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Artificial atoms realized by superconducting circuits offer unique opportunities to store and process
quantum information with high fidelity. Among them, implementations of circuits that harness intrinsic
noise protection have been rapidly developed in recent years. These noise-protected devices constitute a
new class of qubits in which the computational states are largely decoupled from local noise channels. The
main challenges in engineering such systems are simultaneously guarding against both bit- and phase-flip
errors, and also ensuring high-fidelity qubit control. Although partial noise protection is possible in super-
conducting circuits relying on a single quantum degree of freedom, the promise of complete protection can
only be fulfilled by implementing multimode or hybrid circuits. This Perspective reviews the theoretical
principles at the heart of these new qubits, describes recent experiments, and highlights the potential of
robust encoding of quantum information in superconducting qubits.
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I. INTRODUCTION

Superconducting circuits are one of the most promis-
ing candidates for large-scale quantum computers, as they
can reliably implement strongly interacting artificial atoms
that have reduced susceptibility to environmental noise
[1-8]. The substantial effort invested in understanding and
designing numerous types of superconducting quantum
circuits has given rise to small-scale quantum processors
that are able to execute proof-of-principle implementa-
tions of quantum algorithms [9—-14]. And yet, despite
more than two decades of progress, most superconducting
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systems today consist simply of arrays of harmonic oscilla-
tors—microwave cavities—and slightly anharmonic oscil-
lators—transmon qubits [15]. We have only begun to
scratch the surface of the potential versatility of this
platform.

Looking ahead, we envision a truly heterogeneous
superconducting architecture, where the components that
support the varying roles of logic, gates, memory, ancilla,
reset, and readout are not necessarily the same. In a het-
erogeneous architecture, component circuits are optimized
for specific functions based on coherence, gate speed,
anharmonicity, tunability, interaction strength, noise polar-
ization, and more. Given the differing requirements for
these functions, it is likely that different types of circuits
will play roles in the separate parts of such heterogeneous
systems.

How can we ensure that the various blocks of these
systems are resilient against environmental noise? There
are, quite generally, three strategies to reduce the rate at
which errors occur (Fig. 1): (i) reducing the amplitude of
the noise itself (noise filtering) [16-21], (ii) boosting the
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FIG. 1. Three common ways to enhance the lifetimes of super-
conducting qubits. Noise filtering: by utilizing various filtering
techniques, shielding and quiet host materials, qubits can be
isolated in noisy environments. Error protection: by realizing
systems where errors are energetically unfavorable, qubits can
be protected from decoherence at the hardware level. Error
correction: by redundantly encoding the quantum information
in multiple local objects, logical qubits can be implemented
such that errors are actively detected and corrected. Quantum
processors can benefit from all three approaches.

qubits’ immunity against environmental noise (hardware-
level error protection) [22-29], and (iii) detecting and
actively correcting errors (quantum error correction)
[30-39]. These strategies are not mutually exclusive and
can benefit from each other when employed in tandem.
For example, using more reliable qubits and understand-
ing the noise in these systems is paramount in reducing the
physical qubit overhead in quantum error correction. Here,
our discussion focuses on these protected qubits that have
the potential as building blocks for heterogeneous quantum
systems.

The evolution of the transmon itself shows the power
of hardware-level noise protection. A critical feature that
made this circuit exceptionally successful is its resilience
against the most detrimental noise affecting solid-state
qubits: charge noise. Its ancestor, the Cooper pair box
[40—42], which is composed of a Josephson junction
shunted by a small capacitance, was used in the very
first experiment that demonstrated quantum coherence in a
solid-state qubit but was severely limited by charge-noise
decoherence. The first stride towards enhanced coherence
times was achieved by the quantronium circuit [43]. This
qubit showed a dramatic improvement of the coherence
times when operated at a special working point—at the
sweet spot—with first-order insensitivity to charge fluctu-
ations. By introducing a large shunt capacitor, the trans-
mon qubit extended the quantronium’s protection from
first to all orders [15], providing excellent coherence but
remaining susceptible to relaxation—a mechanism that

ultimately limits the coherence of this device. For fifteen
years, this qubit has remained ubiquitous, but with gradual
improvement earned through the painstaking labor of noise
filtering, microwave engineering, and advancements in
materials.

