shows P1 as a function of tb and the peak-to-peak
microwave amplitude Vac (measured at the output of the waveform
generator). The observed oscillation frequency varies linearly with
Vac , as expected for Rabi oscillations. Accounting for the ﬁltering
and attenuation in the dilution refrigerator, we estimate the peakto-peak amplitude at the sample for Vac = 120 mV to be 1.1 mV.
These oscillations correspond to X-rotations of the qubit on the
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Figure 1 | Si/SiGe quantum dot device, qubit spectroscopy and coherent Rabi oscillation measurements. a, Scanning electron microscopy image of a
device lithographically identical to the one used in the experiment24. b,c, Qubit energy levels and microwave spectroscopy. Probability P1 (b) of the state to
be |1〉 at the end of the driving sequence as a function of detuning change with respect to sweet spot δε and excitation frequency fex of the microwaves
applied to gate GR. The dashed green curve shows a ﬁt to the calculated energy difference between the ground state and the lowest-energy excited state of
the four-level model of ref. 25 (see also Supplementary Section 2). Diagram of the calculated energy levels E versus δε (c), including the ground states of the
(2,1) and (1,2) charge conﬁgurations, |L〉 and |R〉, respectively, and logical states |0〉 ≈ (|L〉 + |R〉)/√2 and |1〉 ≈ (|L〉 − |R〉)/√2. Black solid line inset in c: pulse
sequence used for Rabi oscillation and spectroscopy measurements. The green shaded region indicates the detuning energy at which microwave pulses are
applied. d,e, Rabi oscillations. P1 as a function of voltage VGL and microwave pulse duration tb (d) with fex = 4.54 GHz and excitation amplitude Vac = 70 mV.
Line-cut of P1 near VGL = −390 mV (e), showing ∼1 GHz coherent Rabi oscillations. Red solid curve shows a ﬁt to an exponentially damped sine wave with
best ﬁt parameter T2* = 1.5 ns. f,g, Dependence of the Rabi oscillation frequency on microwave amplitude. P1 as a function of Vac and tb (f) with fex = 4.54
GHz. Rabi oscillation frequency fRabi as a function of Vac (g) with ﬁxed fex = 4.54 GHz, showing good agreement of a linear ﬁt (red dashed line) to the data.

Bloch sphere, and for the fastest rotations observed an Xπ/2 gate has
a duration of 125 ps.
We now demonstrate Z-axis rotations of the qubit by performing a Ramsey fringe experiment using the microwave pulse
sequence shown schematically in Fig. 2a. We ﬁrst prepare the
state |Y〉 = √(1/2)(|0〉 + i|1〉) by initializing to |L〉, adiabatically
changing the detuning to δɛ = 0 to evolve the state to |0〉, and
then performing an Xπ/2 rotation at this detuning. Z-axis rotation
results from the evolution of a relative phase between states |0〉
and |1〉, given by φ = –te2Δ1/ħ, where te is the time spent at δɛ = 0.
The resulting state is rotated by a second Xπ/2 microwave pulse,
and the ﬁnal probability P1 again is measured by adiabatically projecting state |1〉 to |R〉 at the readout position δɛr. Figure 2b,c shows
the resulting Ramsey fringes, which are quantum oscillations of the
qubit state around the Z-axis of the Bloch sphere. By ﬁtting the
oscillations to an exponentially damped sine wave (red solid
curve), we extract a dephasing time T2* = 1.3 ns and an oscillation
frequency of 4.5 GHz, the latter being consistent with the spectroscopic measurements shown in Fig. 1b. The observed T2* times
are on the order of nanoseconds both for X (Rabi) and Z
(Ramsey) rotations, which is an important improvement arising
from the a.c. gating and the ability to perform a universal set of
single qubit operations at the sweet spot. Data in Supplementary
Section 3 show that T2* is much shorter (on the order of 100 ps)
away from the sweet spot.
244

