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ABSTRACT 

Superconducting quantum computing (SQC) has achieved remarkable progress in recent years, garnering 
significant scientific and technological interests. This rev iew prov ides a concise overview of the historical 
development of SQC, detailing fabrication methodologies for superconducting quantum chips and 
implementations of quantum gate operations. It compiles experimental progress in SQC over the past few 

years, including the preparation of multi-qubit entangled states, random circuit sampling experiments, 
demonstrations of quantum error correction based on surface codes, error mitigation techniques and 
quantum simulations. This review also discusses experimental progress related to boson-encoded qubits, 
fluxoniums and qudits. Finally, the current challenges in scaling are analyzed, and potential solutions for 
addressing these limitations are explored. 

Keywords: superconducting quantum computing, superconducting qubit, quantum gate, quantum error 
correction, quantum simulation 
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oretical analyses have demonstrated the equivalence 
between these two methodologies. In terms of qubit 
encoding, SQC can utilize either two-level systems 
or bosonic modes, including cat codes [1 ], binomial 
codes [2 ] and Gottesman–Kitaev–Preski l l (GKP) 
codes [3 ]. This review focuses primarily on the 
gate-based model of SQC. It provides a brief history 
of SQC, the fabrication of qubits, quantum gates, 
recent experimental advancements and develop- 
ments in alternative qubit systems, concluding with 
a discussion of the near-term challenges in building 
large-scale SQC. 

BRIEF HISTORY OF SQC 

From the 1980s to the 1990s, several macroscopic 
quantum phenomena were experimentally demon- 
strated in Josephson junctions and superconducting 
quantum interference devices (SQUIDs). These 
phenomena included energy-level quantization [4 ], 
macroscopic quantum tunneling [5 ], macroscopic 
resonant tunneling [6 ] and quantum superposition 
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NTRODUCTION 

uantum computing represents a revolutionary
omputational paradigm that employs quantum
rocessors—physical systems engineered to operate
ccording to quantum mechanical principles—to
erform information processing via the encoding,
anipulating and measuring of quantum states. The
nique quantum phenomena of entanglement and
uperposition enable quantum computers to offer
ignificant advantages over classical counterparts for
pecific problem sets. Among the various hardware
pproaches to practical quantum computing, super-
onducting quantum computing (SQC) stands out
s a promising method. This is largely due to its com-
atibility with existing semiconductor fabrication
echniques and its potential for scalability, making
t a key contender in developing more advanced
uantum technologies. SQC can be categorized into
wo primary operational models: digital quantum
omputers, which execute quantum circuits through
ate operations, and analog quantum computers,
hich simulate the evolution of Hamiltonians. The-
byOxford University Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ttps://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
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Figure 1. Energy relaxation time T1 reported over the past 
years for SC qubits. The references are [17 ,22 ,24 –29 ] for the 
transmon qubits, [30 –33 ] for the fluxonium qubits and [34 –
37 ] for the bosonic qubits. 
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etween two macroscopically distinct states [7 ].
hese observations laid the foundation for the
evelopment of superconducting (SC) quantum
omputation. 
In 19 9 9, Nakamura et al. reported coherent os-

i l lations between two charge states in a Josephson
unction, marking the realization of the first SC
ubit [8 ]. By tuning the ratio between the Joseph-
on energy and the charging energy, various types
f qubits were developed, including charge qubits
8 ,9 ], flux qubits [10 ] and phase qubits [11 –13 ]. 
The theoretical framework of circuit quantum

lectrodynamics (cQED) [14 ], inspired by cavity
ED principles, significantly advanced SC qubit
easurement through quantum non-demolition
eadout techniques. A breakthrough occurred in
007 with the proposal of the transmon qubit by
och et al. [15 ,16 ]. Its simplified geometric config-
ration and reduced susceptibility to charge noise
uickly made it the dominant superconducting ar-
hitecture. In 2013, Barends et al. further optimized
his design, introducing the Xmon variant [17 ].
his modification involved relocating the qubit
rom an internal resonator to external coupling,
hich enhanced spatial reconfigurability, enabled
irect qubit-qubit coupling and facilitated scalable
uantum chip integration using multiplexed readout
esonators on a single transmission line. 
In 2014, Barends et al. achieved single-qubit gate

delities of 99.94% and two-qubit gate fidelities
f 99.4% on a five-qubit sample, surpassing the
hreshold required for surface code error-correction
chemes [18 ]. This milestone represented a signifi-
ant advancement in SQC and marked the beginning
f multi-qubit research. Historically, research efforts
ave prioritized extending qubit coherence times
nd reducing two-qubit gate errors, improving
ubit readout fidelity, preparing multi-qubit en-
angled states, demonstrating quantum advantage,
mplementing quantum error correction (QEC)
nd conducting quantum simulations. These topics
i l l be explored in more detail in the following
ections. 

ABRICATION OF SC QUBITS 

he fabrication process for SC quantum chips
argely leverages techniques from the semicon-
uctor industry. The workflow typically includes
ubstrate cleaning, thin-film deposition, lithogra-
hy, etching and packaging. A critical metric for
valuating the performance of a quantum chip is its
oherence time. Several factors have been identified
s detrimental to quantum coherence, including
wo-level systems (TLSs) in lossy materials [19 ],
uasiparticles [20 ], magnetic vortices [21 ], parasitic
Page 2 of 22
modes [22 ] and spontaneous emission [23 ]. To 
achieve high-performance quantum chips, the fab- 
rication process must be meticulously designed to 
meet performance requirements while minimizing 
impurities and defects in solid-state materials. 

After over 20 years of effort, significant advance- 
ments have been made in enhancing the quantum 

coherence of SC qubits. Coherence times have 
dramatically increased from nanoseconds to mil- 
liseconds. As shown in Fig. 1 , the logarithm of the
SC qubit lifetime increases linearly with time. 

Chip architecture 

The higher the number of qubits in a quantum chip, 
the more complicated the chip design. Single-layer 
wiring chips can barely meet the demand, and hence 
multi-layer wiring schemes must be developed. Flip- 
chip bonding and the through-silicon via (TSV) are 
combined in SC quantum chips to achieve multi- 
layer wiring. These processes enable multi-layer 
design schemes that separate qubits and wiring, 
facilitating more complex and scalable quantum cir- 
cuits. In the flip-chip bonding process, indium (In) is 
exploited as a material for making superconducting 
connections and providing mechanical support. 
To be compatible with aluminum (Al) materials, a 
nitride material is also required as an under-bump 
metalization layer between the Al film and In to pre- 
vent the formation of Al-In alloys. In the TSV pro- 
cess, silicon vias are formed using the conventional 
Bosch process of deep silicon etching. The vias are 
filled with TiN by atomic layer deposition [38 ,39 ]. 

Superconducting materials 
The SC materials employed in the construction of 
quantum chips include both pure metals and com- 
pounds. Al is the most widely used SC material, with
thin films deposited using various methods such 
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s sputtering, electron-beam evaporation, thermal
vaporation and molecular beam epitaxy. Another
ommonly used material is niobium (Nb), which
oasts the highest critical transition temperature
9.2 K) and a high critical magnetic field (0.2 T)
mong pure metals, along with excellent mechanical
roperties. Nb thin films are typically deposited
ia sputtering. However, one drawback of Nb is its
ultiple valence states, leading to the formation
f complex surface oxides when exposed to air. To
itigate losses due to these oxides, careful surface
reatment is essential [40 ]. 
Recently, tantalum (Ta) has been identified as a
aterial that can enhance coherence times [27 ,28 ].
a thin films are generally grown by sputtering.
ecause of their ability to form an equilibrium α

hase (body-centered-cubic structure with a critical
emperature of 4.5 K for α-Ta) and a metastable β
hase (tetragonal structure with a critical tempera-
ure of 0.6–1 K for β-Ta), achieving stable α-Ta films
equires either high-temperature growth or the use
f a seed layer. 
The primary compounds used in making SC

uantum chips are metal nitrides, including NbN
with a critical temperature of 16 K), TiN (6 K)
nd NbTiN (18 K). These thin films are formed
hrough reactive sputtering. Their long London
enetration depth results in significant kinetic in-
uctance, introducing nonlinear characteristics into
C circuits. This nonlinearity limits their application
n large-scale SC chips [41 ,42 ]. 

osephson junction 

he Josephson junction ( JJ) is a critical building
lock for SC quantum chips. A JJ consists of a
uperconductor–insulator–superconductor tri-layer
tructure. The most commonly used material for
onstructing JJs is Al, which has a superconducting
ransition temperature of 1.1 K. When exposed to
xygen, a thin layer of aluminum oxide (AlOx) with
 thickness of ∼1 –2 nm forms on the surface of
he Al metal. Since AlOx is insulating, it serves as
n effective tunneling barrier. The Al/AlOx/Al JJ is
ypically fabricated using the shadow evaporation
echnique [43 –45 ], which deposits the bottom and
op Al layers at two different angles. After the growth
f the bottom Al layer, the AlOx tunneling barrier
s formed through thermal oxidation before the
eposition of the top Al layer. 
A second method involves a planar technique for

verlap junctions, which does not require double-
ngle evaporation and is suitable for large-scale
hip fabrication [46 ,47 ]. However, this method
ecessitates argon ion mi l ling to remove the oxide
ayer of the Al film, potentially increasing surface
Page 3 of 22
roughness and introducing TLSs. Various processes 
have been developed to refine the fabrication of 
JJs. For instance, before depositing the bottom Al 
layer, oxygen plasma ashing can be employed to 
reduce organic residues on the substrate surface. 
The ‘bandage’ method eliminates the need for argon 
ion mi l ling before Al evaporation, thereby reducing 
substrate damage caused by argon particles. 

Thermal annealing of JJs is a key process for 
enhancing the performance and reliability of qubits 
by improving the crystallinity of the insulating 
barrier layer [48 ,49 ]. This enhancement reduces 
defects and impurities in the insulating oxide layer, 
thereby increasing coherence times and decreasing 
decoherence caused by TLSs in the amorphous 
dielectric. Additionally, thermal annealing can be 
used to adjust the resistance of the junctions, which 
is crucial for creating stable and reproducible tun- 
nel barriers. This stability is essential for scalable 
frequency trimming in fixed-frequency transmon 
qubits. The annealing process also helps to reduce 
surface roughness and optimize the interface be- 
tween layers, thus minimizing losses and improving 
the performance of SC circuits. In certain applica- 
tion scenarios, thermal annealing combined with 
other techniques, such as laser heating, provides 
precise localized rework capabilities [50 ]. 

GATE OPERATIONS OF SC QUBITS 

At the heart of quantum computation are quantum 

algorithms, which are executed through circuits 
composed of quantum gates that manipulate the 
states of qubits via unitary operations. In practical 
implementations, these circuits are typically con- 
structed using combinations of single-qubit and 
two-qubit gates. For SC qubits, gates are realized 
through precise control of electromagnetic fields to 
manipulate their quantum states. High gate fidelity 
or a low gate error rate is the ultimate goal when
constructing a gate scheme. Since decoherence and 
control errors are the two major sources of gate er-
rors, gate speed and accuracy, which often contradict 
each other, have to be considered together and bal- 
anced. This section mainly focuses on the principles 
and progress of single-qubit and two-qubit gates. 

Single-qubit gates 
Single-qubit gates perform operations on the quan- 
tum state of an individual qubit, allowing for rota-
tions and phase shifts to be applied. An arbitrary 
single-qubit gate can be defined as 

Rn (β) = e−i βn ·σ/ 2 , (1) 
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Figure 2. Bloch-sphere representation and common operations of single-qubit gates. 
(a) An arbitrary single-qubit gate as a rotation in the Bloch picture. (b) List of a few 

common single-qubit gate operations. 
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here n is a unit vector and σ = (σx , σy , σz ) are
he Pauli matrices. As i l lustrated in Fig. 2 a, this
peration corresponds to a right-handed rotation
y an angle β around the axis defined by n =
sin θ cos ϕ , sin θ sin ϕ , cos θ ) in the Bloch sphere
epresentation. Several common single-qubit gates
re summarized in Fig. 2 b. 
In SC circuits, single-qubit gates are typically

mplemented using a microwave pulse resonant with
he qubit’s transition frequency. The Hamiltonian
f a qubit-shaped microwave pulse in the reference
rame rotating at the frequency of an external drive
an be expressed as 

H = �σz / 2 + �(σx cos φ + σy sin φ) / 2 , 
(2)

here � is the detuning between the qubit fre-
uency and drive frequency, � is the drive ampli-
ude or Rabi frequency and φ is the drive phase. A
esonant pulse ( � = 0) induces a rotation around
n axis in the X - Y plane ( θ = π/ 2 ). The polar angle
f the drive axis ϕ is determined by the pulse phase,
hile the rotation angle β is set by the time integral
f the pulse amplitude (i.e. the Rabi frequency). For
xample, X and Y gates are both called π gates as
= π , but with different drive phases, φ = 0 for X 

nd φ = π/ 2 for Y ; their square root counterparts,
 

X and
√ 

Y gates, are calledπ/ 2 gates asβ = π/ 2 .
or phase gates or Z rotations ( θ = 0 ), the virtual- Z
echnique is commonly employed. This approach
pdates the relative phases of subsequent pulses,
ffectively creating the Z rotation without requiring
dditional physical pulses. Arbitrary single-qubit
otations can be conveniently decomposed into two
 

X gates interspersed with phase gates. 
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Achieving high-fidelity single-qubit gates re- 
quires careful calibration to account for hardware 
imperfections [51 ]. For instance, transmon qubits, 
which exhibit low anharmonicity, are susceptible to 
leakage into higher energy levels during single-qubit 
operations. The derivative removal by adiabatic gate 
(DRAG) technique effectively mitigates such leak- 
age by optimizing the pulse shape, thereby reducing 
unwanted transitions to higher states [52 ,53 ]. 