As the development of the transmon highlights,
hardware-level protection is a cornerstone of the field
of superconducting qubits. But why stop at protection
against only dephasing? Can we realize and operate fully
noise-protected devices where both bit-flip and phase-
flip errors are suppressed? In this Perspective article, we
discuss the potential of achieving such intrinsic noise pro-
tection in superconducting qubits, starting from the sim-
plest circuits and expanding our discussion towards more
complex devices. These next-generation superconducting
qubits represent a new paradigm shift with emphasis on
noise immunity rather than noise filtering. While such
paradigm shifts often lead to tradeoffs—as was the case for
the transmon with substantially reduced anharmonicity and
weaker dispersive shifts—we expect that future innova-
tions will establish protected qubits as a critical component
for heterogeneous superconducting quantum systems.

I1. BASICS OF NOISE PROTECTION

To understand the underlying principles of hardware-
level protection, we first review the types of errors that
affect qubits. If |0) and |1) are the two computational basis
states of a qubit, we can encode the quantum informa-
tion into the superposition of these states, such that |{) =
cos (8/2) |0) + sin (6/2) ®|1). Here, tan (§/2) describes
the relative amplitude and ¢ the relative phase between the
basis states. Thus, we need to preserve both the relative
phase and amplitude between the basis states to protect
the superposition. In the transmon, for example, phase-
flip errors are suppressed by design: the frequency of this
qubit is insensitive to fluctuations in its control parameters,
resulting in little phase-flip errors. However, there is no
built-in protection against bit-flip errors as incoherent tran-
sitions between the qubit states are not suppressed. On the
other hand, the situation is reversed for some variants of
the flux qubit that demonstrate robustness against bit-flip
errors but little or no protection against phase-flip errors
[44-46].

There are two different timescales that characterize the
qubit’s resilience against bit and phase flips: the depolar-
ization time 7 and the pure-dephasing time 7,,. As the
total coherence time of a qubit, 7, = (1/27; + 1/T¢,)_1,
is related to both mechanisms, it is necessary to simultane-
ously protect against both types of errors. We can quantify
the timescale of these error processes with (1) the qubit’s
sensitivity to the noise and (2) the strength of the noise.
To do so, we denote A as an external parameter entering
the circuit Hamiltonian that can tune the energy of the
qubit. In superconducting circuits, for example, the most
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common external knobs are the gate voltage biasing an
island of the circuit Vg or the magnetic flux in a loop
of the device ®¢y. The qubit can be biased at a value X of
this control parameter, around which there are fluctuations
8A = A — A. If the amplitude of the noise is small enough,

it is possible to safely assume that the couplmg between
a qubit operator O and the noise is linear, Hmt X A X (9

where O could be, for example, the charge or phase oper-
ator. In this situation, the corresponding dephasing and
depolarization rates are [47]

JE
1/T; o —°‘ S,\(a)—>0) (1a)

1/T} o [(0|O|1) 28, (0 = Eo1/h), (1b)

where S (w) is the power spectral density of the noise as a
function of frequency w/2x and Ey, is the qubit transition
energy.

While noise filtering aims at reducing the amplitude of
the noise by shielding qubits from its environment [i.e.,
reduce the power spectral densities on the right-hand sides
of Egs. (1a) and (1b)], the key idea behind hardware-
level noise protection is to suppress the susceptibility of
the qubit to the noise [i.e., reduce the first terms on the
right-hand sides of Egs. (1a) and (1b)].

We illustrate the concept of error protection by first con-
sidering phase-flip errors [Fig. 2(a)]. As Eq. (1a) shows,
dephasing arises as a consequence of the dispersion of the
qubit energy Ej;(A) with respect to the external param-
eter A. Invoking the series expansion Eq; (L) = Eo; (L) +
2121 Bi‘Em(X)Mk/k!, we see that, generally, the first-
order term dominates as long as the amplitude of the
fluctuation is weak. The first strategy [43,47] to increase
the dephasing time is to operate the qubit at a sweet spot
where 9, Eo (1) = 0, such that the leading-order contri-
bution to the qubit dispersion is of second order [light
red lines in Fig. 2(a)]. Further protection against dephas-
ing requires that the higher-order contributions become
negligible, which can be guaranteed by an exponentially
vanishing dispersion of the qubit transition energy [dark
red lines in Fig. 2(a)].

