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Demonstration of controlled-NOT quantum gates on
a pair of superconducting quantum bits

J. H. Plantenberg’, P. C. de Groot', C. J. P. M. Harmans' & J. E. Mooij'

Quantum computation requires quantum logic gates that use the
interaction within pairs of quantum bits (qubits) to perform con-
ditional operations'. Superconducting qubits may offer an attractive
route towards scalable quantum computing. In previous experi-
ments on coupled superconducting qubits, conditional gate beha-
viour” and entanglement’ were demonstrated. Here we demonstrate
selective execution of the complete set of four different controlled-
NOT (CNOT) quantum logic gates, by applying microwave pulses of
appropriate frequency to a single pair of coupled flux qubits. All two-
qubit computational basis states and their superpositions are used as
input, while two independent single-shot SQUID detectors measure
the output state, including qubit—qubit correlations. We determined
the gate’s truth table by directly measuring the state transfer ampli-
tudes and by acquiring the relevant quantum phase shift using a
Ramsey-like interference experiment. The four conditional gates
result from the symmetry of the qubits in the pair: either qubit
can assume the role of control or target, and the gate action can be
conditioned on either the 0-state or the 1-state. These gates are now
sufficiently characterized to be used in quantum algorithms, and
together form an efficient set of versatile building blocks.

In order to use superconducting circuits in quantum computing
implementations, it is necessary to find a way to implement efficient
quantum logic gates on pairs of qubits. Single superconducting
qubits can be designed to operate in the charge®, charge-phase?, flux®
and phase’ regimes. In our experiments, we use a flux qubit consist-
ing of a superconducting loop interrupted by three Josephson junc-
tions, which can behave as a quantum two-level system®. Varying the
magnetic flux threading the loop controls the energy level separation.
At exactly half a flux quantum, the two classical states carrying a
clockwise and an anticlockwise persistent current are degenerate.
Quantum mechanical level repulsion occurs, and the eigenstates
are formed by a symmetric and an antisymmetric superposition of
the classical current states. When moving away from the degeneracy
point, the eigenstates approach the classical current states and pro-
duce a net magnetic field. The qubit state is manipulated using
microwave pulses resonant with the level separation; the circulating
currents are used to detect the state with a superconducting quantum
interference device (SQUID) magnetometer.

Previously, in experiments on two interacting superconducting
qubits, spectroscopy was demonstrated®'* as well as coherent qubit—
qubit interaction controlled by non-adiabatic bias shifts>>'>'*. In our
experiments, we couple two flux qubits magnetically with a fixed
strength, resulting in a four-level system that is tunable with the indi-
vidual flux biases. Four different two-qubit operations are realized
with simple microwave pulses. The sample is depicted in Fig. 1. The
qubit pair is described by the hamiltonian
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whereg; = 21, ;(®; — 2®,) represent the magnetic energy biases with
I, i the persistent currents, @; the fluxes threading the loop and @, the
superconducting flux quantum, 4; determine the coupling between
the two classical current states of the single qubits, Jis the qubit—qubit

coupling energy and Ui, ;.. are the Pauli spin matrices. To use the flux

Figure 1| Coupled-qubits set-up. Atomic force micrograph of the sample,
showing the two ‘8’-shaped flux qubits in light grey. These are a gradiometric
variety of the common three-junction flux qubit, using a trapped
supercurrent in the outer uninterrupted loop to bias the qubit at its
degeneracy point'®. The three Josephson junctions defining the qubit are
visible on the middle horizontal branches; a single junction (white box) is
shown magnified in the inset. The qubits are fabricated with electron beam
lithography and two-angle shadow evaporation of aluminium. Two
junctions are characterized by the ratio of Josephson to charging energy, E;/
Ec = 36; the relative area of the third is taken to be o = 0.75. The persistent
currents I, ; and energy gaps 4; are 450 nA and h X 2.6 GHz for the first
qubit, and 480 nA and h X 2.2 GHz for the second. In the presented
experiments, the first qubit is chosen to act as control (C) and the second as
target (T). The coupling strength 2] = h X 400 MHz. On top of the qubits,
two SQUIDs (shown in orange), used as switching qubit-state detectors, are
fabricated in a separate lithography step. They are electrically isolated from
the qubits, and operated by carefully-timed sample-and-hold (5-ns and 250-
ns) d.c. pulses from current sources Iyq,; and Iy, (ref. 6). The resulting
voltages V; and V,, which depend on the qubit state, are detected using
amplifiers and threshold detectors. Currents I4.; and I4, bias the qubits
through two small coils (shown in orange); in the experiments the energy
level separations are vc = 7 GHz and vy = 5 GHz, applying currents

