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We report the preparation and verification of a genuine 12-qubit entanglement in a superconducting
processor. The processor that we designed and fabricated has qubits lying on a 1D chain with relaxation times
ranging from 29.6 to 54.6 us. The fidelity of the 12-qubit entanglement was measured to be above
0.5544 4+ 0.0025, exceeding the genuine multipartite entanglement threshold by 21 statistical standard
deviations. After thermal cycling, the 12-qubit state fidelity was further improved to be above 0.707 £ 0.008.
Our entangling circuit to generate linear cluster states is depth invariant in the number of qubits and uses
single- and double-qubit gates instead of collective interactions. Our results are a substantial step towards
large-scale random circuit sampling and scalable measurement-based quantum computing.
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Quantum entanglement is a highly nonclassical aspect of
quantum mechanics [1,2], and a central resource to quantum
information sciences [3—6]. A stringent benchmark for high-
precision control of multiple quantum systems is the ability to
create a genuine multipartite entangled (GME) state that
cannot be expressed as a biseparable state or mixture of
biseparable states with respect to variable partitions [7]. So
far, GME states in the form of Greenberger-Horne-Zeilinger
(GHZ) states have been reported with 10 superconducting
qubits [8], 14 trapped ions [9], and 18 photonic qubits [10].
We note that in several other experiments involving large
numbers of qubits [11-15], the presence of genuine entan-
glement for more than 5 qubits has not been verified. Here, we
report the creation and verification of a 12-qubit linear cluster
(LC) state, the largest GME state reported in solid-state
quantum systems. LC states are robust against noise, and
serve as a universal resource for one-way quantum computing
[16,17]. Our approach does not rely on collective interactions
to create GME as in the previous work [8,9], but is based on
individual single-qubit gates and controlled-phase (CZ)
entangling gates, which makes our approach scalable to
larger numbers of qubits and applicable to random quantum
circuit sampling demonstrations of quantum supremacy [18].

An N-qubit cluster state is a simultaneous eigenstate of
N commuting Pauli stabilizer operators with eigenvalues
all equal to +1 [16]. Stabilizer operators consist of nearest-
neighbor interactions of qubits arranged in lattices. The
simplest example is a linear cluster (LC) state, where
stabilizer operators s; are defined on a qubit chain as
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5 = ag_l)ag)a(ziﬂ). (1)
ag) and 6<Zi) are Pauli X and Z operators on the ith qubit,

respectively (and at the boundary a<ZO) and 6(ZN+1) are idle).

Cluster states can be prepared either by cooling a nearest-
neighbor Ising-type Hamiltonian H =YY (1 —1s,/2)
system to its ground state or by dynamically implementing
a set of CZ gates,

LC,) = (H czt )y )

on a qubit lattice initialized in the |+) = (|0) + [1))/V/2
state. In this work, we use the latter method on a super-
conducting quantum processor by implementing the gate
sequence shown diagrammatically in Fig. 2(a).

As can also be seen in Fig. 1(a), the processor has 12
transmon qubits [19] of the Xmon variety [20]. Each qubit
has a microwave drive line (XY), a fast flux-bias line (Z)
and a readout resonator. The qubits are arranged in a line
with neighboring qubits coupled capacitively. All the
readout resonators are coupled to a common transmission
line for joint readout of the qubit states. The Hamiltonian of
the 12-qubit system is given by

i . A A PN
H/h= Za)n—l—' i(7y 1)+Zgi(aiai+l+aiai+l)’

(3)
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FIG. 1. (a) Circuit diagram. There are 12 neighboring qubits
illustrated in two colors (green/dark blue) that correspond to two
groups of working frequencies. The green ones are around 5 GHz
and the dark-blue ones are around 4.2 GHz. All readout
resonators (light blue) are coupled to a common transmission
line (purple). By using frequency-domain multiplexing, joint
readout for all qubits can be performed. For each qubit, individual
capacitively coupled microwave control lines (XY) and induc-
tively coupled bias lines (Z) enable full control of qubit
operations. (b) The idling frequencies of both f; (solid red
line) and f, (dotted black line) for all qubits. The color of the
vertical bars on qubit levels indicates the energy relaxation rate
I';. All qubit operations are performed within this frequency
range.

where 7 is the number operator, a’ (&) is the creation
(annihilation) operator, w; and #; are the transition fre-
quency and the anharmonicity of the ith qubit, respectively,
and g; is the interaction strength between ith and (i + 1)th
qubits. Each qubit transition frequency can be tuned by Z
lines and single-qubit quantum gates can be implemented
by driving the XY lines. For specific qubit properties, refer
to the Supplemental Material [21].