Alternative methods for single-qubit manipu- 
lation also exist. Recent advances have included 
higher-order DRAG corrections to further en- 
hance single-qubit gate performance [54 –56 ]. For 
example, diabatic pulses are particularly effective 
for small-gap fluxonium qubits, which typically 
have | 0 〉 - | 1 〉 transition frequencies of the order of 
100 MHz. Another approach involves using periodic 
nanosecond single flux quantum (SFQ) pulses in- 
stead of a single microwave pulse for coherent qubit 
state manipulation [57 –59 ]. These techniques, 
while less conventional, offer unique advantages in 
specific scenarios and qubit platforms. 

Two-qubit gates 
Two-qubit gates are a crucial building block of 
gate-based quantum computation. In SC circuits, 
qubit-qubit interactions are typically mediated by 
direct coupling between qubits or, via a coupler, 
either capacitively or inductively. The gates are 
activated through tailored pulse control over a com- 
bination of internal or external system parameters. 
There are multiple approaches to categorizing and 
describing two-qubit gates. 

First, two-qubit gates can be categorized based 
on the final unitary operation generated, regardless 
of the control scheme. According to the Cartan or 
KAK decomposition [84 ], any two-qubit unitary 
 ∈ SU (4) can be expressed as 

U = (K1 ⊗ K2 ) Uw (K3 ⊗ K4 ) , (3) 

where 

Uw (a, b, c ) = exp [i(aσx σx + bσy σy + cσz σz )] , 
(4) 

and K1 , K2 , K3 , K4 ∈ SU (2) are single-qubit uni- 
taries while a, b, c ∈ R . Here Uw is unique for a
given U . Because of periodicity and symmetries, 
all the possible Uw can be reduced to a tetrahedron 
called the Weyl chamber in three-dimensional (3D) 
Cartesian space spanned by the three coordinates 
[ a, b, c ] , as shown in Fig. 3 . Unitaries sharing the
same coordinates are said to be locally equivalent 
as they differ only by single-qubit operations. For 
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Figure 3. Weyl chamber and two-qubit gates. (a) Weyl chamber and common two-qubit gates marked with their coordinates. 
(b) List of selected two-qubit gate operations and corresponding unitary matrices. 
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xample, the controlled-NOT (CNOT) gate, a fun-
amental gate in quantum algorithms, is located at
 π/ 4 , 0 , 0] in this framework. The commonly seen
ardware-native gates, the controlled- Z (CZ) gate
71 ,85 ,86 ] 

UCZ =

⎡ 

⎢ ⎢ ⎢ ⎣ 

1 0 0 0 
0 1 0 0 
0 0 1 0 
0 0 0 −1 

⎤ 

⎥ ⎥ ⎥ ⎦ 

(5)

nd the cross-resonance (CR) gate [65 ] 

UCR =

⎡ 

⎢ ⎢ ⎢ ⎣ 

1 0 −i 0 
0 1 0 i 
−i 0 1 0 
0 i 0 1 

⎤ 

⎥ ⎥ ⎥ ⎦ 

, (6)

re the local equivalents of the CNOT gate. 
From the control perspective, two-qubit gates can

e categorized based on the system parameters that
an be adjusted, generally including qubit energy lev-
ls, couplings and external drives. For instance, the
ystem Hamiltonian for coupled transmon qubits is 

H = 

∑ 

i =1 , 2 

(
ωi a

† 
i ai +

αi 

2 
a† i a

† 
i ai ai 

)

+ g 
2 
(a† 1 + a1 )(a

† 
2 + a2 ) 

+
∑ 

i =1 , 2 

�d i cos (ωd i t + φd i )(a
† 
i + ai ) , (7)

here the ωi are the qubit frequencies, the αi are the
nharmonicities, g is the coupling strength, and �d i ,
Page 5 of 22
ωd i and φd i are the drive amplitudes, frequencies 
and phases, respectively. 

The controllability of these parameters depends 
on the hardware architecture. In fixed-frequency 
fixed-coupling systems, external microwave drives 
are the sole control freedom. The CR gate, which 
activates a ZX -type interaction by driving one qubit 
at the frequency of another, is a prominent example. 
Another example is the microwave-activated phase 
gate, which leverages transitions to higher energy 
levels [87 ]. 

In systems with tunable qubits, two-qubit gates 
can be implemented by bringing specific energy 
levels into resonance. For instance, the i SWAP gate 
utilizes the | 01 〉 - | 10 〉 transition, while the CZ gate
uses the | 11 〉 - | 20 〉 transition. The final effect of the
CZ gate is to accumulate a non-trivial π phase on the 
|11 〉 state. It can be realized through either adiabatic 
processes, which rely on slow frequency tuning, or 
adiabatic (non-adiabatic) processes, which enable 
faster gate operations—less decoherence errors—
but become hard to calibrate and more sensitive to 
pulse distortion [71 ,72 ]. 

Tunable coupling architectures offer significant 
enhancements in gate fidelity and scalability. By 
dynamically modulating the coupling strength, 
these architectures circumvent the adiabatic limit, 
enabling fast and high-fidelity operations while 
minimizing crosstalk with neighboring qubits 
[88 ]. Although this approach requires additional 
control lines and meticulous calibration, it has 
demonstrated considerable success in achieving 
high-fidelity two-qubit gates in recent years. Note 
that combining fixed-frequenc y qubits w ith tun- 
able couplers can simplify calibration and reduce 
the number of control lines while sti l l al lowing for
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Table 1. Two-qubit gates realized with superconducting qubits. ‘Tr’, ‘Fl’ and ‘Res’ denote transmon, fluxonium and resonator, 
respectively; ‘ff’ denotes fixed frequency, while ‘tun’ denotes frequency tunable; ‘ad’, ‘di’ and ‘mi’ denote ‘adiabatic’, ‘diabatic’ 
and ‘microwave’, respectively. 

� ω g g − ω

Tr(ff)-Tr(ff): Tr(tun)-Tr(tun): Tr(ff)-Tr(tun)-Tr(ff): Tr(tun)-Tr(tun)-Tr(tun): 
•mi-CZ [60 ] • di-CZ [69 ] • di-CZ [75 ] • di-CZ [81 ] 
•CR/CZ [61 ] • di-CZ [70 ] • ad-CZ [76 ] • di-CZ/di- i SWAP [82 ] 
•mi-CZ [62 ] • ad-CZ [71 ] • ad-CZ [77 ] 

• di-CZ [72 ] Others: 
Tr(ff)-Res-Tr(ff): • di-CZ/di- i SWAP [73 ] Others: • fSim [83 ] 
•CR [63 ] •CZ(RIP) [78 ] 
•CR [64 ] Fl(tun)-Fl(tun): • ad-CZ [79 ] 
•CR [65 ] • i SWAP [74 ] • ad-CZ [80 ] 

Fl(tun)-Tr(tun)-Fl(tun): 
•CZ [66 ] 

Fl(ff)-Fl(ff): 
•CR [67 ] 

Others: 
• bSWAP [68 ] 
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he implementation of adiabatic or parametric gates
82 ,83 ,89 ]. 
Parametric gates, which involve modulating sys-

em parameters such as qubit or coupler frequencies
t a specific frequency targeting a desired transition,
rovide another versatile control scheme. Examples
nclude parametric i SWAP and CZ gates, where the
ubit frequency is modulated targeting the | 01 〉 - | 10 〉
nd | 11 〉 - | 20 〉 transitions, respectively [75 ,76 ,90 ].
dditionally, parametric drives can also be applied
o the coupler to enable gates like bSWAP or i SWAP
y driving at the sum or difference of the qubit
requencies [73 ]. 
Two-qubit gate schemes vary in qubit type, tun-

bility, and control method, with key differences and
rade-offs summarized in Table 1 . The choice of an
ptimal two-qubit gate scheme depends on a range
f factors, including gate performance, hardware
onstraints and the compilation strategies required
or specific quantum algorithms [91 ]. Systems of-
ering a broader variety of native gates are often
referred, as they provide greater flexibility in algo-
ithm compilation, reduce gate counts and lower cir-
uit depths, thereby improving overall performance.
ontinuous gate families such as the fSim [83 ] and
 Y [92 ] families have been explored for their expres-
iveness and utility. More recently, a versatile gate
cheme capable of generating arbitrary native two-
ubit gates efficiently has been demonstrated, facili-
ating future hardware and algorithm co-design [83 ].
The performance of two-qubit gates has steadily

mproved, with many research groups achieving gate
rrors below 1% and some recent results reaching
rrors under 0.1% [66 ,80 ], well below the surface
ode error threshold necessary for fault-tolerant
Page 6 of 22
quantum computing. However, achieving such high 
performance consistently across large-scale arrays of 
qubits remains a formidable challenge. Factors such 
as unwanted crosstalk between qubits, spurious 
defects, fabrication variability and other hardware 
imperfections introduce significant obstacles. Ad- 
dressing these issues wi l l be essential for scaling up
quantum processors while maintaining high fidelity 
and uniform performance across all two-qubit gates. 

RECENT EXPERIMENTAL PROGRESS IN 

SQC 

Preparation of multi-qubit entangled 

states 
Multi-qubit entanglement is central to the revolu- 
tionary potential of quantum computing. Unlike 
classical systems, entangled qubits exhibit non-local 
correlations that enable exponential parallelism, al- 
lowing quantum algorithms to process vast Hilbert 
spaces simultaneously. In the field of SQC, the 
preparation of multi-qubit entangled states remains 
a major research challenge. It requires ultra-precise 
quantum operations to synchronize multiple qubits 
into desired entangled states while minimizing 
decoherence and other environmental noise. Suc- 
cessfully achieving large-scale entanglement is not 
only important for advancing fundamental science, 
but also crucial for practical quantum computing 
applications. Over the past decade, the preparation 
of entangled states in SQC systems has mainly 
focused on Greenberger–Horne–Zeilinger (GHZ) 
states and cluster states [93 ]. Table 2 summarizes 
recent experiments on GHZ states in SQC. 



Natl Sci Rev, 2025, Vol. 12, nwaf246

Table 2. Summary of entangled GHZ states. 

Entangled states Fidelity Group Year

3-GHZ state [94 ] 0.88 Yale 2010 
3-GHZ state [95 ] 0.62 UCSB 2010 
10-GHZ state [96 ] 0 . 668 ± 0 . 025 ZJU 2017 
18-GHZ state [97 ] 0 . 525 ± 0 . 005 ZJU 2019
18-GHZ state [98 ] 0 . 5165 ± 0 . 0036 IBM 2020 
27-GHZ state [99 ] 0 . 546 ± 0 . 017 Melbourne 2021 
29-GHZ state [100 ] 0 . 506 ± 0 . 008 IBM 2022
32-GHZ state [101 ] 0 . 519 ± 0 . 014 IBM 2024
60-GHZ state [102 ] 0 . 595 ± 0 . 008 ZJU 2024
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emonstration of quantum advantages 
he question of whether quantum computers can
urpass the capabilities of state-of-the-art classical
omputers remains a central challenge in quantum
omputing. Quantum random circuit sampling
RCS) has become a key experimental framework
or tackling this challenge. In RCS, random quantum
ate operations are applied to multi-qubit systems,
enerating ensembles of quantum states whose
robability distributions are then sampled. Classical
imulation of these processes becomes intractable
s circuit depth and qubit count increase, due to the
xponential scaling of quantum state space dimen-
ionality. While RCS currently has no direct practical
pplications, it serves as an important benchmark for
ssessing quantum computational advantage. Since
019, six landmark RCS experiments have been
onducted by research groups including Google and
STC, as summarized in Table 3 . 

uantum error correction 

C qubits are highly fragile and vulnerable to envi-
onmental interference, leading to errors. The error
ate of the best existing two-qubit gates remains at
east 10 orders of magnitude higher than what is
eeded for practical applications. As a result, reduc-
able 3. Summary of different RCS experiments, where XEB (
valuate the agreement between experimental and ideal output

Qubit number Error rate of 
and circuit the simultaneous 

roup depth two-qubit gate 

oogle [103 ] 53, 20 6.2 ×10−3 

STC [104 ] 56, 20 7.6 ×10−3 

STC [105 ] 60, 24 6 ×10−3 

oogle [106 ] 70, 24 6.63 ×10−3 

oogle [106 ] 67, 32 3.5 ×10−3 

STC [107 ] 83, 32 3.75 ×10−3 
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ing error rates through QEC techniques has become 
a primary focus in SQC. Classical computers already 
employ well-established error-correction methods, 
such as encoding information with redundant bits 
and using majority voting rules for error detection 
and correction. Quantum computers can draw inspi- 
ration from these techniques, but they face unique 
challenges. For example, the no-cloning theorem 

prevents the perfect replication of quantum states 
for error protection, while the collapse of mea- 
surement makes real-time observation of encoded 
qubits impractical. Additionally, qubits are subject 
to continuously varying phase errors. 

