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Gates acting on more than two qubits are appealing as they can substitute complex sequences of two-

qubit gates, thus promising faster execution and higher fidelity. One important multiqubit operation is the

quantum Toffoli gate that performs a controlled NOT operation on a target qubit depending on the state of

two control qubits. Here we present the first experimental realization of the quantum Toffoli gate in an ion

trap quantum computer, achieving a mean gate fidelity of 71(3)%. Our implementation is particularly

efficient as the relevant logic information is directly encoded in the motion of the ion string.
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The demonstration of a universal set of quantum opera-
tions consisting of single- and two-qubit gates marks a
milestone towards the realization of a quantum computer.
Such operations have been realized with several physical
systems [1,2], including nuclear magnetic resonance
(NMR), single photons, superconducting devices, cavity
QED, and ion traps. A universal operation set allows for
implementation of arbitrary algorithms by decomposing
the respective unitary operation into sequences of quantum
gates. However, this approach scales unfavorably with the
complexity of implemented algorithms if only single- and
two-qubit gates are available. It makes the demonstration
of most algorithms still impossible in current implementa-
tions. Gates acting on more than two qubits could signifi-
cantly simplify the decomposition of otherwise intractable
algorithms. Moreover, they promise faster execution and
higher fidelity. So far, all demonstrated and fully charac-
terized quantum gates are two-qubit entangling operations,
apart from one implementation of a three-qubit Toffoli gate
in NMR [3].

The quantum Toffoli gate is probably the archetype of a
three-qubit gate. It performs a controlled NOT operation on
a target qubit depending on the state of two control qubits.
It is valuable in complex quantum algorithms like Shor’s
algorithm [4] and has immediate practical applications as
correcting operation in quantum error correction [3,5]. It
constitutes one of the basic building blocks for quantum
computation.

For ion traps several schemes for implementing a quan-
tum Toffoli gate have been proposed [6,7]. Here we report
on the first experimental realization of the Toffoli gate with
an ion trap quantum computer. It requires half the resour-
ces compared to schemes based on concatenated two-qubit
gates [8]. This significant contraction is achieved by en-
coding the combined information of the two control qubits
in the common vibrational mode of the ion string. A major
new aspect of the current work is that higher levels of the
vibrational mode are used to temporarily store the com-

bined quantum information of both control qubits during
encoding. It shows that quantum computation which ex-
ploits the available Hilbert space could allow for a sig-
nificant speedup of quantum operations in various
implementations.
Our experimental system consists of a string of 40Caþ

ions confined in a linear Paul trap. Each ion represents a
qubit, where quantum information is stored in superposi-
tions of the S1=2ðm ¼ $1=2Þ ¼ jSi & j1i ground state and
the metastable D5=2ðm ¼ $1=2Þ ¼ jDi & j0i state of the
40Caþ ions [9]. The center-of-mass (COM) vibrational
mode of the ion string is used to mediate the interaction
between the ion qubits. Each experiment includes: (a) the
initialization of the qubits and the COM mode in a well-
defined state, (b) the actual gate operation and (c) a quan-
tum state measurement. Initialization of the COM mode to
the ground state is achieved by Doppler cooling on the
S1=2 $ P1=2 dipole transition followed by sideband cool-
ing on the qubit transition. Optical pumping ensures that all
qubits are prepared in S1=2ðm ¼ $1=2Þ. The gate operation
consists of a series of laser pulses which are applied to
individually addressed ions. The electronic and vibrational
state of the ion string are manipulated by setting frequency,
length, intensity, and phase of the pulses. Single qubit
operations are implemented by laser pulses at frequency
!0 resonant with the transition jS; ni $ jD; ni, where n is
the phonon number of the state. The motion of the ion
string is manipulated by laser pulses at frequency!0 þ!z,
where !z is the COM mode frequency along the trap axis
(!z=2! ' 1:2 MHz), inducing transitions of the kind
jS; ni $ jD; nþ 1i. This allows us to remove a phonon
from the system, provided an ion is in the jDi state. Note
that the Rabi frequency on this transition is !n ¼
!0

ffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
. The final state of the ion qubits is measured

by scattering light at 397 nm on the S1=2 $ P1=2 transition
and detecting the fluorescence with a CCD camera. The
presence or absence of fluorescence of an ion corresponds
to a projective measurement in the fjSi; jDig basis. Further
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Implementation of a Toffoli gate with
superconducting circuits
A. Fedorov1, L. Steffen1, M. Baur1, M. P. da Silva2,3 & A. Wallraff1