On the other hand, bit-flip protection requires the transi-
tion matrix element | (O|@| 1)] in Eq. (1b) to vanish. Central
to this requirement is the concept of disjoint support of
the qubit eigenfunctions. Whenever two wavefunctions
localize in separate “spatial” regions [Fig. 2(b)], typical
matrix elements between them are dominated by the expo-
nentially small tails and hence significantly reduced in
magnitude. This generally leads to long relaxation times
[Eq. (1b)]. Useful terminology to describe this situation
is the notion of (nearly) disjoint support [48]. Recall
that the support of a function f : X — C is the subset
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FIG. 2. Principles of noise protection: suppressed energy dis-
persion and wavefunctions with disjoint support. (a) Energy
levels of a qubit as a function of an external parameter A, such
as external flux or offset charge. Dark red lines illustrate the case
where the dispersion of the qubit energy level with respect to
A is exponentially small, i.e., the difference between the maxi-
mum and minimum transition energies AEy « e~ ", where n is
related to the circuit parameters of the qubit and can be made
large by design. On the same plot, the light red lines show a
dispersion with a first-order sweet spot and quadratic disper-
sion, Eg; & ¢ + A2, where ¢;, ¢, are constants. To ensure that
sweet-spot protection is sufficient for reaching high-coherence
times, the quadratic term needs to be small compared to the
scale of the noise amplitude 8, such that c;6A2/Eq; (0) < 1. (b)
Schematics of the potential landscape of a qubit (black grid) with
two quantum degrees of freedom ¢ and 6. Protection against
bit-flip errors can be achieved by localizing the qubit wave-
functions in distinct regions of the potential. Such states with
disjoint support have exponentially small transition matrix ele-
ments, |(0|@| 1)| oc e7¢, where, due to the design and parameter
choices of the circuit, ¢ is a large number.

S C X on which the function has nonzero values. Out-
side the support, f vanishes, f (X \ S) = 0. In the case
of two wavefunctions ¥ (¢) and v;(¢) localized in sep-
arate regions, their respective supports are nearly disjoint,
So NS1 ~ @. The (near) disjointness can be quantified via
the integral qub [Yo(@)?|¥1(¢)|> < 1, and results in sup-

pressed matrix elements |(0|(§|1)| « 1 as long as Oisa
local operator such as a position or momentum operator (as
opposed to nonlocal operators such as displacement oper-
ators). Since the common noise channels in superconduct-
ing qubits are associated with such local operators, engi-
neering logical qubit wavefunctions with disjoint support
is a highly effective strategy to reach bit-flip protection.

Alternatively, symmetries can prohibit qubit transi-
tions when the qubit states are encoded into different
eigenspaces of the symmetry operator of the Hamiltonian
[22,23]. In this case, the transition matrix elements vanish
as long as the noise operators preserve the symmetries of
the system.

Circuit-level protection against these two types of error
mechanisms shares similarities to the redundant encod-
ing utilized in quantum error correction. Instead of using
multiple qubits or multiple energy levels for redundancy,
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FIG. 3. Strategies proposed to realize noise-protected circuits.
(a) A compact qubit composed of a few large elements can host
protected states if the circuit components fulfill stringent energy
requirements [49]. (b) Periodic arrays of Josephson junctions and
capacitors offer robust quasidegenerate ground states when the
number of unit cells is large [52].

here, large circuit elements or circuits with many degrees
of freedom lead to protection against local noise. Accord-
ingly, we consider two possible strategies for realizing
noise-protected superconducting circuits: compact pro-
tected qubits [49—51] and protected multijunction arrays
[22—29]. Compact protected qubits utilize only a few cir-
cuit elements that are challenging to realize (for example,
large linear inductors so that the inductive energies define
the smallest energy scale in the circuit) [Fig. 3(a)]. In con-
trast, arrays involve a larger number of elements but in
convenient parameter regimes [Fig. 3(b)]. In this Perspec-
tive article, our discussion focuses on the first approach,
whereas the article by Dougot and Ioffe has extensively
covered the latter case [28]. Finally, we also note that
qubits relying on continuous microwave tones can exploit
the combination of hardware-level error protection and
autonomous error correction [36,39,53-57].