The specific quantum circuit used to produce the LC
state is illustrated in Fig. 2(a). To perform the entire
operation, first we wait 300 us to relax the qubits into
the |0) state. Then, we apply Y/2 gates to rotate all the
qubits into the |+) state. After that, 11 CZ gates are
performed to entangle all 12 qubits. Finally, we measure all
qubit states with a joint readout operation.

The nearest-neighbour coupling enables the application
of “fast adiabatic”” CZ gates [20]. To minimize the effects of
decoherence and ZZ coupling between neighbouring
qubits, we shorten the depth of the circuit by applying

the CZ gates in parallel. The minimization of ZZ coupling
also requires a large detuning between adjacent qubits. We
carefully arranged the idle frequencies to avoid TLSs and
adjust the frequency differences between adjacent qubits
larger than 700 MHz. The idle frequencies for all relevant
qubits are shown in Fig. 1(b). Choosing a gate sequence
like this, along with carefully optimizing and calibrating
the control pulses, was crucial to achieve this high fidelity
entanglement. We have put the relevant technical details
into the Supplemental Material [21].

The fidelities of the Y /2 gates and CZ gates are reported
in Figs. 2(b) and 2(c), respectively. The fidelities of CZ
gates are calculated using quantum process tomography
(QPT), where maximum-likelihood estimation is used to
construct physical density matrices resulting from an
arbitrary input. The average CZ gate fidelity is 0.939.
But it is also possible to characterize our gates for states
initialized in | + +), in which case the average fidelity
increases to 0.956. This is more relevant to our experiment
because CZ gates are only ever applied to the | + +) state.
The Q,-Q5 gate is the worst of all the CZ gates. This is
caused by defects in the physical system located on Q5
around 4.43 GHz and on Q, around 4.34 GHz, which
appear in Fig. 1(b) as a dramatic increase of the relaxation
rate in a narrow range of frequencies. These so-called two-
level systems (TLS) cause a qubit state to leak out of the
computational state space, limiting the gate fidelity.
Ignoring Q, and Qj, the rest of the qubits have an average
gate and state fidelity which increase to 0.946 and 0.962,
respectively.

The fidelities of the CZ gates characterized here are
lower than the actual gate fidelities. This is partly because
unlike randomized benchmarking (RB), our characteriza-
tion process includes errors from state preparation and
readout. Also, when we characterize a single entangling
gate, we run the entire three-layer sequence, which makes
the effects of decoherence and ZZ coupling larger due to
the tripled length of the operation (192 ns). Fidelities of a
single CZ gate for this processor, characterized by RB,
typically exceed 0.99. However, optimizing the CZ gates
by embedding them into the whole circuit is essential,
otherwise a high-fidelity GME state is unobtainable.

Fidelity measurements of states produced in quantum
information experiments are traditionally calculated from
the state’s density matrix, which is obtained from quantum
state tomography (QST). This full characterization of a
state requires measurements and computational resources
that grow exponentially in the number of qubits. In this
work, full characterization proves impractical, so we find a
lower bound of the state fidelity using

F > axzPxy + azxPzx — 1, (4)

where Py, and P,y are probability distributions measured
with 6y, xz and 6,y 7y bases, and @y, and dzy are two
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FIG. 2.

(a) Algorithm to generate linear cluster state. The initial state for each qubit is |0). ¥ /2 gates are applied to bring each qubit to

|+), then the CZ gates are applied to generate the GME state. Finally, joint measurements are performed to obtain the state fidelity.
(b) The fidelities of Y /2 single qubit gates obtained by randomized benchmarking. The error bars represent a 95% confidence interval,
determined from nonlinear least-squares fits. (c) CZ gate fidelities obtained by performing quantum process tomography. Error bars on
the data are calculated via the bootstrapping method, with a 95% confidence interval.

sets of coefficients equal to the theoretical distribution
times 2° (N =12) [7,30,31]. See the Supplemental
Material [21] for the justification of this bound.

The measured probability distributions, Py, and Py, of
the 12-qubit cluster state are shown in Figs. 3(a), 3(b),
along with the theoretical distributions of the ideal state.
The infidelity can be calculated from the sum of the small
components in the measured Py, and P,y distributions.
These values, which mainly come from the population
imbalance and phase errors in the prepared states, do not
interfere destructively in the measurement process.