The Toffoli gate is a three-quantum-bit (three-qubit) operation that
inverts the state of a target qubit conditioned on the state of two
control qubits. It makes universal reversible classical computation1

possible and, together with a Hadamard gate2, forms a universal set
of gates in quantum computation. It is also a key element in
quantum error correction schemes3–7. The Toffoli gate has been
implemented in nuclear magnetic resonance3, linear optics8 and
ion trap systems9. Experiments with superconducting qubits have
also shown significant progress recently: two-qubit algorithms10 and
two-qubit process tomography have been implemented11, three-
qubit entangled states have been prepared12,13, first steps towards
quantum teleportation have been taken14 and work on quantum
computing architectures has been done15. Implementation of the
Toffoli gate with only single- and two-qubit gates requires six
controlled-NOT gates and ten single-qubit operations16, and
has not been realized in any system owing to current limits on
coherence. Here we implement a Toffoli gate with three super-
conducting transmon qubits coupled to a microwave resonator.
By exploiting the third energy level of the transmon qubits,
we have significantly reduced the number of elementary gates
needed for the implementation of the Toffoli gate, relative to that
required in theoretical proposals using only two-level systems.
Using full process tomography and Monte Carlo process certifica-
tion, we completely characterize the Toffoli gate acting on three
independent qubits, measuring a fidelity of 68.5 6 0.5 per cent.
A similar approach15 to realizing characteristic features of a
Toffoli-class gate has been demonstrated with two qubits and a
resonator and achieved a limited characterization considering
only the phase fidelity. Our results reinforce the potential of
macroscopic superconducting qubits for the implementation of
complex quantum operations with the possibility of quantum error
correction17.

We have implemented a Toffoli gate with three transmon qubits
(A, B and C) dispersively coupled to a microwave transmission-line
resonator, in a sample that is identical to the one used in ref. 14. The
resonator is used for joint three-qubit read-out by measuring its trans-
mission18. At the same time, it serves as a coupling bus for the qubits19.
The qubits have a ladder-type energy level structure with sufficient
anharmonicity to allow individual microwave addressing of different
transitions. We use the first two energy levels as the computational
qubit states, j0æ and j1æ, and use the second excited state, j2æ, to perform
two-qubit and qubit–qutrit operations (a qutrit is a quantum ternary
digit). From spectroscopy, we deduce a bare resonator frequency
nr 5 8.625 GHz with a quality factor of 3,300; maximum qubit
transition frequencies nmax

A ~6:714 GHz, nmax
B ~6:050 GHz and

nmax
C ~4:999 GHz; and respective charging energies Ec/h 5 0.264,

0.296 and 0.307 GHz (h, Planck’s constant) and qubit–resonator
coupling strengths g/2p5 0.36, 0.30 and 0.34 GHz for qubits A, B
and C. At the maximum transition frequencies, we find respective
qubit energy relaxation times of T1 5 0.55, 0.70 and 1.10ms and phase
coherence times of T!2 5 0.45, 0.6 and 0.65ms for qubits A, B and C.

In the conventional realization of the Toffoli gate, a NOT operation
is applied to the target qubit (C) if the control qubits (A and B) are in
the state j11æ. In our set-up, it is more natural to construct a variation of
the Toffoli gate shown in Fig. 1a, in which the state of the target qubit
is inverted if the control qubits are in j01æ. This gate can easily be
transformed to the conventional Toffoli gate by a redefinition of the
computational basis states of qubit A or by applying two p-pulses on
qubit A.

The Toffoli gate can be constructed from a ‘controlled-controlled-
phase’ (CCPHASE) gate sandwiched between two Hadamard gates

1Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland. 2Disruptive Information Processing Technologies Group, Raytheon BBN Technologies, 10 Moulton Street, Cambridge, Massachusetts
02138, USA. 3Département de Physique, Université de Sherbrooke, Sherbrooke, Québec J1K 2R1, Canada.
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Figure 1 | Circuit diagram of the Toffoli gate. a, A NOT operation (›) is
applied to qubit C if the control qubits (A and B) are in the ground (0) and
excited states (.), respectively. b, The Toffoli gate can be decomposed into a
CCPHASE gate sandwiched between Hadamard gates (H) applied to qubit C.
c, The CCPHASE gate is implemented as a sequence of a qubit–qutrit gate, a
two-qubit gate and a second qubit–qutrit gate. Each of these gates is realized by
tuning the | 11æ state into resonance with | 20æ for a {p, 2p, 3p} coherent
rotation, respectively. For the Toffoli gate, the Hadamard gates are replaced
with 6p/2 rotations about the y axis (represented by Rp=2