To address these challenges, several QEC 

schemes have been proposed for SQC. Among 
these, the surface code has attracted significant 
attention due to its two-dimensional layout and its 
requirement for only nearest-neighbor interactions, 
which aligns well with the planar design of SC qubits 
[41 ,108 ]. This stabilizer code introduces redundant 
auxiliary qubits that are entangled with data qubits. 
Errors are detected through a series of projective 
stabilizer measurements, followed by syndrome 
analysis and decoding to correct them. According 
to the quantum threshold theorem, if the physical 
qubit error rate falls below a certain threshold, 
adding enough redundant qubits can reduce the log- 
ical error rate to acceptable levels [109 ]. The surface
code boasts a relatively high quantum gate fidelity 
threshold of ∼99 . 3% , and the current manipulation 
accuracy of SC qubits has surpassed this threshold. 
This progress has led to the widespread adoption 
and active exploration of surface codes in QEC 

research. 
Table 4 summarizes the outcomes of surface 

code error-correction experiments in current SQC 

research. The notation [ n, k, d] represents an en-
coding scheme, where n physical qubits encode k
logical qubits, and d indicates the code distance. 
Recent results from Acharya et al. [110 ] show that
the logical qubit error rate has now fallen below that
cross-entropy benchmarking) fidelity serves as a metric to 
 distributions. 

Readout XEB 
fidelity fidelity Year 

96.2 ×10−2 2.2 ×10−3 2019 
95.23 ×10−2 6.6 ×10−4 2021 
95.49 ×10−2 3.7 ×10−4 2022 
98.92 ×10−2 1.7 ×10−3 2024 
98.7 ×10−2 1.5 ×10−3 2024 
99.133 ×10−2 2.5 ×10−4 2024 

25 Septem
ber 2025
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Table 4. Summary of recent surface code experiments 

[ n, k, d] Group Logical error rate Year 

[4, 1, 2] ETH Zurich 2 . 60 ± 1 . 3% 2020 [116 ]
[9, 1, 3] ETH Zurich 3 . 20 ± 0 . 10% 2022 [117 ] 
[9, 1, 3] USTC ∼3% 2022 [118 ]
[9, 1, 3] Delft 4.73% 2024 [119 ]
[9, 1, 3] IBM 3.70% 2023 [120 ] 
[9, 1, 3] Google 3 . 028 ± 0 . 023% 2023 [121 ] 
[9, 1, 3] Google 0 . 580 ± 0 . 002% 2024 [122 ]
[9, 1, 3] ZJU ∼1%−2 . 5% 2025 [123 ]
[25, 1, 5] Google 2 . 914 ± 0 . 01% 2023 [121 ] 
[25, 1, 5] Google 0 . 270 ± 0 . 003% 2024 [122 ]
[49, 1, 7] Google 0 . 143 ± 0 . 003% 2024 [122 ]
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f physical qubits, marking the critical break-even
oint–a significant milestone in QEC. 
Despite these advances, surface codes have limi-

ations. A major issue is the large number of redun-
ant qubits they require, with the number of physical
ubits scaling quadratically with the code distance,
esulting in low coding density. To address this,
esearchers have adapted concepts from classical
ow-density parity-check (LDPC) codes, proposing
uantum LDPC (qLDPC) schemes. These schemes
im to reduce the number of redundant qubits by
ncreasing connectivity between qubits. For exam-
le, using qLDPC encoding, 288 highly connected
ubits can achieve the same performance as 30 0 0
earest-neighbor coupled qubits in surface codes
111 ]. Another limitation is the Eastin–Kni l l no-go
heorem, which restricts the implementation of cer-
ain encoded gates transversely [112 ]. To overcome
his, methods such as magic-state disti l lation and
attice surgery have been developed [113 –115 ]. 

rror mitigation 

n 2023, the IBM team implemented an error mitiga-
ion (EM) technique to demonstrate the simulation
f the two-dimensional Ising model on a 127-qubit
hip, with a circuit depth reaching up to 60 layers
124 ]. This scale of quantum circuits has exceeded
he capabilities of classical brute-force simulations,
ighlighting the potential practical value of noisy
ntermediate-scale quantum (NISQ) computers,
ven in the absence of fully fledged QEC techniques.
lthough subsequent studies have shown that
lassical computers can effectively simulate certain
spects of these quantum circuits [125 ], we wi l l not
laborate on those details here. Instead, our focus
emains on the EM techniques. 
One of the most widely used EM techniques is

ero-noise extrapolation (ZNE), which works by
mplifying the noise levels during circuit execu-
ion and then extrapolating the results back to the
Page 8 of 22
zero-noise limit. It has been successfully applied 
to enhance the accuracy of variational quantum 

algorithms and quantum simulations. Recent ad- 
vancements in ZNE primarily focus on optimizing 
noise scaling strategies and incorporating machine 
learning to achieve more accurate extrapolation. 
In 2023, the IBM research team extended ZNE to 
larger quantum circuits, involving up to 26 qubits, 
60 layers and 1080 CNOT gates [126 ], demon- 
strating ZNE’s potential for enabling classically 
intractable quantum simulations on NISQ devices. 
ZNE was also systematically validated on small 
QEC codes, using a 17-qubit rotated surface code 
(distance-3). Researchers reduced the logical qubit 
bias δ—defined as the absolute deviation of the 
logical operator expectation value from its ideal 
value—from ∼5 × 10−2 to 2 × 10−2 after a single 
round of syndrome measurements, with consistent 
improvements across various logical states [123 ]. 

Probabilistic error cancelation (PEC) [127 ] is a 
sophisticated approach that aims to counteract the 
detrimental effects of noise in quantum systems by 
constructing an inverse map of the noise process. 
This method has shown great promise in enhancing 
the accuracy of quantum operations. However, 
its implementation is contingent upon a compre- 
hensive understanding of the noise characteristics, 
often achieved through techniques like gate set 
tomography. PEC also involves sampling from error- 
corrected circuits to reconstruct the ideal outcomes, 
which adds complexity to the overall process. 

Symmetry-based EM leverages conserved quan- 
tities in quantum circuits to identify and correct 
errors. For instance, enforcing particle number con- 
servation in variational quantum eigensolvers has 
demonstrated significant improvements in algorith- 
mic accuracy. Recent experiments on superconduct- 
ing qubits have successfully applied symmetry-based 
techniques to enhance computational reliability. 

Dynamic decoupling, which uses carefully de- 
signed pulse sequences to average out environmental 
noise, remains an effective method for mitigating de- 
coherence. Adaptive pulse sequences that optimize 
noise suppression in real time have shown promise 
for extending coherence times and improving gate 
fidelities. 

EM techniques are often combined to achieve 
superior results. For instance, integrating ZNE with 
symmetry-based methods or PEC has been proven 
to enhance computational reliability. These com- 
bined strategies serve as a crucial bridge between 
the current capabilities of quantum hardware and 
the requirements of fault-tolerant quantum comput- 
ing. They enable significant progress in algorithm 

development and practical applications on NISQ 

devices. 
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uantum simulation 

imulating physical phenomena in atomic
hysics and quantum optics 
s an artificial atom, the SC qubit offers excellent
arameter control labi lity, making it an ideal platform
or exploring various physical phenomena. Given
hat its dynamic behavior is often described using the
erminology of quantum optics and atomic physics,
C circuits naturally lend themselves to demon-
trating phenomena observed in optical and atomic
ystems. One notable example is the stimulated Ra-
an adiabatic passage (STIRAP), a widely used state
ransfer protocol in optics known for its robustness.
n the original STIRAP protocol, two pulses, labeled
s pump and Stokes, are used to facilitate state trans-
er between 
-type energy levels. In superconduct-
ng systems, similar Hamiltonians can be achieved
ith microwave pulses [128 ]. Recent research has
urther enhanced adiabatic evolution, incorporating
uperadiabatic and other shortcut-to-adiabaticity
chemes [129 ,130 ]. This development elevates
TIRAP from merely a demonstrative technique to
 practical protocol for quantum state manipulation.
ikewise, the Autler–Townes effect has been exten-
ively studied in superconducting systems [131 ,132 ],
ith applications like measuring the band structure
f simulated condensed matter materials [133 ].
nother phenomenon is electromagnetic induced
ransparency, a quantum optical phenomenon
hat makes materials transparent to a specific
ight frequency [134 –136 ]. This feature is valu-
ble for data storage in quantum information and
omputation. 
Additionally, the parameter controllability of

C circuits enables the simulation of more complex
uantum systems, even those involving only two
nergy levels. For instance, topological materials,
hose electrical properties are protected by topo-
ogical invariants, exhibit robustness to external
isturbances. However, the parameters of natural or
rtificially synthesized materials cannot usually be
reely adjusted to explore their physical properties
n detail. By mapping momentum to the parameter
pace of an SC circuit, topological and geometric in-
ariants, such as the Chern number and Berry phase,
an be measured through carefully designed quan-
um evolutions. These measurements can character-
ze topological phase transitions [137 ]. Additionally,
ertain geometric and topological quantities, pre-
icted by theoretical models, can be experimentally
bserved in designed experimental protocols. Ex-
mples include the topological properties of the
axwell semimetal and the quantum metric tensor
f the tensor monopole [138 ], while these topo-
Page 9 of 22
logical phases have not yet been realized in physical 
materials. 

Superconducting circuits also provide a system- 
atic approach to studying non-Hermitian quantum 

systems. In typical superconducting qubit systems, 
unitary operations alone do not reveal the properties 
of open systems with gain and dissipation. There- 
fore, a quantum system with higher-dimensional 
parameters is needed to construct an equivalent non- 
Hermitian Hamiltonian within a subspace [139 ]. 
Through analysis of dynamic evolution data, a range 
of non-Hermitian phenomena, such as parity-time 
symmetry breaking and the geometric proper- 
ties of exceptional points, can be demonstrated 
[140 ,141 ]. 

Quantum simulation of quantum many-body 
physics 
The key idea of quantum simulation is to emu- 
late relevant quantum models with a device that 
obeys the laws of quantum mechanics. While fault- 
tolerant devices for quantum computation require 
further development, a practical quantum advan- 
tage already exists in the quantum simulation of 
quantum many-body physics (QMBP) [142 ] in 
NISQ devices. In particular, to simulate dynamics 
of quantum many-body systems with a scalable 
analogue, quantum simulators are beyond the capa- 
bility of classical supercomputers, but require fewer 
resources for an SC processor [143 ]. Combining 
more programmability with analog simulators, a 
hybrid digital-analog approach merges analog uni- 
tary blocks and digital quantum gates and preserves 
both the scalability and versatility of the analog and 
digital simulators, respectively [144 ]. Furthermore, 
digital quantum simulation, compatible with error 
correction, is applicable for more complex models 
with higher accuracy and broader programmability, 
notwithstanding the hardware requirements and 
computation time [145 ]. 