I4c,; = 10 pA. Here the characteristic times are T; = 50-100ns, T3 fre. = 5 ns
and T, rapi = 15-20 ns. Qubit transitions are induced magnetically using an
on-chip wire connected to a 50 Q microwave source, I,,,. The experiments
are performed in a dilution refrigerator at T =~ 50 mK, with all current and
voltage connections carefully filtered and/or attenuated.
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coupling effectively, the qubits are operated far from their degeneracy
points, that is ¢&>4; so the qubit energy separations are

vi=1/ s? —|—A$%£i. As shown in Fig. 2a, this results in four resonance

frequencies that change the state of either the first or second qubit. By
way of the state-dependent circulating current, one qubit shifts the
other’s resonance frequency and vice versa. Consequently, all transi-
tions are all either 0-controlled or 1-controlled operations, with 0 and
1 representing the state of the second qubit. Given the symmetry of the
qubits in the pair, we are free to select either one to act as the control
(C) qubit and the other as the target (T) qubit, thereby defining the
computational basis 0cOt, Oclt, 10T, Iclt. A resonant microwave
pulse induces rotations in this basis, and its microwave phase deter-
mines the orientation of the rotation axis (see Supplementary
Information). The pulse induces a quantum gate, which is character-
ized by a transfer matrix relating input to output states, both in ampli-
tude and phase. For example, a microwave pulse inducing a rotation
around the x axis of the 1-0—1¢1r transition (and thus off-resonant
with respect to the 0cOt—0clt transition) is expressed by the gate
matrix:

1 0 0 0

. 0 1 0 0

Ricor —1c1: (0,7) = 0 0 cos% isin4 )
0 0 ising cos<t

where 7 is the pulse length and ® is the Rabi frequency. This con-
ditional rotation performs the ideal CNOT gate if wt =T, up to a
single-qubit quantum phase shift. Here we only show measurements
for this 1c-controlled excitation of the target qubit, corresponding to
the usual CNOT gate. Similar results were obtained when the Oc-
controlled transition was induced (see Supplementary Information)
and when control and target qubits were interchanged, yielding the
four transitions of different frequency. Note that with this scheme one
can conveniently produce the four maximally entangled two-particle
Bell states, by applying two consecutive microwave pulses. Com-
parable techniques have been used in nuclear magnetic resonance
experiments'’.

In Fig. 2d the microwave pulse scheme of the presented experi-
ments is shown. The system is initialized by allowing it to relax to the
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Figure 2 | Operation of the coupled-qubits device. a, Energy level diagram
of the two-qubit system. The qubit transitions are indicated by blue and red
arrows, and the corresponding rotation matrices are depicted schematically
with the computational basis increasing from left to right and from top to
bottom. b, Sequence of operations to determine the truth table amplitudes
for superpositions of the 0cOr and 10t input states. ¢, As b but for
superpositions of the Oclt and 1c1t input states. The 7 pulse initializes the
target qubit in the state 1. d, General pulse sequence, displaying the applied
microwave pulses and detector readout pulses.
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ground state 00y, after which the desired input state is prepared.
Now a two-qubit conditional gate is executed using a pulse selective
to either a 0- or 1-controlled transition. Next, probe pulses can be
applied to analyse the resulting density matrix. Finally, the states of
the two qubits are determined simultaneously and independently
using the two single-shot state detectors. Repeating this scheme N
times, the result is represented by the state counts Nyo, No1, Nig and
N1, directly yielding the measured joint-probabilities Pyg, Po1, Pro
and Pj;. In addition to the individual switching probabilities of the
control and target qubit detectors, Pc = Py, + P;; and Pr= Py, +
Py, this method extracts correlation information, Pc—t = Py, + P;;.