Using a.c. gating we can choose the rotation axis to point in an
arbitrary direction in the X–Y plane of the Bloch sphere by controlling the phase of the applied microwave burst. On resonance in the
rotating frame, the Hamilton takes the form H = cos(ϕ)σx + sin(ϕ)σy ,
where σi are Pauli matrices and ϕ is the relative phase of the microwave burst with respect to the ﬁrst pulse incident on the qubit26.
Controlling ϕ thus enables rotations of the qubit around any axis
lying in the X–Y plane of the Bloch sphere. Figure 2d presents the
measurement of P1 using such a pulse sequence as a function of
both ϕ and te , demonstrating a smooth variation in P1 arising
from changes in the control parameters. Figure 2e shows line-cuts
of P1 at ϕ = 0, 90° and 180° (corresponding to the second pulse inducing a π/2 rotation around the X, Y and –X axes, respectively);
microwave phase control clearly enables control of the phase of
the resulting Ramsey fringes. Taken together, the data summarized
in Figs 1 and 2 demonstrate control of the qubit over the entire
Bloch sphere.
We characterized decoherence times by implementing a Hahn
echo17,27,28 of the a.c.-gated charge qubit by applying the pulse
sequence shown in Fig. 3a. Inserting an Xπ pulse between state
initialization and measurement corrects for noise that is static on
the timescale of the pulse sequence. In Fig. 3b,c, while keeping the
total free evolution time τ ﬁxed, we sweep the position of the
decoupling Xπ pulse to reveal an echo envelope7,28. The maximum
amplitude of the observed envelope reveals the extent to which the
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Figure 2 | Ramsey fringes and demonstration of three-axis control of the a.c.-gated charge qubit. a, Schematic of the pulse sequences used to perform
universal control of the qubit. Both the delay te and phase ϕ of the second microwave pulse are varied in the experiment. The green shading corresponds to
the part of the pulse sequence that occurs at detunings shaded green in Fig. 1c. b,c, Experimental measurement of Z-axis rotation. The ﬁrst Xπ/2 gate rotates
the Bloch vector onto the X–Y plane, and the second Xπ/2 gate (ϕ = 0) is delayed with respect to the ﬁrst gate by te , during which time the state evolves
freely around the Z-axis of the Bloch sphere. P1 as a function of VGL and te (b) for states initialized near |Y〉. Line-cut of P1 near VGL = −390 mV (c), showing
∼4.5 GHz Ramsey fringes. The red solid curve shows a ﬁt to an exponentially damped sine wave with best ﬁt parameter T2* = 1.3 ns. d,e, Control of qubit
rotations about an arbitrary axis in the X–Y plane. P1 as a function of ϕ and te (d). Line-cut of d at ϕ = 0 (X-axis, black), 90° (Y-axis, red) and 180°(–X-axis,
blue) (e). The coherent Z-axis rotation along with the rotation axis control with ϕ demonstrates full control of the qubit states around three orthogonal axes
on the Bloch sphere.

state has dephased during the free evolution time τ, characterized by
T2,echo , whereas the amplitude decays as a function of δt with
inhomogeneous decay time T2*. The oscillations of P1 in Fig. 3b,c
are observed as a function of δt at twice the Ramsey frequency
(2fRamsey ≈ 9 GHz) and are well ﬁt by a Gaussian decay (red solid
curve). Figure 3d shows the echo amplitude decay as a function of
τ; for each τ the echo amplitude is determined by ﬁtting the echo
envelope to a Gaussian decay similar to Fig. 3c, yielding the dephasing
time T2,echo ≈ 2.2 ± 0.1 ns. Although further work is needed to better
understand the decoherence mechanisms of semiconductor charge
qubits, the coherence time demonstrated here is most likely limited
by charge noise in the system, because piezoelectric phonons are
absent in Si. We note that the charge relaxation time falls below
∼10 ns near the sweet spot (Supplementary Section 2), which also
may affect the overall coherence time in the current experiment.
The ultimate test of experimental qubit control is the demonstration of repeatable quantum logic gates. Although the π/2
rotations that generate the Clifford group are commonly demonstrated, a.c. control allows direct implementation of any unitary.
We therefore validated two distinct gate sets: (1) high-ﬁdelity
approximations to {Xπ/2 ,Zπ/2} and (2) a set of three arbitrarily
chosen near-unitary operations {G1 ,G2 ,G3}. We used standard
quantum process tomography (QPT)9,10 to characterize the ﬁrst
gate set. Figure 4a shows the resulting process matrices (χ) expressed
in the Pauli basis: solid bars represent the ideal ‘target’ quantum
processes, and open circles show the results of QPT. The process
ﬁdelities29 between the QPT estimates and the targets are F = 86%

and F = 91% for the Xπ/2 and Zπ/2 operations, respectively. QPT
relies on prior knowledge of input states and ﬁnal measurements
that are implemented using the same logic gates that we seek to
characterize. Therefore, we also applied a technique called gate set
tomography (GST)11, which avoids these assumptions. GST
characterizes logic gates and state preparation/measurement
simultaneously and self-consistently, by representing all of them
as unknown process matrices. Because this frees us from any
obligation to use carefully calibrated operations, we applied GST
to the set of three repeatable but uncalibrated logic gates we
denote {G1 ,G2 ,G3}.
Data for GST are obtained from many repetitions of several
speciﬁc experiments, each described by a speciﬁc sequence of operations: (1) initialize the qubit in state ρ; (2) perform a sequence of
L ∈ [0…32] operations chosen from {G1 ,G2 ,G3}; (3) perform
measurement M. Statistical analysis (a variant of maximum likelihood
estimation) is used to ﬁnd the estimates {Ĝ1 , Ĝ2 , Ĝ3 , ρ, M} that are
most consistent with the measurements (see Supplementary Section 4
for more details). Because we did not set out to implement any particular rotations, we compute ex post facto the closest unitary rotations
to these estimates and deﬁne these as the ‘target’ gates. The results are
shown in Fig. 4b,c. Figure 4b shows the elements of the process (χ)
matrix for the GST estimates (triangles) and the closest-unitary
‘targets’ (solid bars). Figure 4c portrays those unitaries as rotations
on the Bloch sphere.
We also performed QPT on the G1 and G3 gates to conﬁrm and
validate the GST results. QPT depends critically on known gates, so
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Figure 4 | QPT and GST of the a.c.-gated charge qubit. a, Real and imaginary parts of the elements of the process matrix χ (ref. 9) in the Pauli basis
{I, X, Y, Z} for Xπ/2 and Zπ/2 processes: ideal ‘targets’ (solid bars), and standard QPT estimates (open circles, real part; open triangles, imaginary part). b, χ
for uncalibrated operations G1 , G2 and G3 , obtained by GST11 (triangles) and standard QPT9,10,25 (open circles), compared to target gates T1 , T2 and T3 (solid
bars). Because these gates are not precalibrated, the target gates are deﬁned to be the unitary processes closest to the GST estimates of G1 , G2 and G3 in
the Frobenius norm. GST self-consistently determines the state preparation, gate operations and measurement processes11. c, Rotation axes on the Bloch
sphere, rotation angle θ and process ﬁdelities obtained by GST (Fp , GST) and QPT (Fp , QPT) for three processes G1 , G2 and G3. Here, the rotation axis and
angle correspond to the closest unitary operations to the GST estimate (T1 , T2 and T3); the process ﬁdelities are also taken between the estimates and these
target processes. The error on Fp , QPT was estimated by repeating QPT using ten distinct sets of input and output states; standard deviations are reported.
GST and QPT yield consistent results, with process ﬁdelities of ≥86% for all gates.