The implementation of quantum simulators us- 
ing SC qubits has been attracting growing attention 
due to flexible designs of microchip fabrication, 
universal controllability and high-fidelity read- 
outs. The circuit excitations, rather than physical 
particles subject to conservation laws, make SC 

processors an ideal platform for accessing emergent 
out-of-equilibrium physics. The non-equilibrium 

dynamics of an analog simulator can be seen as quan- 
tum walks (QWs) of all initially prepared excitations 
with time-dependent control. QWs of strongly 
interacting microwave photons were demonstrated 
on SC processors on a 12-qubit chain [146 ], a
24-qubit ladder [147 ], a 2D array of 62 qubits [148 ]
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nd a 24-qubit ring [149 ]. Under a linear potential,
Ws of a photon, representing the Bloch osci l lation
nd Wannier–Stark localization, were probed on
ve-qubit [150 ] and nine-qubit [151 ] processors. 
From another perspective, the dynamics of an

nalog quantum simulator behaves as an entangling
peration on an initial state. The quench dynam-
cs of a generic isolated quantum system tends
o explore almost the entire configuration space
ith an exponentially growing number of quantum
tates in the system size, known as the eigenstate
hermalization hypothesis (ETH) [152 ], which is
ntractable for a classical computer [153 ]. Quantum
hermalization was demonstrated on SC processors
y simulating the ergodic dynamics of a 12-qubit
hain [154 ] and a 62-qubit system [155 ]. This is also
elated to quantum information scrambling, which
an be characterized by the out-of-time correlators
OTOCs) and tripartite mutual information (TMI)
156 ]. The key challenge to measure OTOCs is
o reverse the time evolution of the system [157 ].
y engineering quantum circuits on a 53-qubit
rocessor, dynamics and fluctuation of OTOCs
ere probed to investigate scrambling of quantum
nformation [158 ]. Qutrit information scrambling
as demonstrated on a five-qutrit SC circuit [159 ].
ith a digital-analog approach, OTOCs were
robed for identifying quantum thermalization on a
 3 × 3 )-qubit processor [160 ]. Floquet engineering
as applied to realize the reverse time evolution of
he system and to investigate operator spreading in a
0-qubit chain [161 ]. On a 24-qubit ladder proces-
or, TMI was measured to signal thermalization and
nformation scrambling [162 ]. 
Benefiting from architectures with tunable inter-

ctions, high control labi lity and readout techniques,
C processors are also versatile for demonstrat-
ng various mechanisms of weak and strong ETH
iolations, including quantum many-body scars
QMBSs) [163 ], prethermalization [164 ], many-
ody localization (MBL) [165 ] and discrete time
rystals (DTCs) [166 ]. A QMBS was realized, uti-
izing a 30-qubit SC processor [167 ]. Digital-analog
uantum simulation of a prethermal phase was
emonstrated on a 12-qubit SC processor [168 ].
n observation of prethermal topologically ordered
ime crystals with 3 × 8 SC qubits was reported
169 ]. The MBL dynamics of a long-range interact-
ng spin- 1 2 X Y model was emulated by programming
isorder and long-range interactions on a 10-qubit
C processor [170 ]. With linearly varied on-site
otentials, Stark MBL was emulated on a 32-qubit
rocessor [171 ]. By realizing the dynamics of a
2-qubit processor, MBL transitions [172 ,173 ] and
he proximity effect in the overlap between localized
nd delocalized states [174 ] were investigated. The
Page 10 of 22
MBL transition in a 2D system was identified from 

a Fock-space perspective using 4 × 6 SC qubits 
[175 ]. An energy-resolved MBL transition was 
simulated by controlling both disorder strength and 
initial-state preparation using 19 SC qubits [176 ]. 
With tunable controlled-phase gates on an array of 
SC qubits, an MBL DTC was realized [177 ]. 

A dynamic spectroscopy technique from the 
response of the system given local perturbations 
is compatible with SC simulators to measure en- 
ergy levels of quantum many-body systems. This 
technique was applied to signal the thermalization- 
localization transition [178 ], to measure the topo- 
logical band structure of Chern insulators [125 ] and 
to demonstrate the Hofstadter butterfly energy spec- 
trum [178 ,179 ]. Therefore, SC simulators are capa- 
ble of demonstrating the bulk-edge correspondence 
in topological phases of matter, when combining the 
measured topological band structure [125 ,179 ] and 
the observation of dynamical localization of edge 
excitations [125 ,179 ,180 ]. As a lower-dimensional 
topological pump shares the same topological origin 
as higher-dimensional topological physics, quantum 

pumps were realized on a 1D array of SC qubits 
[125 ,181 ,182 ], demonstrating 2D integer quantum 

Hall effects. In addition, two types of second-order 
topological pumps were demonstrated on a ( 4 × 4 )- 
qub it processor [183 ]. Moreover, SC circuits are 
versatile for programming topological states that 
have never been prepared in real materials before, 
such as topologically ordered states [184 ], anyons 
with anyonic braiding [185 –190 ], a lattice version 
of photonic fractional quantum Hall states [191 ] 
and Floquet symmetry-protected topological phases 
[192 ,193 ]. By applying the fast mid-cycle qubit read- 
out technique for QEC, SC simulating platforms can 
also realize measurement-induced entanglement 
transitions [194 ]. 

Overall, with universal control and high-fidelity 
qubit readout, distinct designs of SC circuits 
perform an ideal platform for studying various 
emergent QMBP, including spin models [195 –
200 ], bosonic/fermionic models [201 –203 ], black 
holes [204 ], multipartite entanglement detection 
[205 ,206 ], quantum chemistry [207 –212 ] based on 
variational quantum algorithms [213 ], and quantum 

biology [214 ]. With further hardware development, 
fault-tolerant SC quantum processors that are com- 
patible with QEC or quantum EM wi l l access more
complex QMBP with higher accuracy. 

OTHER QUBITS 

Bosonic qubit 
Cavity-based superconducting qubits offer a promis- 
ing alternative for encoding and manipulating 
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Figure 4. Advancements in cavity-based superconducting qubits. Cavity-based superconducting qubits are propelling the field of quantum information 
science forward with their applications in QEC and modular quantum computation. A limited set of examples is highlighted in this illustration. For 
QEC, cavity-based qubits are utilized in the development of bosonic codes, which enhance the fault tolerance of quantum systems. Reprinted with 
permission from [219 –223 ]. Additionally, cavity-based qubits are integral to modular quantum computation, facilitating the execution of teleported 
CNOT gates and enabling the use of SNAIL- (superconducting non-linear asymmetric inductive element) based couplers to establish robust quantum 

networks. Reprinted with permission from [224 –227 ]. 
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uantum information, with the assistance of aux-
liary qubits (e.g. transmons) providing nonlinear
ontrol and readout. Superconducting cavities act
s quantum memories with significantly extended
oherence times, owing to their effective isolation
rom environmental noise, a critical factor that
onstrains reliable quantum operations. The strong
oupling between cavity modes and auxiliary qubits
nables robust quantum gates and facilitates entan-
lement generation across multiple cavities, thereby
upporting the development of scalable quantum
ystems [35 ,215 –218 ]. This design takes advantage
f the inherent properties of bosonic modes, in-
luding their large Hilbert space, long coherence
ime and low-loss propagation over long distances.
onsequently, cavity-based superconducting qubits
ffer a unique quantum platform for realizing log-
cal qubits protected by QEC and are compatible
ith other bosonic carriers, including magnons,
honons and optical photons. Advancements in
avity-based superconducting qubits are i l lustrated
n Fig. 4 . 
From the perspective of universal quantum

omputation, cavity modes provide a hardware-
fficient approach for introducing redundancy in
Page 11 of 22
novel quantum information encoding [222 ,228 –
230 ]. Recently, significant milestones have been 
achieved in demonstrating the break-even point of 
QEC using various codes, such as cat codes [1 ,231 ],
binomial codes [2 ,219 ] and GKP codes [3 ,232 ].
These advancements represent a crucial step toward 
universal quantum computation, as they enhance 
the coherence time of logical qubits compared to 
those of cavity modes and anci l lary qubits [233 ].
Additionally, fault-tolerant quantum gates have been 
successfully demonstrated for these cavity-based 
logical qubits [223 ,234 ,235 ]. In 2024, the realiza-
tion of entangled logical qubits within this platform 

marked a significant advancement in the field [236 ]. 
Alternative strategies such as cat 

qubits [222 ,224 –226 ,237 ,238 ] and dual-rail en-
coding [227 ,239 –241 ] have also recently been 
introduced, each offering unique advantages for 
achieving fault tolerance. Cat qubits utilize con- 
tinuous drives to define the system eigenstates as 
superpositions of coherent states, demonstrating 
significantly improved performance with biased 
noise, where bit-flip errors are greatly suppressed. 
This greatly lowers fault-tolerance thresholds 
and enhances resilience to environmental noise. 



Natl Sci Rev, 2025, Vol. 12, nwaf246

D  

t  

T  

e  

c  

q  

t  

a  

c  

e  

t  

r
 

n  

t  

i  

f  

t  

s  

a  

n  

n  

f  

a  

c  

p  

a  

b  

c  

u  

s  

u  

i  

l  

c
 

f  

n  

o  

i  

l  

s  

q  

s  

m  

s  

p  

c  

p  

n  

d  

d
2  

p  

l  

c  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/8/nw

af246/8165689 by D
ESY-Zentralbibliothek user on 25 Septem

ber 2025
ual-rail encoding achieves redundancy by dis-
ributing a logical qubit across two separate cavities.
his approach effectively mitigates photon loss
rrors through immediate error detection and
orrection, making it a robust choice for reliable
uantum information storage and processing, par-
icularly in larger systems. Furthermore, recent
dvances in hybrid quantum architectures that
ombine continuous-variable and discrete-variable
ncoding are broadening the scope of error correc-
ion and contributing to the development of more
obust fault-tolerant designs [226 ,230 ,238 ]. 
In addition to the continued development of

ovel QEC codes and precise control technologies
o go far beyond the break-even point, explor-
ng distributed quantum computation schemes
or scaling up the system is also of great impor-
ance [242 ,243 ]. Two promising approaches for
caling are (i) incorporating multiple cavities within
 single module for each quantum node and (ii) con-
ecting multiple quantum nodes to form a quantum
etwork. For the first approach, recent research has
ocused on refining control precision for interactions
cross multiple cavities, a critical step in expanding
avity-based qubits into complex, scalable quantum
rocessors [217 ,218 ,220 ,221 ,244 –247 ]. The second
pproach involves exploring modular architectures
y connecting small, precisely controlled units of
av ity-mode qubits v ia transmission lines or waveg-
ides. This enables coherent interaction and efficient
tate transfer between quantum modules. The mod-
larity introduced by this design provides flexibility
n system expansion, facilitating the development of
arger quantum processors while maintaining high
oherence and precision [248 ,249 ]. 
Looking ahead, the cavity-based qubits can be

urther extended in several ways. First, quantum
etworks and distributed quantum computation
ver long distances can be realized through optical
nterconnects, which link separate modules using
ight [229 ,230 ,250 –252 ]. As bosonic modes, optical
ignals are naturally compatible with cavity-based
ubits, providing an effective medium for quantum
tate transfer and entanglement generation across
odules. Second, the number of qubits within a
ingle chip can be significantly increased by incor-
orating phononic cavities. Phononic modes can
ouple linearly with superconducting qubits via
iezoelectrical effects, and their mode density is sig-
ificantly higher than that of electromagnetic modes
ue to the micron-sized phonon wavelength. This
irection has garnered considerable interests [253 –
58 ]. Researchers have already demonstrated strong
honon-qubit coupling and reported phonon mode
ifetimes comparable to those of on-chip super-
onducting cavities [256 ]. Finally, by leveraging
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advanced real-time feedback control techniques, the 
performances of cavity-based qubits can be further 
improved. These advancements not only benefit 
quantum computation, but also hold potential ap- 
plications in other quantum fields, such as quantum 

metrology. [254 ,255 ,257 ,259 ]. 

Fluxonium 

Unlike charge qubits or transmons, which encode 
states in single Cooper-pair charge states or plasmon 
osci l lations, flux qubits [7 ] encode quantum states 
in the flux across an SC circuit. The simplest flux 
qubit consists of an SC loop interrupted by a Joseph- 
son junction with loop inductance L (Fig. 5 a). Its 
Hamiltonian resembles a point mass in a double- 
well potential, where fluxon states—localized in 
the potential minima—define the computational 
basis. A fluxonium [30 ] is a flux qubit operating 
in the regime EJ > EC > EL , where EJ , EC and EL 
are the Josephson, charging and inductive energies, 
respectively. Achieving this parameter regime re- 
quires a very high loop inductance L , necessitating 
a high-impedance superinductor with inductance 
in the hundreds of nanohenrys and impedance 
much larger than the vacuum impedance. Such 
superinductors are realized using arrays of JJs. 

At the commonly used half-integer flux quantum 

bias, the fluxon states degenerate, creating a first- 
order flux-no ise-insensitive point. Its single-island 
design makes the fluxonium immune to charge offset 
noise, similar to transmons and other flux qubits. 
The qubit states are symmetric and anti-symmetric 
superpositions of the two fluxon states, with an 
energy gap determined by the tunneling amplitude 
∝ exp (−8 EJ /EC ) . This results in an energy gap in 
the hundreds-of-megahertz-range order of magni- 
tude lower than transmons, while higher excited 
states, corresponding to plasma osci l lations, remain 
in the gigahertz range, similar to transmons, as 
shown in Fig. 5 e. Relaxation is thus mitigated as its
charge dipole scales quadratically with the qubit 
frequency, and its magnetic dipole is suppressed by 
the superinductor, reducing sensitivity to dielectric 
and inductive losses. These properties have enabled 
fluxonium qubits with coherence times exceeding 
1 ms under laboratory conditions with moderate 
dielectric loss and flux noise [33 ,260 ]. 