To determine the output amplitudes of the CNOT gate for input
superpositions of 0cOp and 10y, the pulse sequence depicted in
Fig. 2b is used. After its creation, this state is subjected to the gate
pulse resonant with the 1c0m—1¢1y transition. In Fig. 3a, the switch-
ing probability of the control qubit detector shows the superposition
created by the first pulse. Figure 3¢ shows that when the 1:-controlled
gate pulse induces an odd number of 7 rotations it executes a CNOT
gate, inverting the target qubit state only if the control qubit was in
the state 1¢; for the O state the gate pulse is off-resonant, leaving the
target qubit unaffected. Similarly, Fig. 2c illustrates the pulse
sequence used to determine the matrix amplitudes for input super-
positions of Oclt and 1cly. First, the target qubit is initialized in
the 17 state by inducing a © rotation on the 0c01—0c1y transition.
The control qubit is then brought into a superposition by driving the
Oclt—1cly transition, as depicted in Fig. 3b. Finally, the CNOT gate is
executed with the identical microwave gate pulse as used previously
for the 0c0—1c0t superposition input states. Figure 3d shows that
the gate only inverts the target qubit back to the state O if the control
qubit was in the state 1¢.

The truth table amplitudes follow directly from the joint-
probabilities. In Fig. 4a the output state counts are depicted for the
prepared computational basis input states. The measured data

Number of CNOT gates, n
o~ o

w

Control rotation (n m)

Figure 3| 1c-controlled gate operation. The horizontal axis represents the
control qubit rotation, and the ordinate of the colour figures sets the number
of CNOT gates (n) that was executed. The pulses needed for control and gate
rotations significantly smaller than 7 were too short to generate reliably.
a, b, Control qubit input state preparation, where P represents the
measured switching probability of the control qubit detector. A 2 rotation
corresponds to a pulse length of 5 ns. ¢, d, Target qubit state after the CNOT
pulse, where Py represents the measured switching probability of the target
qubit detector, ranging from 0.3 (blue) through 0.5 (white) to 0.7 (red). A
single CNOT T rotation corresponds to a 3 ns pulse. a, ¢, Results for
superpositions of the 0c0t and 10t input states, corresponding to the
experimental scheme of Fig. 2b. b, d, Results for superpositions of the 0clt
and 1¢1y input states, corresponding to the experimental scheme of Fig. 2c.
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Figure 4 | Truth table amplitudes of the CNOT quantum gate. a, State
counts (Nyg, No1, Njg and Ny;) of the detectors after n = 3 CNOT rotations,
for 8,192 single-shot measurements. b, Truth table amplitudes corrected for

qualitatively agree with the amplitude matrix of an ideal CNOT gate:

1 0 0 O
1 0 0

Menor = 00 0 1 (3)
0 0 1 0

The input states 0cOr and Oc Lt remain unaffected by the gate and
translate directly to the same output state, hence the two high values
on the diagonal of the matrix. For the states 10t and 1cly, the gate
inverts the target qubit, explaining the two high off-diagonal values.
Figure 4a can be related to Fig. 3 by considering the points at the
intersections of the dotted lines of the latter. Note that the states O¢
and 1¢ correspond to the elements from Fig. 3 where a 2 and 3w
rotation, respectively, were induced, which explains the comparable
input state fidelities.