In our experiments, the readout is a positive-operator
valued measurement, and we use calibrated transition
matrices to obtain the original distributions. Because of
statistical fluctuations, small probability values may become
negative. We note that the fidelity bound in this process is
reliable (see the Supplemental Material [21]). We perform
250000 projective measurements to construct the proba-
bility distributions Py, and P,x. The lower bound of the
12-qubit linear cluster state fidelity is calculated to be
0.5544 £ 0.0025. We also prepared other linear cluster
states from 4 qubits to 11 qubits by initializing N neighbor-
ing qubits in |+) states and leaving the other qubits in |0)
states. The fidelities are summarized in Fig. 3(c).

Once we have a lower bound of the state fidelity, we use
entanglement witness to prove that the prepared states are
genuinely entangled [7]. An arbitrary quantum state p
that is biseperable will always have a fidelity F =
Tr(p|LC,)(LC,|) less than 0.5; hence states with fidelity

above 0.50 are genuinely entangled. Figure 3(c) shows that
all states produced meet this criterion for entanglement. For
the case of 12 qubits, the fidelity is 0.5544 + 0.0025 and
exceeds the threshold for entanglement by 21 statistical
standard deviations. We note that a reported 16-qubit “full
entanglement” [15] is not necessarily a genuine multipartite
entanglement because it is possible to generate fully
entangled states with classical mixtures of separable states.
An example is given in the Supplemental Material [21].
Scalability is one of the key advantages of our system:
any two linear cluster states can be combined to form a
larger cluster state by applying one additional CZ gate.
Additionally, a chain of N qubits (for N > 4) will always
take three layers of CZ gates to create an LC state, so
negative effects from decoherence and ZZ crosstalk will not
be exacerbated by an increased circuit depth. We judge that
using identical technology, a 20-qubit LC state could be
created, if not for the presence of TLSs in the physical qubits.
On our system, after the TLSs coupled to O, and Qs
successfully removed by thermal cycling, the 12-bit LC state
fidelity is improved to higher than 0.7. For more discussion
of TLSs, see the Supplemental Material [21]. TLSs are the
most immediate obstacle towards scaling to larger systems,
and more work needs to be done investigating their physical
origins and devising methods to mitigate their effects on
superconducting quantum processors.
The LC states produced in this work have immediate
applications to near-term quantum supremacy experiments.
Random quantum circuit sampling experiments typically
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(a) Experimental and theoretical distribution of the XZ...XZ component in the 12 qubit linear cluster state. (b) Same as (a), but

use ZX...ZX instead. In both (a) and (b), the states are in the form of |Q,,...Q,). Experimental and theoretical results are presented in
dark blue and brown, respectively. (c) Linear cluster state fidelities from 4 to 12 qubits, which are 0.9176(28), 0.9196(28), 0.8870(27),
0.8827(27), 0.8536(27), 0.7988(27), 0.7136(26), 0.5720(25), and 0.5544(25), exceed GME threshold by 149, 149, 143, 141, 130, 110,
82, 28, and 21 statistical standard deviations, respectively. State fidelities are calculated from two components, XZ...XZ and ZX...ZX,
of the linear cluster state. Error bars have a confidence interval of 95%, obtained from statistical calculation. A threshold of 50% for

genuine entanglement is marked with a blue dashed line.

use gate sequences that alternate between randomly chosen
single-qubit gates and entangling gates on qubits arranged in
1D or 2D lattices [18]. These gates are optimized individu-
ally using RB [20,32,33], but simultaneous implementation
of the gates causes them to interfere with each other. Instead
of standard 1- and 2-qubit gates, the cluster state production
sequences in this work can also be used as building blocks
for random quantum circuit sampling. The techniques
demonstrated in this work, those of optimization of simul-
taneous gates, are well suited to address similar challenges
posed by the random circuit sampling experiments.

In general, cluster states have notable applications and
advantages. The most interesting application is probably
one-way quantum computing, where the most common
starting state is the cluster state. The complex structure of
the cluster state entanglement makes it possible to generate
every quantum state [17], which allows for further research
in feed-forward operations [34,35] and subsequent com-
putations to be performed in a fault-tolerant way [36].
Cluster states have the property that as the number of qubits
increases, violation of the Bell inequalities increases
exponentially [37]. Also, in noisy environments, the life-
time of entanglement is independent of the number of
qubits, while for GHZ states, the lifetime approaches zero
with increasing qubit number [38,39]. This makes the
cluster state worthy of more theoretical and experimental
investigation.
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