This rich energy structure (Fig. 5 f) enables high 
anharmonicity and versatile control schemes for 
high-fidelity quantum operations. Qubit readout is 
performed via dispersive coupling to a microwave 
resonator in a circuit QED setup. A strong dis- 
persive shift, enabled by the 0-3 transition despite 
the large detuning ( > 6 GHz) between qubit 
and resonator frequencies, allows high-fidelity 
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eadout using homodyne detection [74 ]. The
ubit’s low energy gap necessitates active initializa-
ion, achieved through quantum non-demolition
eadout with heralding [66 ] or sideband cooling
74 ]. By breaking selection rules with a flux offset,
fficient sideband cooling enables the simultaneous
eset of multiple qubits via frequency multiplex-
ng [261 ]. Single-qubit gates are implemented by
esonant driving, leveraging the qubit’s charge or
agnetic dipole. These gates achieve fidelities ex-
eeding 9 9.9 9% without advanced pulse shaping, as
eakage is negligible [33 ]. 
Two-qubit gates exploit magnetic or charge

ipole interactions. Inductive coupling, inherent
o flux qubits, enables ZZ [262 ], i SWAP [263 ]
nd cross-resonant interactions [264 ] with gate
rrors close to or below 0.001. However, achieving
trong coupling is challenging due to the fluxonium’s
arge self-inductance. Current implementations use
alvanically connected Josephson junction arrays
o enhance mutual inductance, linking supercon-
ucting loops, but introducing challenges like flux
rosstalk and ground loops in multi-qubit setups. 
A promising approach for scaling fluxonium

ystems involves using charge coupling medi-
ted by tunable transmon couplers [66 ,265 ].
wo-qubit gates are implemented via microwave-
ctivated phase gates, utilizing transitions to non-
Page 13 of 22
computational levels. This method offers two key 
advantages over transmon systems. First, the weak 
direct qubit-qubit coupling, due to the small charge 
dipole of low-frequency fluxonium qubits, mini- 
mizes crosstalk and frequency crowding. Second, 
the interaction is tunable through the coupler and 
requires microwave activation, ensuring a high 
on-off ratio for qubit operations. Combined with 
frequency multiplexing, this enables parallel exe- 
cution of many two-qubit operations with minimal 
microwave control resources. 

The fluxonium is a more complex supercon- 
ducting circuit than the transmon, designed to offer 
superior noise protection and a highly anharmonic 
energy spectrum. Its construction, requiring both a 
superinductor and a phase-slip junction, demands 
advanced engineering and fabrication techniques. 
High precision in the Josephson junction critical 
current is essential for accurate qubit frequencies, 
particularly for large-scale integration. However, the 
dielectric loss in fluxonium qubits, around 10−6 , 
is nearly an order of magnitude worse than that of
state-of-the-art transmons. Future advancements, 
including industry-standard fabrication and lever- 
aging semiconductor manufacturing facilities [47 ], 
aim to enhance yield, parameter control and coher- 
ence times, potentially exceeding the mi l lisecond 
level for very large-scale quantum processors. 
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udit 
he qudit, a d-level quantum system, utilizes mul-
iple energy levels to encode information. The
omputational subspace of qudits has size dN , where
is the qudit number. Given the complexity of

urther increasing N in hardware, we can instead
ncrease d. With improved coherence and multi-tone
ontrol and measurement techniques, we are now
otivated to explore superconducting qudits. 
A superconducting phase qudit was first ma-

ipulated with up to d = 5 [266 ]. But, by far,
igh-coherence transmons are the most popular
uperconducting qudit type [267 ]. High-fidelity
ontrol and measurements of a single qudit were
mplemented for d = 4 [268 ], 8 [269 ] and 10 [270 ].
wo-qutrit gates were implemented on designs with
xed [159 ], tunable [271 ] and parametric coupling
272 ]. Tricks for qubits, such as echo [273 ], dynam-
cal decoupling [274 ] and benchmarking methods
275 ], were generalized to qudits. A universal gate
et based on CR was also proposed [276 ]. Qudit
rror correction is thriving, and GKP bosonic qu-
its were demonstrated with beyond break-even
rror-corrected performance [277 ]. Combining
ransmon and bosonic qudits in a hybrid system was
lso proposed [278 ]. 
Overall, qudits provide flexible control and effi-

ient encoding, which indicates a scaling advantage
ver qubits [279 ]. However, scaling up with qudits
emains challenging. 

EAR-TERM CHALLENGES 

o tackle real-world problems effectively, a quan-
um processor wi l l ultimately need to incorporate
i l lions of qubits. Achieving such integration wi l l
ecessitate significant engineering efforts and inno-
ations. Given the unpredictable nature of advance-
ents in science and technology, it is challenging to
utline a precise road map for developing quantum
hips with mi l lions of qubits. Instead, this section fo-
uses on the key challenges that the SQC community
ust address to integrate hundreds of qubits on a
ingle quantum chip. These challenges include im-
roving qubit coherence times, minimizing crosstalk
nd noise, optimizing fabrication processes and en-
ancing coupling strengths. Addressing these issues
i l l pave the way for scaling up to larger systems
nd achieving the practical quantum computing
apabilities required for complex problem-solving. 

uantum chip 

uantum chips are the cornerstone of supercon-
ucting quantum computers. An ideal quantum chip
hould exhibit several key characteristics: all qubits
Page 14 of 22
must be functional, their frequencies must align with 
design specifications, qubits should demonstrate 
long coherence times, the density of TLS defects 
should be minimal, coupling strengths should be 
optimized, crosstalk should be reduced and there 
should be rapid reset and readout capabilities. 

Achieving these goals simultaneously is highly 
challenging. The first two criteria—functional 
qubits and precise frequency matching—are funda- 
mental prerequisites for ensuring a quantum chip’s 
operational integrity. Achieving these requires stable 
fabrication processes, equipment that guarantees 
consistent processes and operation within a high- 
quality cleanroom environment. Coherence times 
and TLS defect densities are closely tied to the 
materials used and the fabrication process for qubits. 
While individual fixed-frequency qubit relaxation 
times have reached mi l liseconds, the best average 
relaxation time for frequency-tunable multi-qubit 
systems remains around 0.1 ms. To achieve a two- 
qub it gate error rate of 10−4 with an estimated gate 
length of 50 ns, qubit coherence times must exceed 
0.5 ms. Given that the overall performance of the 
chip is often determined by its weakest component, 
significant enhancements in the coherence times of 
scaled qubits remain crucial. 

TLS defects pose a critical challenge for SC 

quantum chips. Their unpredictable frequency 
distribution and temporal variability interfere with 
qubit manipulation, necessitating frequent recali- 
bration. Addressing this issue involves optimizing 
the materials and fabrication processes used in qubit 
preparation. 

The final three factors—appropriate cou- 
pling strengths, minimized crosstalk and fast re- 
set/readout capabilities—are design related and 
require precise electromagnetic simulations and 
iterative experimental testing to identify suitable 
configurations. Achieving these design objectives 
demands rigorous validation through experimen- 
tation to ensure that the final quantum chip meets 
the stringent requirements for practical quantum 

computing applications. This meticulous approach 
ensures not only functionality, but also robustness 
and scalability in future quantum technologies. 

Measurement setup 

In the realm of measurement and control instru- 
ments, digital direct synthesis technology, developed 
on the foundation of a radio-frequency system-on- 
chip architecture, has eliminated the necessity for 
in-phase quadrature mixers. This advancement 
significantly simplifies measurement circuits and 
enhances the integration level of measurement 
and control electronics. The direct generation and 
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cquisition methods represent a primary direction
or the evolution of room-temperature electronics. 
In cryogenic environments, state-of-the-art

ilution refrigerators now support thousands of mi-
rowave coaxial cables, enabling control over up to
0 0 0 qubits. However, the extensive use of cryogenic
irculators and high electron mobility transistors
n qubit readout circuits consumes valuable low-
emperature space and cooling capacity within the
ilution refrigerator. Therefore, further scientific
nd technological advancements in qubit readout
ethods are essential, potentially replacing existing
ircuit QED schemes with more scalable solutions. 
Although dilution refrigerators can achieve base

emperatures as low as 10 mK, the effective temper-
ture of quantum chips is higher due to noise, radia-
ion and inadequate thermal anchoring. This results
n a thermal population of quantum states, which
egrades the fidelity of qubit reset/readout and
ate operations. For multi-qubit chips, particularly
hose employing flip-chip technology, this issue is
ritical and must be addressed. A proposed solution
nvolves a liquid helium immersion cooling scheme,
s discussed in [280 ], but its implementation poses
ackaging challenges for multi-qubit chips. 
Shielding against ionization caused by high-

nergy particles is another key concern for mea-
urement systems. Experiments have confirmed that
igh-energy particles from space, such as gamma
ays or muons, excite phonons in the quantum
hip substrate. When the phonon energy exceeds
he energy gap of the superconducting films used,
ooper pairs break, generating quasiparticles. These
uasiparticles induce widespread qubit decoherence
nd correlated errors. To mitigate this, radiation
solation is crucial. One approach is to conduct
xperiments in underground facilities to minimize
osmic radiation exposure. Another method in-
olves using gap engineering [281 ] techniques to
educe the harmful effects caused by quasiparticles. 

ontrol system 

he control and optimization of scalable qubits
ecome significantly more complex as the number
f qubits increases, especially in the presence of
ow-frequency noise that can cause qubit parameters
o drift over time. Therefore, an intelligent software
ontrol system is crucial for achieving optimal chip
erformance quickly. Thanks to rapid advancements
n artificial intelligence (AI) technology, such sys-
ems can autonomously calibrate critical parameters
ike qubit frequency and coupling strength using
losed-loop feedback, automatically adjust opera-
ional parameters for optimal gate fidelity with ma-
hine learning algorithms and process vast amounts
Page 15 of 22
of qubit data through big data analysis to extract 
valuable insights. Additionally, by analyzing noise af- 
fecting quantum chips and establishing correspond- 
ing models, these systems adapt to environmental 
changes, maintaining qubit stability and consistency. 
In QEC experiments, these systems achieve low- 
latency, high-efficiency decoding. Deeply integrating 
AI with multi-qubit measurement and control sys- 
tems represents a pivotal direction for overcoming 
the limitations of manual measurements, providing 
new approaches for scaling larger quantum systems 
and paving the way for future advancements. 

Near-term applications 
When wi l l quantum computers be capable of solv-
ing real-world problems? This remains a pivotal 
question in the field of quantum computing. While 
practical, universal quantum computers are sti l l 
some distance away, researchers are actively devel- 
oping algorithms specifical ly tai lored for today’s 
NISQ devices. These algorithms are designed to 
optimize the use of existing quantum resources, en- 
abling them to address practical problems even in the 
presence of significant noise and a limited number of 
qubits. For instance, variational quantum algorithms 
[282 ] and quantum approximate optimization 
algorithms [283 ] focus on solving specific types of 
problems, such as chemical simulations, optimiza- 
tion tasks and machine learning applications. These 
algorithms are suitable for running on NISQ devices 
and are expected to find practical applications across 
various domains. The integration of quantum com- 
puters with high-performance computing (HPC) 
systems is a crucial step toward realizing the practical 
potential of quantum computing. This combination 
allows each system to leverage its strengths while 
compensating for the other’s weaknesses through 
task allocation and collaborative computing. By 
distributing different parts of a problem to the 
most appropriate computational resources, this 
approach facilitates real-time data exchange and col- 
laborative work between quantum computers and 
HPC systems. It maximizes the parallel processing 
capabilities of quantum computers alongside the 
powerful computational resources of traditional 
HPC, thereby enhancing overall efficiency and per- 
formance. Moreover, interdisciplinary collaboration 
is becoming increasingly essential. Collaboration be- 
tween physicists, computer scientists, engineers and 
experts from sectors such as finance and medicine 
fosters a better understanding of diverse industry 
needs, translating these needs into relevant quantum 

algorithms. This collaborative effort not only accel- 
erates the development of quantum technology, but 
also ensures that the technologies being developed 
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re aligned with practical requirements across vari-
us fields. In this context, quantum computing cloud
latforms have played a significant role in fostering a
obust ecosystem for quantum computing, enabling
ifferent industries to build upon the evolving
echnology. Although quantum computing has yet
o achieve widespread commercial applications,
he continued advancement of quantum hardware
nd software suggests that its potential value wi l l
radually become apparent in the coming years.
urthermore, the increasing collaboration between
ndustry organizations and academic institutions is
ccelerating this process, pushing quantum comput-
ng technology from the laboratory into real-world
pplications. As these advancements continue, the
romise of quantum computing to solve complex,
eal-world problems becomes ever more tangible. 
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gates for superconducting quantum processors using analytica
envelopes. PRX Quantum 2024; 5 : 030353. 