The major factors contributing to the deviations of Fig. 4a from the
ideal transfer matrix Mcnor are qubit decoherence, control errors and
measurement visibility. The last is only 40% for this sample; note that
more advanced SQUID detection methods have approached 90% vis-
ibility*®. To compensate for this influence, we performed conditional
spectroscopy measurements'” that convert the normalized detector
counts P;; to qubit state occupation probabilities. For an ideal single-
shot detector, these two sets are identical. As explained in Supplemen-
tary Information, conditional spectroscopy provides two detection
mechanisms in parallel for the control qubit: one using the control
qubit detector directly and a second using the excitation spectrum of
the target qubit. The latter is now used as a means to calibrate the
former, in this way compensating for the effect of the limited mea-
surement visibility. Using this technique, the CNOT data of Fig. 4a
are corrected, and the result is depicted in Fig. 4b. Note that the
influences of decoherence and control errors are preserved. We quan-
tify the resulting average of the logical basis amplitude fidelities by
F= Tr(MeXngNOT) /4, with F= 1 for the ideal case. The experimental
data from Fig. 4b can be represented by the matrix M,

051 022 0.13 0.14

Mo 0.28 0.47 021 0.04 @
P71 008 023 0.05 0.64
020 0.14 0.51 0.15

resulting in F = 0.4. The significant reduction of Fis mostly due to the
short coherence time of this particular sample. We expect to increase
this number to gate performances similar to that of simple microwave-
driven Rabi experiments®'®.

In order to use this gate in a quantum algorithm, the phase factors
of the amplitudes of M.y, at the positions of non-zero elements of
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measurement visibility using conditional spectroscopy measurements. The
average gate fidelity equals F = 0.4.

Mcnot have to be determined. Using a Ramsey-like interference
experiment on 1 consecutive CNOT gates, we show that these phase
shifts agree with the driven Rabi evolution. Equation (2) predicts that
for n =2 CNOT gates (that is, ot = 2n) a PHASE gate is executed
which inverts the phase of the states 1c01 and 11 relative to the
states 0cOr and Oclt. The scheme used to measure this shift is
depicted in Fig. 5b. First a 2w pulse with a fixed microwave phase
is applied, bringing the control qubit into an equal weight superposi-
tion of states Oc and 1. Next the CNOT gates are executed. The states
before and after the gates are then interfered by means of a second
Yam probe pulse, of which the microwave phase ¢, corresponding to
the rotation axis, is varied. In Fig. 5a the extra quantum phase
between the states 0cOt and 1c0t is depicted. As expected, the
Ramsey fringe is inverted by the quantum phase shift of 180° induced
by a full Rabi cycle, thus executing a PHASE gate. Experimentally we
find, in addition to the quantum phase, a second shift which is due to
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Figure 5 | Quantum phase induced after n = 2-6 CNOT operations.

a, Phase probing of the control qubit with the relative microwave phase of
the second Ramsey /27 pulse along the horizontal axis. After an odd number
n of CNOT gates, the system population is in an entangled superposition of
the states 0c0t and 11t (Bell state), extinguishing the Ramsey interference
pattern. An even number of gates executes 1/2 PHASE gates, and returns the
system to a disentangled state, restoring the Ramsey signal. The 180° phase
shift that occurs between even traces with An = 2 agrees with the description
of driven Rabi evolution. b, The sequence of operations used to acquire the
quantum phase shift of the CNOT gates.
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off-resonant effects of the CNOT microwave pulse on the control
qubit transition. It is distinguished from the quantum phase by per-
forming a second measurement with exactly the same pulse sequence
with the target qubit detuned from any relevant frequency. In this
case, the CNOT gate pulse only induces the off-resonant z-rotation of
the control qubit. We find that this effect is nearly linear in driving
power and it is compensated for in Fig. 5a, leaving only the genuine
quantum phase shift.

In conclusion, we have implemented the complete set of four two-
qubit CNOT gates in a symmetric pair of superconducting flux
qubits. Complemented with longer coherence times®'® and opti-
mized detector visibility'®, the presented gates enable experiments
on two-qubit quantum algorithms and solid-state qubit entangle-
ment using the four Bell states. This scheme, combined with control-
lable coupling'?, forms an attractive and generic approach to the
implementation of solid-state quantum computing.
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