+y ). d, Pulse sequence
used for the implementation of the Toffoli gate. During the preparation (I),
resonant microwave pulses are applied to the qubits on the corresponding gate
lines. The Toffoli gate (II) is implemented with three flux pulses and resonant
microwave pulses (colour coded as in c). The measurement (III) consists of
microwave pulses that turn the qubit states to the desired measurement axis,
and a subsequent microwave pulse applied to the resonator is used to perform a
joint dispersive read-out.
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5

6

7

8

9

A

C

B

Res

I II III

Fr
eq

ue
nc

y 
(G

H
z)

=

A

C

B

H

π 3 π

R–y

 a  b  c

=

d

H
2π

Preparation Tomography

"11x〉 → i"20 x〉 i"20 x〉 → "11x〉

Ry

"x11〉 → –"x11〉

π 3 π

2π

π/2 π/2

Ry
π/2R–y

π/2

Figure 1 | Circuit diagram of the Toffoli gate. a, A NOT operation (›) is
applied to qubit C if the control qubits (A and B) are in the ground (0) and
excited states (.), respectively. b, The Toffoli gate can be decomposed into a
CCPHASE gate sandwiched between Hadamard gates (H) applied to qubit C.
c, The CCPHASE gate is implemented as a sequence of a qubit–qutrit gate, a
two-qubit gate and a second qubit–qutrit gate. Each of these gates is realized by
tuning the | 11æ state into resonance with | 20æ for a {p, 2p, 3p} coherent
rotation, respectively. For the Toffoli gate, the Hadamard gates are replaced
with 6p/2 rotations about the y axis (represented by Rp=2

+y ). d, Pulse sequence
used for the implementation of the Toffoli gate. During the preparation (I),
resonant microwave pulses are applied to the qubits on the corresponding gate
lines. The Toffoli gate (II) is implemented with three flux pulses and resonant
microwave pulses (colour coded as in c). The measurement (III) consists of
microwave pulses that turn the qubit states to the desired measurement axis,
and a subsequent microwave pulse applied to the resonator is used to perform a
joint dispersive read-out.

1 7 0 | N A T U R E | V O L 4 8 1 | 1 2 J A N U A R Y 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

LETTER
doi:10.1038/nature10713

Implementation of a Toffoli gate with
superconducting circuits
A. Fedorov1, L. Steffen1, M. Baur1, M. P. da Silva2,3 & A. Wallraff1

The Toffoli gate is a three-quantum-bit (three-qubit) operation that
inverts the state of a target qubit conditioned on the state of two
control qubits. It makes universal reversible classical computation1

possible and, together with a Hadamard gate2, forms a universal set
of gates in quantum computation. It is also a key element in
quantum error correction schemes3–7. The Toffoli gate has been
implemented in nuclear magnetic resonance3, linear optics8 and
ion trap systems9. Experiments with superconducting qubits have
also shown significant progress recently: two-qubit algorithms10 and
two-qubit process tomography have been implemented11, three-
qubit entangled states have been prepared12,13, first steps towards
quantum teleportation have been taken14 and work on quantum
computing architectures has been done15. Implementation of the
Toffoli gate with only single- and two-qubit gates requires six
controlled-NOT gates and ten single-qubit operations16, and
has not been realized in any system owing to current limits on
coherence. Here we implement a Toffoli gate with three super-
conducting transmon qubits coupled to a microwave resonator.
By exploiting the third energy level of the transmon qubits,
we have significantly reduced the number of elementary gates
needed for the implementation of the Toffoli gate, relative to that
required in theoretical proposals using only two-level systems.
Using full process tomography and Monte Carlo process certifica-
tion, we completely characterize the Toffoli gate acting on three
independent qubits, measuring a fidelity of 68.5 6 0.5 per cent.
A similar approach15 to realizing characteristic features of a
Toffoli-class gate has been demonstrated with two qubits and a
resonator and achieved a limited characterization considering
only the phase fidelity. Our results reinforce the potential of
macroscopic superconducting qubits for the implementation of
complex quantum operations with the possibility of quantum error
correction17.