55. Wang R, Feng Y, Zhang Y et al. Suppressing spurious transitio
trally balanced pulse. arXiv: 2502.10116. 

56. Chiaro B and Zhang Y. Active leakage cancellation in single qub
2503.14731. 

57. Leonard E, Jr, Beck MA, Nelson J et al. Digital coherent cont
conducting qubit. Phys Rev A 2019; 11 : 014009. 

58. Campbell DL, Shim YP, Kannan B et al. Universal nonadiab
small-gap superconducting qubits. Phys Rev X 2020; 10 : 04105

59. Zhang H, Chakram S, Roy T et al. Universal fast-flux control 
low-frequency qubit. Phys Rev X 2021; 11 : 011010. 

60. Krinner S, Kurpiers P, Royer B et al. Demonstration of an 
controlled-phase gate between far-detuned qubits. Phys Re
044039. 

61. Wei KX, Magesan E, Lauer I et al. Hamiltonian engineering w
drives for fast entangling gates and quantum crosstalk cancella
Lett 2022; 129 : 060501. 

62. Mitchell BK, Naik RK, Morvan A et al. Hardware-efficien
activated tunable coupling between superconducting qubits.
2021; 127 : 200502. 

63. Sheldon S, Magesan E, Chow JM et al. Procedure for system
up cross-talk in the cross-resonance gate. Phys Rev A 2016; 93

64. Kandala A, Wei KX, Srinivasan S et al. Demonstration of a hi
gate for fixed-frequency transmons with engineered ZZ sup
Rev Lett 2021; 127 : 130501. 

65. Chow JM, Córcoles AD, Gambetta JM et al. Simple all-mic
gling gate for fixed-frequency superconducting qubits. Phys
107 : 080502. 

66. Ding L, Hays M, Sung Y et al. High-fidelity, frequency-flexible 
onium gates with a transmon coupler. Phys Rev X 2023; 13 : 03

67. Dogan E, Rosenstock D, Le Guevel L et al. Two-fluxonium cr
gate. Phys Rev A 2023; 20 : 024011. 

68. Poletto S, Gambetta JM, Merkel ST et al. Entanglement of two
ing qubits in a waveguide cavity via monochromatic two-pho
Phys Rev Lett 2012; 109 : 240505. 

69. Negîrneac V, Ali H, Muthusubramanian N et al. High-fidelity con
with maximal intermediate leakage operating at the speed limit
ducting quantum processor. Phys Rev Lett 2021; 126 : 220502. 

70. Rol MA, Battistel F, Malinowski FK et al. Fast, high-fidelity con
gate exploiting leakage interference in weakly anharmonic su
qubits. Phys Rev Lett 2019; 123 : 120502. 

71. DiCarlo L, Chow JM, Gambetta JM et al. Demonstration of t
rithms with a superconducting quantum processor. Nature 200

72. Barends R, Quintana CM, Petukhov AG et al. Diabatic gates 
tunable superconducting qubits. Phys Rev Lett 2019; 123 : 2105
f 22

http://dx.doi.org/10.1038/s41467-021-22030-5
http://dx.doi.org/10.1038/s41534-021-00510-2
http://dx.doi.org/10.1126/science.1175552
http://dx.doi.org/10.1103/PhysRevX.9.041041
http://dx.doi.org/10.1103/PhysRevLett.130.267001
http://dx.doi.org/10.1038/ncomms9970
http://dx.doi.org/10.1038/s41467-017-00045-1
http://dx.doi.org/10.1103/PhysRevLett.127.107701
http://dx.doi.org/10.1038/s41467-024-47857-6
http://dx.doi.org/10.1063/5.0170055
http://dx.doi.org/10.1103/PhysRevApplied.16.014018
http://dx.doi.org/10.1143/JJAP.33.5708
http://dx.doi.org/10.1063/1.89690
http://dx.doi.org/10.1049/ip-smt:20010395
http://dx.doi.org/10.1088/0957-4484/22/31/315302
http://dx.doi.org/10.1063/1.4993937
http://dx.doi.org/10.1038/s41586-024-07941-9
http://dx.doi.org/10.1063/1.1389077
http://dx.doi.org/10.1063/1.3500823
http://dx.doi.org/10.1038/s41534-021-00464-5
http://dx.doi.org/10.1103/PhysRevA.96.022330
http://dx.doi.org/10.1103/PhysRevLett.103.110501
http://dx.doi.org/10.1103/PhysRevLett.116.020501
http://dx.doi.org/10.1103/PRXQuantum.5.030353
http://dx.doi.org/10.1103/PhysRevApplied.11.014009
http://dx.doi.org/10.1103/PhysRevX.10.041051
http://dx.doi.org/10.1103/PhysRevX.11.011010
http://dx.doi.org/10.1103/PhysRevApplied.14.044039
http://dx.doi.org/10.1103/PhysRevLett.129.060501
http://dx.doi.org/10.1103/PhysRevLett.127.200502
http://dx.doi.org/10.1103/PhysRevA.93.060302
http://dx.doi.org/10.1103/PhysRevLett.127.130501
http://dx.doi.org/10.1103/PhysRevLett.107.080502
http://dx.doi.org/10.1103/PhysRevX.13.031035
http://dx.doi.org/10.1103/PhysRevApplied.20.024011
http://dx.doi.org/10.1103/PhysRevLett.109.240505
http://dx.doi.org/10.1103/PhysRevLett.126.220502
http://dx.doi.org/10.1103/PhysRevLett.123.120502
http://dx.doi.org/10.1038/nature08121
http://dx.doi.org/10.1103/PhysRevLett.123.210501


Natl Sci Rev, 2025, Vol. 12, nwaf246

ted entangling 

tform for high- 

rchitecture for 
ett 2021; 127 : 

it gate scheme 

ditional phase 
25 : 240502. 
nstration of a 
tem. Phys Rev

coherence and 

d on a double- 

ed-phase gate 
it. Phys Rev A

Z and ZZ-free 
058. 
tinuous set of 
ett 2020; 125 : 

 programmers. 

tation of high- 
tt 2019; 123 : 

ubits crossing 

d conditional- 
115012. 
menting high- 

n coupler with 

of conditional 
ett 2020; 125 : 

xed-frequency 

XY entangling 
–50. 
ment up to 51 

 of three-qubit 
574–8. 
ubit entangled 
 570–3. 
gic operations 
1. 
ic Schrödinger 

tite entangled 
erences. Phys

ion of 27-qubit 
tum computer. 

1  mitigation for 
s. Phys Rev A

1 ent on super- 
v Res 2024; 6 : 

1 berger-Horne- 
024; 15 : 8823. 

1 programmable 

1 vantage using 
7 : 180501. 

1 e via 60-qubit 

1 m circuit sam- 

1 quantum com- 
. Phys Rev Lett

1 ards practical 
4. 

1 eorem. arXiv: 

1 tion below the 

1  low-overhead 

1 tum gate sets. 

1  ideal Clifford 

1  computing by 

1 e surgery on 
qubits. arXiv: 

1  detection in a 

1 m error correc- 
4. 

1 g surface code 
. 

1 of a supercon- 
ev A 2024; 22 : 

1 nd subsystem 

ood decoders. 

1 a surface code 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/8/nw

af246/8165689 by D
ESY-Zentralbibliothek user on 25 Septem

ber 2025
73. Caldwell SA, Didier N, Ryan CA et al. Parametrically activa
gates using transmon qubits. Phys Rev A 2018; 10 : 034050. 

74. Bao F, Deng H, Ding D et al. Fluxonium: an alternative qubit pla
fidelity operations. Phys Rev Lett 2022; 129 : 010502. 

75. Stehlik J, Zajac DM, Underwood DL et al. Tunable coupling a
fixed-frequency transmon superconducting qubits. Phys Rev L
080505. 

76. Xu Y, Chu J, Yuan J et al. High-fidelity, high-scalability two-qub
for superconducting qubits. Phys Rev Lett 2020; 125 : 240503. 

77. Collodo MC, Herrmann J, Lacroix N et al. Implementation of con
gates based on tunable ZZ interactions. Phys Rev Lett 2020; 1

78. Paik H, Mezzacapo A, Sandberg M et al. Experimental demo
resonator-induced phase gate in a multiqubit circuit-QED sys
Lett 2016; 117 : 250502. 

79. Chen Y, Neill C, Roushan P et al. Qubit architecture with high 
fast tunable coupling. Phys Rev Lett 2014; 113 : 220502. 

80. Li R, Kubo K, Ho Y et al. Realization of high-fidelity CZ gate base
transmon coupler. Phys Rev X 2024; 14 : 041050. 

81. Li X, Cai T, Yan H et al. Tunable coupler for realizing a controll
with dynamically decoupled regime in a superconducting circu
2020; 14 : 024070. 

82. Sung Y, Ding L, Braumüller J et al. Realization of high-fidelity C
iSWAP gates with a tunable coupler. Phys Rev X 2021; 11 : 021

83. Foxen B, Neill C, Dunsworth A et al. Demonstrating a con
two-qubit gates for near-term quantum algorithms. Phys Rev L
120504. 

84. Tucci RR. An introduction to Cartan’s KAK decomposition for QC
arXiv: 0507171. 

85. Levine H, Keesling A, Semeghini G et al. Parallel implemen
fidelity multiqubit gates with neutral atoms. Phys Rev Le
170503. 

86. Xue X, Russ M, Samkharadze N et al. Quantum logic with spin q
the surface code threshold. Nature 2022; 601 : 343–7. 

87. Chow JM, Gambetta JM, Cross AW et al. Microwave-activate
phase gate for superconducting qubits. New J Phys 2013; 15 : 

88. Yan F, Krantz P, Sung Y et al. Tunable coupling scheme for imple
fidelity two-qubit gates. Phys Rev A 2018; 10 : 054062. 

89. Marxer F, Vepsäläinen A, Jolin SW et al. Long-distance transmo
CZ-gate fidelity above 99.8%. PRX Quantum 2023; 4 : 010314. 

90. Collodo MC, Herrmann J, Lacroix N et al. Implementation 
phase gates based on tunable ZZ interactions. Phys Rev L
240502. 

91. McKay DC, Filipp S, Mezzacapo A et al. Universal gate for fi
qubits via a tunable bus. Phys Rev A 2016; 6 : 064007. 

92. Abrams DM, Didier N, Johnson BR et al. Implementation of 
gates with a single calibrated pulse. Nat Electron 2020; 3 : 744

93. Cao S, Wu B, Chen F et al. Generation of genuine entangle
superconducting qubits. Nature 2023; 619 : 738–42. 

94. Dicarlo L, Reed MD, Sun L et al. Preparation and measurement
entanglement in a superconducting circuit. Nature 2010; 467 : 

95. Neeley M, Bialczak RC, Lenander M et al. Generation of three-q
states using superconducting phase qubits. Nature 2010; 467 :

96. Song C, Xu K, Liu W et al. 10-qubit entanglement and parallel lo
with a superconducting circuit. Phys Rev Lett 2017; 119 : 18051

97. Song C, Xu K, Li H et al. Generation of multicomponent atom
cat states of up to 20 qubits. Science 2019; 365 : 574–7. 
Page 18 o
98. Wei KX, Lauer I, Srinivasan S et al. Verifying multipar
Greenberger-Horne-Zeilinger states via multiple quantum coh
Rev A 2020; 101 : 032343. 

99. Mooney GJ, White GAL, Hill CD et al. Generation and verificat
Greenberger-Horne-Zeilinger states in a superconducting quan
J Phys Commun 2021; 5 : 095004. 

00. Yang B, Raymond R, Uno S. Efficient quantum readout-error
sparse measurement outcomes of near-term quantum device
2022; 106 : 012423. 

01. Kam JF, Kang H, Hill CD et al. Characterization of entanglem
conducting quantum computers of up to 414 qubits. Phys Re
033155. 

02. Bao Z, Xu S, Song Z et al. Creating and controlling global Green
Zeilinger entanglement on quantum processors. Nat Commun 2

03. Arute F, Arya K, Babbush R et al. Quantum supremacy using a 
superconducting processor. Nature 2019; 574 : 505–10. 

04. Wu Y, Bao WS, Cao S et al. Strong quantum computational ad
a superconducting quantum processor. Phys Rev Lett 2021; 12

05. Zhu Q, Cao S, Chen F et al. Quantum computational advantag
24-cycle random circuit sampling. Sci Bull 2022; 67 : 240–5. 

06. Morvan A, Villalonga B, Mi X et al. Phase transitions in rando
pling. Nature 2024; 634 : 328–33. 

07. Gao D, Fan D, Zha C et al. Establishing a new benchmark in 
putational advantage with 105-qubit Zuchongzhi 3.0 processor
2025; 134 : 090601. 