II1. LIMITATIONS OF SINGLE-MODE
SUPERCONDUCTING QUBITS

The simplest superconducting qubits are single-mode
devices that contain one or more superconducting elements
connected in parallel between two nodes. We dedicate this
section to qualitatively studying their coherence proper-
ties and limitations. We see that—although their layout is
simple and fixed—changing the parameters of their circuit
elements can drastically change their coherence proper-
ties. These circuits offer protection against only one error
channel (either bit-flip or phase-flip processes), and cannot
accommodate the requirements for simultaneous protec-
tion against both [58]. Larger multimode circuits or hybrid
semiconducting-superconducting devices can mitigate the
limitations of these simple qubits (Secs. [V and V).
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FIG. 4. The elementary superconducting qubits: the charge-
mode and the flux-mode qubits. (a) A circuit containing a pair
of isolated islands connected by a Josephson junction represents
a charge mode with sensitivity to offset charge ngae. (b) The
presence of a loop in a circuit leads to a flux mode, which is
susceptible to external flux ¢ey. (c),(d) Typical energy disper-
sion of charge- and flux-mode qubits. In solid-state systems,
the amplitude of charge noise (illustrated with brown shaded
regions) is about 2 orders of magnitude larger than that of flux
noise, when compared to the periodicity of the qubit Hamil-
tonian, 8ngae/SPext A 10? [59—68]. Because of this, reaching
high-coherence times for charge modes requires exponentially
suppressed charge dispersion, while for flux modes, even sweet-
spot protection can offer high coherence. At the same time, exper-
imentally realizing suppressed flux dispersion is significantly
more challenging than achieving charge-noise insensitivity.

A. Islands and loops as the charge and flux degrees of
freedom

Depending on the geometry of the underlying cir-
cuit, superconducting qubits utilize two types of quantum
degrees of freedom. On the one hand, two galvanically
disconnected pieces of superconductors define a pair of
islands, a capacitor [Fig. 4(a)]. On the other hand, a
closed superconducting wire identifies a loop, an induc-
tor [Fig. 4(b)]. An island can store an integer number of
Cooper pairs, while a loop can host an integer number of
flux quanta. These elementary charge and flux states of the
islands and the loop can be used to store quantum informa-
tion. However, an additional nonlinear circuit component
is necessary to isolate two states in the excitation spec-
trum of these circuits to serve as the computational states
of a qubit. Here, we focus on qubits that use Josephson
junctions as the nonlinear elements, which are formed by
growing a thin insulating layer between two superconduc-
tors, allowing for the tunneling of Cooper pairs or flux
quanta through the layer.

These two types of circuit geometries define the two
elementary superconducting qubits. A pair of supercon-
ducting islands with capacitance C connected by a Joseph-
son junction constitutes a charge mode [Fig. 4(a)]. The
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Hamiltonian describing this mode is
ﬁcharge =4Ec(h — ngate)2 — E; cos é: (2)

where Ec = €?/2C is the charging energy, e is the electron
charge, E; is the Josephson energy associated with Cooper
pair tunneling across the junction, 7. is the induced off-

set charge on the islands, while 7 and 6 are the canonical
charge and phase operators. The charge mode couples to
the environment through the offset charge ng,.. This quan-
tity can be used to dc bias the qubit and manipulate its
logical state, but its value is also uncontrollably influenced
by the surrounding electrostatic potential. To understand
the different parameters regimes of this Hamiltonian, it is
useful to interpret Eq. (2) such that it describes a fictitious
particle with position 6 and mass C moving in a cosine
potential.

Similarly, a loop made of a superconducting wire with
inductance L and interrupted by a Josephson junction
implements a flux mode [Fig. 4(b)]. The Hamiltonian of
the circuit reads

Hiw = 4Eci® — Ej cos ¢ + Ep(¢ — 2m¢ex)?/2,  (3)

where ¢ is the phase operator, £; = 3 /472 L is the induc-
tive energy, ®o = i/2e is the flux quantum, % is Planck’s
constant, ¢y is the reduced external flux defined as ¢y =
Dot/ Do, and Py is the magnetic flux piercing the loop.
The flux mode is coupled to the environment through the
external flux ¢.x, which plays a similar role as the offset
gate charge in Eq. (2). With the addition of the inductor,
the potential energy of the effective phase particle is now a
corrugated harmonic well, illustrated in Figs. 5(b) and 5(c)
for two parameter regimes.