We have implemented a Toffoli gate with three transmon qubits
(A, B and C) dispersively coupled to a microwave transmission-line
resonator, in a sample that is identical to the one used in ref. 14. The
resonator is used for joint three-qubit read-out by measuring its trans-
mission18. At the same time, it serves as a coupling bus for the qubits19.
The qubits have a ladder-type energy level structure with sufficient
anharmonicity to allow individual microwave addressing of different
transitions. We use the first two energy levels as the computational
qubit states, j0æ and j1æ, and use the second excited state, j2æ, to perform
two-qubit and qubit–qutrit operations (a qutrit is a quantum ternary
digit). From spectroscopy, we deduce a bare resonator frequency
nr 5 8.625 GHz with a quality factor of 3,300; maximum qubit
transition frequencies nmax

A ~6:714 GHz, nmax
B ~6:050 GHz and

nmax
C ~4:999 GHz; and respective charging energies Ec/h 5 0.264,

0.296 and 0.307 GHz (h, Planck’s constant) and qubit–resonator
coupling strengths g/2p5 0.36, 0.30 and 0.34 GHz for qubits A, B
and C. At the maximum transition frequencies, we find respective
qubit energy relaxation times of T1 5 0.55, 0.70 and 1.10ms and phase
coherence times of T!2 5 0.45, 0.6 and 0.65ms for qubits A, B and C.

In the conventional realization of the Toffoli gate, a NOT operation
is applied to the target qubit (C) if the control qubits (A and B) are in
the state j11æ. In our set-up, it is more natural to construct a variation of
the Toffoli gate shown in Fig. 1a, in which the state of the target qubit
is inverted if the control qubits are in j01æ. This gate can easily be
transformed to the conventional Toffoli gate by a redefinition of the
computational basis states of qubit A or by applying two p-pulses on
qubit A.

The Toffoli gate can be constructed from a ‘controlled-controlled-
phase’ (CCPHASE) gate sandwiched between two Hadamard gates

1Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland. 2Disruptive Information Processing Technologies Group, Raytheon BBN Technologies, 10 Moulton Street, Cambridge, Massachusetts
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5

6

7

8

9

A

C

B

Res

I II III

Fr
eq

ue
nc

y 
(G

H
z)

=

A

C

B

H

π 3 π

R–y

 a  b  c

=

d

H
2π

Preparation Tomography

"11x〉 → i"20 x〉 i"20 x〉 → "11x〉

Ry

"x11〉 → –"x11〉

π 3 π

2π

π/2 π/2

Ry
π/2R–y

π/2

Figure 1 | Circuit diagram of the Toffoli gate. a, A NOT operation (›) is
applied to qubit C if the control qubits (A and B) are in the ground (0) and
excited states (.), respectively. b, The Toffoli gate can be decomposed into a
CCPHASE gate sandwiched between Hadamard gates (H) applied to qubit C.
c, The CCPHASE gate is implemented as a sequence of a qubit–qutrit gate, a
two-qubit gate and a second qubit–qutrit gate. Each of these gates is realized by
tuning the | 11æ state into resonance with | 20æ for a {p, 2p, 3p} coherent
rotation, respectively. For the Toffoli gate, the Hadamard gates are replaced
with 6p/2 rotations about the y axis (represented by Rp=2

+y ). d, Pulse sequence
used for the implementation of the Toffoli gate. During the preparation (I),
resonant microwave pulses are applied to the qubits on the corresponding gate
lines. The Toffoli gate (II) is implemented with three flux pulses and resonant
microwave pulses (colour coded as in c). The measurement (III) consists of
microwave pulses that turn the qubit states to the desired measurement axis,
and a subsequent microwave pulse applied to the resonator is used to perform a
joint dispersive read-out.
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Implementation of a Toffoli gate with
superconducting circuits
A. Fedorov1, L. Steffen1, M. Baur1, M. P. da Silva2,3 & A. Wallraff1