08. Fowler AG, Mariantoni M, Martinis JM et al. Surface codes: tow
large-scale quantum computation. Phys Rev A 2012; 86 : 03232

09. Aliferis P. Level reduction and the quantum threshold th
0703230. 

10. Google Quantum AI and Collaborators. Quantum error correc
surface code threshold. Nature 2025; 638 : 920–6. 

11. Bravyi S, Cross AW, Gambetta JM et al. High-threshold and
fault-tolerant quantum memory. Nature 2024; 627 : 778–82. 

12. Eastin B and Knill E. Restrictions on transversal encoded quan
Phys Rev Lett 2009; 102 : 110502. 

13. Bravyi S and Kitaev A. Universal quantum computation with
gates and noisy ancillas. Phys Rev A 2005; 71 : 022316. 

14. Horsman D, Fowler AG, Devitt S et al. Surface code quantum
lattice surgery. New J Phys 2012; 14 : 123011. 

15. Besedin I, Kerschbaum M, Knoll J et al. Realizing lattic
two distance-three repetition codes with superconducting 
2501.04612. 

16. Andersen CK, Remm A, Lazar S et al. Repeated quantum error
surface code. Nat Phys 2020; 16 : 875–80. 

17. Krinner S, Lacroix N, Remm A et al. Realizing repeated quantu
tion in a distance-three surface code. Nature 2022; 605 : 669–7

18. Zhao Y, Ye Y, Huang HL et al. Realization of an error-correctin
with superconducting qubits. Phys Rev Lett 2022; 129 : 030501

19. Ali H, Marques J, Crawford O et al. Reducing the error rate 
ducting logical qubit using analog readout information. Phys R
044031. 

20. Sundaresan N, Yoder TJ, Kim Y et al. Demonstrating multi-rou
quantum error correction using matching and maximum likelih
Nat Commun 2023; 14 : 2852. 

21. Google Quantum AI. Suppressing quantum errors by scaling 
logical qubit. Nature 2023; 614 : 676–81. 
f 22

http://dx.doi.org/10.1103/PhysRevApplied.10.034050
http://dx.doi.org/10.1103/PhysRevLett.129.010502
http://dx.doi.org/10.1103/PhysRevLett.127.080505
http://dx.doi.org/10.1103/PhysRevLett.125.240503
http://dx.doi.org/10.1103/PhysRevLett.125.240502
http://dx.doi.org/10.1103/PhysRevLett.117.250502
http://dx.doi.org/10.1103/PhysRevLett.113.220502
http://dx.doi.org/10.1103/PhysRevX.14.041050
http://dx.doi.org/10.1103/PhysRevApplied.14.024070
http://dx.doi.org/10.1103/PhysRevX.11.021058
http://dx.doi.org/10.1103/PhysRevLett.125.120504
http://dx.doi.org/10.1103/PhysRevLett.123.170503
http://dx.doi.org/10.1038/s41586-021-04273-w
http://dx.doi.org/10.1088/1367-2630/15/11/115012
http://dx.doi.org/10.1103/PhysRevApplied.10.054062
http://dx.doi.org/10.1103/PRXQuantum.4.010314
http://dx.doi.org/10.1103/PhysRevLett.125.240502
http://dx.doi.org/10.1103/PhysRevApplied.6.064007
http://dx.doi.org/10.1038/s41586-024-08449-y
http://dx.doi.org/10.1038/s41586-023-06195-1
http://dx.doi.org/10.1038/nature09416
http://dx.doi.org/10.1038/nature09418
http://dx.doi.org/10.1103/PhysRevLett.119.180511
http://dx.doi.org/10.1126/science.aay0600
http://dx.doi.org/10.1103/PhysRevA.101.032343
http://dx.doi.org/10.1088/2399-6528/ac1df7
http://dx.doi.org/10.1103/PhysRevA.106.012423
http://dx.doi.org/10.1103/PhysRevResearch.6.033155
http://dx.doi.org/10.1038/s41467-024-53140-5
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1103/PhysRevLett.127.180501
http://dx.doi.org/10.1016/j.scib.2021.10.017
http://dx.doi.org/10.1038/s41586-024-07998-6
http://dx.doi.org/10.1103/PhysRevLett.134.090601
http://dx.doi.org/10.1103/PhysRevA.86.032324
http://dx.doi.org/
http://dx.doi.org/10.1038/s41586-024-07107-7
http://dx.doi.org/10.1103/PhysRevLett.102.110502
http://dx.doi.org/10.1103/PhysRevA.71.022316
http://dx.doi.org/10.1088/1367-2630/14/12/123011
http://dx.doi.org/10.1038/s41567-020-0920-y
http://dx.doi.org/10.1038/s41586-022-04566-8
http://dx.doi.org/10.1103/PhysRevLett.129.030501
http://dx.doi.org/10.1103/PhysRevApplied.22.044031
http://dx.doi.org/10.1038/s41467-023-38247-5
http://dx.doi.org/10.1038/s41586-022-05434-1


Natl Sci Rev, 2025, Vol. 12, nwaf246

1  surface codes. 

1 tion on logical 

1 or the utility of 
 

1 rs on a super- 

1 or noisy quan- 
hys 2023; 19 : 

1 rsal error miti- 
; 5 : eaaw5686. 

1 een uncoupled 
. Nat Commun

1 of high-fidelity 
g Xmon qubit. 

1 tic shortcut to 
. 

1 nes and Mol- 
Rev Lett 2009; 

1 perconducting 

1 tunable Weyl- 
Rev Lett 2019; 

1 tically induced 
4 : 193601. 

1  a circuit quan- 
. 

1 rency in circuit 
Rev Lett 2018; 

1 pological tran- 
 : 050402. 

1 tion of tensor 
126 : 017702. 

1 graphy across 
9; 15 : 1232–6. 

1 nal points in a 
0402. 

1  state control 
160401. 

1 hitectures and 

1 um computers. 

1 ing qubits: cur- 
–95. 

1 ge in quantum 

1  walks with a 
. 

1 ive excitations 
123 : 050502. 

1 programmable 
ce 2021; 372 : 

1 states of inter- 

1  Wannier-Stark 
ntum Inf 2021; 

1 scillations in a 

1 ism for generic 

1 ion. Nat Phys

1  thermalization 
127 : 020602. 

1 xwell’s demon 
 quantum pro- 

1  J High Energy

1 rrelators. Nat

1 antum circuits. 

1  scrambling on 
10. 

1 ormation prop- 
8 : 172–8. 

1  Floquet engi- 
160602. 

1 nd information 
Lett 2022; 128 : 

1  breaking from 

1 ected by time- 

1 alization, ther- 
1. 

1 Rev Condens

1 ng on a super- 

1  U(1) symmetry 
5 : 012418. 

1 alline order on 

1  with a super- 
07. 

1 perconducting 

1 acterization of 
21; 3 : 033043. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/8/nw

af246/8165689 by D
ESY-Zentralbibliothek user on 25 Septem

ber 2025
22. Eickbusch A, McEwen M, Sivak V et al. Demonstrating dynamic
arXiv: 2412.14360. 

23. Zhang A, Xie H, Gao Y et al. Demonstrating quantum error mitiga
qubits. arXiv: 2501.09079. 

24. Begušić T and Chan GK. Fast classical simulation of evidence f
quantum computing before fault tolerance. arXiv: 2306.16372.

25. Xiang ZC, Huang K, Zhang YR et al. Simulating Chern insulato
conducting quantum processor. Nat Commun 2023; 14 : 5433. 

26. Kim Y, Wood CJ, Yoder TJ et al. Scalable error mitigation f
tum circuits produces competitive expectation values. Nat P
752–9. 

27. Song C, Cui J, Wang H et al. Quantum computation with unive
gation on a superconducting quantum processor. Sci Adv 2019

28. Xu HK, Song C, Liu WY et al. Coherent population transfer betw
or weakly coupled states in ladder-type superconducting qutrits
2016; 7 : 11018. 

29. Wang T, Zhang Z, Xiang L et al. The experimental realization 
‘shortcut-to-adiabaticity’ quantum gates in a superconductin
New J Phys 2018; 20 : 065003. 

30. Yan T, Liu BJ, Xu K et al. Experimental realization of nonadiaba
non-Abelian geometric gates. Phys Rev Lett 2019; 122 : 080501

31. Baur M, Filipp S, Bianchetti R et al. Measurement of Autler-Tow
low transitions in a strongly driven superconducting qubit. Phys
102 : 243602. 

32. Sillanpää MA, Li J, Cicak K et al. Autler-Townes effect in a su
three-level system. Phys Rev Lett 2009; 103 : 193601. 

33. Tan X, Zhao YX, Liu Q et al. Simulation and manipulation of 
semimetal bands using superconducting quantum circuits. Phys
122 : 010501. 

34. Abdumalikov AA, Astafiev O, Zagoskin AM et al. Electromagne
transparency on a single artificial atom. Phys Rev Lett 2010; 10

35. Novikov S, Sweeney T, Robinson JE et al. Raman coherence in
tum electrodynamics lambda system. Nat Phys 2015; 12 : 75–9

36. Long J, Ku H, Wu X et al. Electromagnetically induced transpa
quantum electrodynamics with nested polariton states. Phys
120 : 083602. 

37. Schroer MD, Kolodrubetz MH, Kindel WF et al. Measuring a to
sition in an artificial spin- 1 / 2 system. Phys Rev Lett 2014; 113

38. Tan X, Zhang DW, Zheng W et al. Experimental observa
monopoles with a superconducting qudit. Phys Rev Lett 2021; 

39. Naghiloo M, Abbasi M, Joglekar YN et al. Quantum state tomo
the exceptional point in a single dissipative qubit. Nat Phys 201

40. Chen W, Abbasi M, Ha B et al. Decoherence-induced exceptio
dissipative superconducting qubit. Phys Rev Lett 2022; 128 : 11

41. Abbasi M, Chen W, Naghiloo M et al. Topological quantum
through exceptional-point proximity. Phys Rev Lett 2022; 128 : 

42. Altman E, Brown KR, Carleo G et al. Quantum simulators: arc
opportunities. PRX Quantum 2021; 2 : 017003. 

43. Cheng B, Deng XH, Gu X et al. Noisy intermediate-scale quant
Front Phys 2023; 18 : 21308. 

44. Kjaergaard M, Schwartz ME, Braumüller J et al. Superconduct
rent state of play. Ann Rev Condens Matter Phys 2020; 11 : 369

45. Daley AJ, Bloch I, Kokail C et al. Practical quantum advanta
simulation. Nature 2022; 607 : 667–76. 

46. Yan Z, Zhang YR, Gong M et al. Strongly correlated quantum
12-qubit superconducting processor. Science 2019; 364 : 753–6
Page 19 o
47. Ye Y, Ge ZY, Wu Y et al. Propagation and localization of collect
on a 24-qubit superconducting processor. Phys Rev Lett 2019; 

48. Gong M, Wang S, Zha C et al. Quantum walks on a 
two-dimensional 62-qubit superconducting processor. Scien
948–52. 

49. Morvan A, Andersen TI, Mi X et al. Formation of robust bound 
acting microwave photons. Nature 2022; 612 : 240–5. 

50. Guo XY, Ge ZY, Li H et al. Observation of Bloch oscillations and
localization on a superconducting quantum processor. npj Qua
7 : 51. 

51. Song P, Xiang Z, Zhang YX et al. Coherent control of Bloch o
superconducting circuit. PRX Quantum 2024; 5 : 020302. 

52. Rigol M, Dunjko V, Olshanii M. Thermalization and its mechan
isolated quantum systems. Nature 2008; 452 : 854–8. 

53. Altman E. Many-body localization and quantum thermalizat
2018; 14 : 979–83. 

54. Chen F, Sun ZH, Gong M et al. Observation of strong and weak
in a superconducting quantum processor. Phys Rev Lett 2021; 

55. Yu J, Wang S, Liu K et al. Experimental demonstration of a Ma
quantum battery in a superconducting noisy intermediate-scale
cessor. Phys Rev A 2024; 109 : 062614. 

56. Hosur P, Qi XL, Roberts DA et al. Chaos in quantum channels.
Phys 2016; 2016 : 4. 

57. Swingle B. Unscrambling the physics of out-of-time-order co
Phys 2018; 14 : 988–90. 

58. Mi X, Roushan P, Quintana C et al. Information scrambling in qu
Science 2021; 374 : 1479–83. 

59. Blok MS, Ramasesh VV, Schuster T et al. Quantum information
a superconducting qutrit processor. Phys Rev X 2021; 11 : 0210

60. Braumüller J, Karamlou AH, Yanay Y et al. Probing quantum inf
agation with out-of-time-ordered correlators. Nat Phys 2022; 1

61. Zhao SK, Ge ZY, Xiang Z et al. Probing operator spreading via
neering in a superconducting circuit. Phys Rev Lett 2022; 129 : 

62. Zhu Q, Sun ZH, Gong M et al. Observation of thermalization a
scrambling in a superconducting quantum processor. Phys Rev
160502. 