we used the GST closest-unitary approximations for G1 and G3 to
model the preparation of input states and ﬁnal measurements for
QPT. To distil a single ﬁgure of merit, we computed the process ﬁdelity F between our estimates (both GST and QPT) and the closest
unitary rotation. Its interpretation is slightly different in this
context; because the targets were computed ex post facto, 1–F quantiﬁes the amount of incoherent error in our gate implementation,
whereas with a pre-existing target, it also quantiﬁes coherent
under/over-rotation errors. These process ﬁdelities, shown for
246

both GST and QPT in Fig. 4c, are consistent both with each other
and with the process ﬁdelities calculated in Fig. 4a.
Coherent microwave a.c.-gating of a semiconductor quantum dot
charge qubit offers fast (greater than gigahertz) manipulation rates
for all elementary rotation axes. Because all gates can be performed
at the sweet spot where the decoherence time is >1 ns instead of
∼100 ps (refs 6,7), rotations around three orthogonal axes of the
Bloch sphere with process ﬁdelities higher than 86% are achieved.
This improvement is analogous to early developments in
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superconducting charge qubits4,12, where operating at a sweet spot
with resonant microwaves12 demonstrated the ﬁrst high-quality universal single qubit gate operations after the initial demonstration of
charge qubit manipulation with non-adiabatic pulse techniques4.
Applying a Hahn-echo decoupling sequence provides modest
improvement in the coherence time (T2,echo ≈ 2.2 ns compared to
T2* ≈ 1.3 ns), indicating that understanding high-frequency charge
noise as well as charge relaxation at the sweet spot will be important
for further development. The quantum dot charge qubit is highly
tunable using gate voltages, and we expect that investigating coherence and process ﬁdelity as a function of tunnel coupling strength
between the dots will provide an effective route to improve its
performance5.

Methods

Measurements. The experiments were performed on a double quantum dot
fabricated in a Si/SiGe heterostructure7,30 at base temperature (electron temperature
of ∼140 mK; ref. 30) in a dilution refrigerator. The valence electron occupation of
the double dot was (2,1) or (1,2), as conﬁrmed by magnetospectroscopy
measurements30. All manipulation sequences including microwave bursts were
generated by a Tektronix 70002A arbitrary waveform generator and were added to
the dot-deﬁning d.c. voltage through a bias-tee (Picosecond Pulselabs 5546-107)
before being applied to gate GR. Similarly to our previous study25, the conductance
change through the QPC with and without the applied microwave burst, and
measured with a lock-in ampliﬁer (EG&G model 7265), was used to determine the
average charge occupation and was converted to the reported probabilities. Charge
relaxation during the measurement phase was taken into account using
the measured charge relaxation time of T1 ≈ 23.5 ns at the readout detuning of
δɛr ≈ –160 µeV (ref. 25). Supplementary Section 1 presents details of the
measurement technique and the probability normalization.
GST. GST was performed in two stages, as described in ref. 11. First, a rough
estimate was obtained by analysing data from short gate sequences using linear
inversion. Next, data from long sequences were incorporated using maximumlikelihood parameter estimation to reﬁne the preliminary estimate. The required gate
sequences were deﬁned using a set of ﬁducial sequences F = {Fi} that ﬁx a consistent
(but a priori unknown) reference frame. Here, we chose F = {Ø,G1 ,G2 ,G 31}, where Ø
is the null operation (do nothing for no time). In terms of these ﬁducials, linear
inversion GST demands data from all sequences of the form FiGkFj , where i,j = 1…4
and k = 0…3 and G0 ≡ Ø is the null operation. Supplementary Section 4 provides
more details about the GST implemented here.
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