The Toffoli gate is a three-quantum-bit (three-qubit) operation that
inverts the state of a target qubit conditioned on the state of two
control qubits. It makes universal reversible classical computation1

possible and, together with a Hadamard gate2, forms a universal set
of gates in quantum computation. It is also a key element in
quantum error correction schemes3–7. The Toffoli gate has been
implemented in nuclear magnetic resonance3, linear optics8 and
ion trap systems9. Experiments with superconducting qubits have
also shown significant progress recently: two-qubit algorithms10 and
two-qubit process tomography have been implemented11, three-
qubit entangled states have been prepared12,13, first steps towards
quantum teleportation have been taken14 and work on quantum
computing architectures has been done15. Implementation of the
Toffoli gate with only single- and two-qubit gates requires six
controlled-NOT gates and ten single-qubit operations16, and
has not been realized in any system owing to current limits on
coherence. Here we implement a Toffoli gate with three super-
conducting transmon qubits coupled to a microwave resonator.
By exploiting the third energy level of the transmon qubits,
we have significantly reduced the number of elementary gates
needed for the implementation of the Toffoli gate, relative to that
required in theoretical proposals using only two-level systems.
Using full process tomography and Monte Carlo process certifica-
tion, we completely characterize the Toffoli gate acting on three
independent qubits, measuring a fidelity of 68.5 6 0.5 per cent.
A similar approach15 to realizing characteristic features of a
Toffoli-class gate has been demonstrated with two qubits and a
resonator and achieved a limited characterization considering
only the phase fidelity. Our results reinforce the potential of
macroscopic superconducting qubits for the implementation of
complex quantum operations with the possibility of quantum error
correction17.

We have implemented a Toffoli gate with three transmon qubits
(A, B and C) dispersively coupled to a microwave transmission-line
resonator, in a sample that is identical to the one used in ref. 14. The
resonator is used for joint three-qubit read-out by measuring its trans-
mission18. At the same time, it serves as a coupling bus for the qubits19.
The qubits have a ladder-type energy level structure with sufficient
anharmonicity to allow individual microwave addressing of different
transitions. We use the first two energy levels as the computational
qubit states, j0æ and j1æ, and use the second excited state, j2æ, to perform
two-qubit and qubit–qutrit operations (a qutrit is a quantum ternary
digit). From spectroscopy, we deduce a bare resonator frequency
nr 5 8.625 GHz with a quality factor of 3,300; maximum qubit
transition frequencies nmax

A ~6:714 GHz, nmax
B ~6:050 GHz and

nmax
C ~4:999 GHz; and respective charging energies Ec/h 5 0.264,

0.296 and 0.307 GHz (h, Planck’s constant) and qubit–resonator
coupling strengths g/2p5 0.36, 0.30 and 0.34 GHz for qubits A, B
and C. At the maximum transition frequencies, we find respective
qubit energy relaxation times of T1 5 0.55, 0.70 and 1.10ms and phase
coherence times of T!2 5 0.45, 0.6 and 0.65ms for qubits A, B and C.

In the conventional realization of the Toffoli gate, a NOT operation
is applied to the target qubit (C) if the control qubits (A and B) are in
the state j11æ. In our set-up, it is more natural to construct a variation of
the Toffoli gate shown in Fig. 1a, in which the state of the target qubit
is inverted if the control qubits are in j01æ. This gate can easily be
transformed to the conventional Toffoli gate by a redefinition of the
computational basis states of qubit A or by applying two p-pulses on
qubit A.

The Toffoli gate can be constructed from a ‘controlled-controlled-
phase’ (CCPHASE) gate sandwiched between two Hadamard gates

1Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland. 2Disruptive Information Processing Technologies Group, Raytheon BBN Technologies, 10 Moulton Street, Cambridge, Massachusetts
02138, USA. 3Département de Physique, Université de Sherbrooke, Sherbrooke, Québec J1K 2R1, Canada.
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Figure 1 | Circuit diagram of the Toffoli gate. a, A NOT operation (›) is
applied to qubit C if the control qubits (A and B) are in the ground (0) and
excited states (.), respectively. b, The Toffoli gate can be decomposed into a
CCPHASE gate sandwiched between Hadamard gates (H) applied to qubit C.
c, The CCPHASE gate is implemented as a sequence of a qubit–qutrit gate, a
two-qubit gate and a second qubit–qutrit gate. Each of these gates is realized by
tuning the | 11æ state into resonance with | 20æ for a {p, 2p, 3p} coherent
rotation, respectively. For the Toffoli gate, the Hadamard gates are replaced
with 6p/2 rotations about the y axis (represented by Rp=2

+y ). d, Pulse sequence
used for the implementation of the Toffoli gate. During the preparation (I),
resonant microwave pulses are applied to the qubits on the corresponding gate
lines. The Toffoli gate (II) is implemented with three flux pulses and resonant
microwave pulses (colour coded as in c). The measurement (III) consists of
microwave pulses that turn the qubit states to the desired measurement axis,
and a subsequent microwave pulse applied to the resonator is used to perform a
joint dispersive read-out.
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