63. Turner CJ, Michailidis AA, Abanin DA et al. Weak ergodicity
quantum many-body scars. Nat Phys 2018; 14 : 745–9. 

64. Else DV, Bauer B, Nayak C. Prethermal phases of matter prot
translation symmetry. Phys Rev X 2017; 7 : 011026. 

65. Abanin DA, Altman E, Bloch I et al. Colloquium: Many-body loc
malization, and entanglement. Rev Mod Phys 2019; 91 : 02100

66. Else DV, Monroe C, Nayak C et al. Discrete time crystals. Ann
Matter Phys 2020; 11 : 467–99. 

67. Zhang P, Dong H, Gao Y et al. Many-body Hilbert space scarri
conducting processor. Nat Commun 2023; 19 : 120–5. 

68. Ying C, Guo Q, Li S et al. Floquet prethermal phase protected by
on a superconducting quantum processor. Phys Rev A 2022; 10

69. Xiang L, Jiang W, Bao Z et al. Long-lived topological time-cryst
a quantum processor. Nat Commun 2024; 15 : 8963. 

70. Xu K, Chen JJ, Zeng Y et al. Emulating many-body localization
conducting quantum processor. Phys Rev Lett 2018; 120 : 0505

71. Guo Q, Cheng C, Li H et al. Stark many-body localization on a su
quantum processor. Phys Rev Lett 2021; 127 : 240502. 

72. Gong M, de Moraes Neto GD, Zha C et al. Experimental char
the quantum many-body localization transition. Phys Rev Res 20
f 22

http://dx.doi.org/10.1038/s41467-023-41230-9
http://dx.doi.org/10.1038/s41567-022-01914-3
http://dx.doi.org/10.1126/sciadv.aaw5686
http://dx.doi.org/10.1038/ncomms11018
http://dx.doi.org/10.1088/1367-2630/aac9e7
http://dx.doi.org/10.1103/PhysRevLett.122.080501
http://dx.doi.org/10.1103/PhysRevLett.102.243602
http://dx.doi.org/10.1103/PhysRevLett.103.193601
http://dx.doi.org/10.1103/PhysRevLett.122.010501
http://dx.doi.org/10.1103/PhysRevLett.104.193601
http://dx.doi.org/10.1038/nphys3537
http://dx.doi.org/10.1103/PhysRevLett.120.083602
http://dx.doi.org/10.1103/PhysRevLett.113.050402
http://dx.doi.org/10.1103/PhysRevLett.126.017702
http://dx.doi.org/10.1038/s41567-019-0652-z
http://dx.doi.org/10.1103/PhysRevLett.128.110402
http://dx.doi.org/10.1103/PhysRevLett.128.160401
http://dx.doi.org/10.1103/PRXQuantum.2.017003
http://dx.doi.org/10.1007/s11467-022-1249-z
http://dx.doi.org/10.1146/annurev-conmatphys-031119-050605
http://dx.doi.org/10.1038/s41586-022-04940-6
http://dx.doi.org/10.1126/science.aaw1611
http://dx.doi.org/10.1103/PhysRevLett.123.050502
http://dx.doi.org/10.1126/science.abg7812
http://dx.doi.org/10.1038/s41586-022-05348-y
http://dx.doi.org/10.1038/s41534-021-00385-3
http://dx.doi.org/10.1103/PRXQuantum.5.020302
http://dx.doi.org/10.1038/nature06838
http://dx.doi.org/10.1038/s41567-018-0305-7
http://dx.doi.org/10.1103/PhysRevLett.127.020602
http://dx.doi.org/10.1103/PhysRevA.109.062614
http://dx.doi.org/10.1007/JHEP02(2016)004
http://dx.doi.org/10.1038/s41567-018-0295-5
http://dx.doi.org/10.1126/science.abg5029
http://dx.doi.org/10.1103/PhysRevX.11.021010
http://dx.doi.org/10.1038/s41567-021-01430-w
http://dx.doi.org/10.1103/PhysRevLett.129.160602
http://dx.doi.org/10.1103/PhysRevLett.128.160502
http://dx.doi.org/10.1038/s41567-018-0137-5
http://dx.doi.org/10.1103/PhysRevX.7.011026
http://dx.doi.org/10.1103/RevModPhys.91.021001
http://dx.doi.org/10.1146/annurev-conmatphys-031119-050658
http://dx.doi.org/10.1038/s41567-022-01784-9
http://dx.doi.org/10.1103/PhysRevA.105.012418
http://dx.doi.org/10.1038/s41467-024-53077-9
http://dx.doi.org/10.1103/PhysRevLett.120.050507
http://dx.doi.org/10.1103/PhysRevLett.127.240502
http://dx.doi.org/10.1103/PhysRevResearch.3.033043


Natl Sci Rev, 2025, Vol. 12, nwaf246

1 tion in a gener- 
s. npj Quantum

1  a periodically 

1 pace dynamics 

1 ed many-body 

1 rder on a quan- 

1 tures of local- 
nce 2017; 358 : 

1 al zero modes 
131 : 080401. 

1 nsulator states 
 

1  pumping in a 

1 ology in Thou- 
2401.01530. 

1 ng on a super- 
2. 

1 ered states on 

1 stical behavior 
 : 110501. 

1 stness of any- 
. Phys Rev Lett

1 iding of graph 
4–9. 

1 e non-Abelian 
0 : 060301. 

1  anyons with a 

1 yonic braiding 
ett 2024; 132 : 

1 tum Hall state 

1  a chain of su- 

1 ion of Floquet 
8–73. 

1  entanglement 
 622 : 481–6. 

1 ulation of spin 
5; 5 : 021027. 

1 tum computing 

1 s with a super- 

1 rg interactions 

1 ted many-body 
2–7. 

2 on a supercon- 

2 ott insulator of 

2 onic properties 

2 lement in a 2D 

2 g radiation and 
. Nat Commun

2  non-Gaussian 
; 128 : 150501. 

2 ion of pseudo- 

2  simulation of 

2 riational quan- 
ture 2017; 549 : 

2 lecular spectra 
Rev X 2018; 8 : 

2 nducting qubit 

2 olecular linear 
. J Phys Chem

2 onal chemistry 
20 : 1240–6. 

2 lgorithms. Nat

2 esting models 

2 epeated quan- 
44–8. 

2 sal gate set on 
. 

2 n multiphoton 

2 des through an 

2 crete-variable- 

2 n of a quantum 

2 tiphoton quan- 
3 : 882–7. 

2 p-induced fre- 
3 : 034060. 

2 detection of a 

2 ion of bit-flips 
–13. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/8/nw

af246/8165689 by D
ESY-Zentralbibliothek user on 25 Septem

ber 2025
73. Li H, Wang YY, Shi YH et al. Observation of critical phase transi
alized Aubry-André-Harper model with superconducting circuit
Inf 2023; 9 : 40. 

74. Zha C, Bastidas VM, Gong M et al. Ergodic-localized junctions in
driven spin chain. Phys Rev Lett 2020; 125 : 170503. 

75. Yao Y, Xiang L, Guo Z et al. Observation of many-body Fock s
in two dimensions. Nat Phys 2023; 19 : 1459–65. 

76. Guo Q, Cheng C, Sun ZH et al. Observation of energy-resolv
localization. Nat Phys 2021; 17 : 234–9. 

77. Mi X, Ippoliti M, Quintana C et al. Time-crystalline eigenstate o
tum processor. Nature 2022; 601 : 531–6. 

78. Roushan P, Neill C, Tangpanitanon J et al. Spectroscopic signa
ization with interacting photons in superconducting qubits. Scie
1175–8. 

79. Shi YH, Liu Y, Zhang YR et al. Quantum simulation of topologic
on a 41-qubit superconducting processor. Phys Rev Lett 2023; 

80. Cai W, Han J, Mei F et al. Observation of topological magnon i
in a superconducting circuit. Phys Rev Lett 2019; 123 : 080501.

81. Tao Z, Huang W, Niu J et al. Interaction-induced topological
solid-state quantum system. arXiv: 2303.04582. 

82. Liu Y, Zhang YR, Shi YH et al. Interplay between disorder and top
less pumping on a superconducting quantum processor. arXiv: 

83. Deng CL, Liu Y, Zhang YR et al. High-order topological pumpi
conducting quantum processor. Phys Rev Lett 2024; 133 : 14040

84. Satzinger KJ, Liu YJ, Smith A et al. Realizing topologically ord
a quantum processor. Science 2021; 374 : 1237–41. 

85. Zhong YP, Xu D, Wang P et al. Emulating anyonic fractional stati
in a superconducting quantum circuit. Phys Rev Lett 2016; 117

86. Song C, Xu D, Zhang P et al. Demonstration of topological robu
onic braiding statistics with a superconducting quantum circuit
2018; 121 : 030502. 

87. Andersen TI, Lensky YD, Kechedzhi K et al. Non-Abelian bra
vertices in a superconducting processor. Nature 2023; 618 : 26

88. Xu S, Sun ZZ, Wang K et al. Digital simulation of projectiv
anyons with 68 superconducting qubits. Chin Phys Lett 2023; 4

89. Xu S, Sun ZZ, Wang K et al. Non-Abelian braiding of Fibonacci
superconducting processor. Nat Commun 2024; 20 : 1469–75. 

90. Niu J, Li Y, Zhang L et al. Demonstrating path-independent an
on a modular superconducting quantum processor. Phys Rev L
020601. 

91. Wang C, Liu FM, Chen MC et al. Realization of fractional quan
with interacting photons. Science 2024; 384 : 579–84. 

92. Mi X, Sonner M, Niu MY et al. Noise-resilient edge modes on
perconducting qubits. Science 2022; 378 : 785–90. 

93. Zhang X, Jiang W, Deng J et al. Digital quantum simulat
symmetry-protected topological phases. Nature 2022; 607 : 46

94. Hoke JC, Ippoliti M, Rosenberg E et al. Measurement-induced
and teleportation on a noisy quantum processor. Nature 2023;

95. Salathé Y, Mondal M, Oppliger M et al. Digital quantum sim
models with circuit quantum electrodynamics. Phys Rev X 201

96. Barends R, Shabani A, Lamata L et al. Digitized adiabatic quan
with a superconducting circuit. Nature 2016; 534 : 222–6. 

97. Xu K, Sun ZH, Liu W et al. Probing dynamical phase transition
conducting quantum simulator. Sci Adv 2020; 6 : eaba4935. 

98. Nguyen LB, Kim Y, Hashim A et al. Programmable Heisenbe
between Floquet qubits. Nat Phys 2024; 20 : 240–6. 
Page 20 o
99. Mi X, Michailidis AA, Shabani S et al. Stable quantum-correla
states through engineered dissipation. Science 2024; 383 : 133

00. Shi YH, Sun ZH, Wang YY et al. Probing spin hydrodynamics 
ducting quantum simulator. Nat Commun 2024; 15 : 7573. 

01. Ma R, Saxberg B, Owens C et al. A dissipatively stabilized M
photons. Nature 2019; 566 : 51–7. 

02. Neill C, McCourt T, Mi X et al. Accurately computing the electr
of a quantum ring. Nature 2021; 594 : 508–12. 

03. Karamlou AH, Rosen IT, Muschinske SE et al. Probing entang
hard-core Bose-Hubbard lattice. Nature 2024; 629 : 561–6. 

04. Shi YH, Yang RQ, Xiang Z et al. Quantum simulation of Hawkin
curved spacetime with a superconducting on-chip black hole
2023; 14 : 3263. 

05. Xu K, Zhang YR, Sun ZH et al. Metrological characterization of
entangled states of superconducting qubits. Phys Rev Lett 2022

06. Liu T, Liu S, Li H et al. Observation of entanglement transit
random mixed states. Nat Commun 2023; 14 : 1971. 

07. O’Malley PJJ, Babbush R, Kivlichan ID et al. Scalable quantum
molecular energies. Phys Rev X 2016; 6 : 031007. 

08. Kandala A, Mezzacapo A, Temme K et al. Hardware-efficient va
tum eigensolver for small molecules and quantum magnets. Na
242–6. 

09. Colless JI, Ramasesh VV, Dahlen D et al. Computation of mo
on a quantum processor with an error-resilient algorithm. Phys
011021. 

10. Arute F, Arya K, Babbush R et al. Hartree-Fock on a superco
quantum computer. Science 2020; 369 : 1084–9. 

11. Huang K, Cai X, Li H et al. Variational quantum computation of m
response properties on a superconducting quantum processor
Lett 2022; 13 : 9114–21. 

12. Guo S, Sun J, Qian H et al. Experimental quantum computati
with optimized unitary coupled cluster ansatz. Nat Phys 2024; 

13. Cerezo M, Arrasmith A, Babbush R et al. Variational quantum a
Rev Phys 2021; 3 : 625–44. 
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