B. High coherence of charge and flux modes

How can we ensure that a charge or a flux mode is
protected against environmental noise? Building on the
discussion in Sec. II, we first consider the principles of
noise protection against phase-flip errors and describe the
conditions for realizing offset-charge insensitive charge
modes and external-flux insensitive flux modes. To sim-
plify the discussion, here we neglect bit-flip errors such as
losses due to imperfect capacitors, inductors, and Joseph-
son junctions and assume that only the environmental
fluctuations of the external bias parameters limit the qubit
coherence.

By inspecting Eqgs. (2) and (3), we can describe the
coupling between charge or flux modes and the envi-
ronment by the Hamiltonian ﬁ]im = —8Ech X 8ngye OF
I:Iim = —ELqAS X 8¢hext, respectively. Here 6ngae and Sehex
represent fluctuations of the control parameters. Focusing
first on charge modes, a strategy to boost the coherence

time relies on biasing the qubit at 724, Where the expecta-
tion value of the qubit’s dipole operator is equal for the two
logical states, (1|n|1) &~ (0]#|0). In this case, the change
of the qubit transition frequency under the perturbation
Hine, |(1|Hing| 1) — (0| Hi|0)|, vanishes or, equivalently, the
first derivative of the energy dispersion is zero. Intuitively,
in this situation, dephasing is minimized because the two
qubit states cannot be distinguished (by an observer or
the environment) from a measurement of the number of
charges in the islands. For a charge mode, such sweet spots
occur at biases where adjacent charge states are degen-
erate. Cooper pair tunneling hybridizes these two states,
leading to an avoided crossing with the usual quadratic
dependence of the energy with the bias parameter.

By increasing the Josephson energy with respect to
the charging energy—thus enhancing the rate at which
Cooper pairs can tunnel—we can achieve a more robust
protection against dephasing [15]. When E,;/E¢c > 1,
hybridization occurs over several charge states, resulting
in qubit’s logical states with support over many charges
[Fig. 5(a)]. A consequence of this delocalization over
charge states is that the qubit energy levels are now
exponentially flat at all bias points. For charge modes,
this “sweet-spot-everywhere” condition is the transmon
regime [15,70]. In practice, with typical values of E; /E¢ ~
50, transmon qubits feature dephasing times as large as
T, = 100200 us with energy relaxation times of 77 =
200500 ps [20,71].

Coming back to the fictitious phase particle of mass
C, we refer to the transmon regime as the heavy regime
because it requires a large effective mass. Since flux
modes couple to the environment through the phase oper-
ator (as opposed to the charge operator), high coherence
requires delocalized eigenfunctions in phase space instead
of in charge space. Thus, we arrive at the conclusion
that protection against dephasing in a flux mode is real-
ized by working in the opposite, light regime, where
E;/Ec <1 and E;/E; > 1 [72]. In this situation, the
phase particle is delocalized over multiple wells of the
corrugated harmonic potential, leading to insensitivity to
flux noise [Fig. 5(b)]. As a result, while a heavy charge
mode needs a large shunting capacitor, a light flux mode
requires a large linear inductive element. Crucially, the
large inductance should not be accompanied in this case
by a large capacitance, something that can be challeng-
ing to realize in practice because of the stray capaci-
tance of any superconducting circuit component. Large
inductors with small parasitic capacitances are known as
superinductors [73,74]. For instance, the experimentally
realized light flux mode, the blochnium qubit, relies on the
Josephson-junction array being released from its substrate
to minimize the capacitance to ground [69]. To maximize
the qubit coherence time, the superinductor must be engi-
neered such that its self-resonant modes are far detuned
from the qubit operation frequency [75,76]. Furthermore,
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in the case of Josephson-junction-array-based superinduc-
tances, special care must be taken to avoid introducing
charge dispersion to the qubit transition frequency due to
quantum phase slips in the superinductance [60,77].

C. Fundamental asymmetry between charge and flux
noise

When identifying a desirable parameter regime of a
superconducting qubit, we also need to take into account
the amplitude associated with the charge and flux fluctua-
tions [Figs. 4(c) and 4(d)]. Experimentally, the amplitude
of flux fluctuations (in units of &) is typically about 2
orders of magnitude smaller than that of charge fluctu-
ations (in units of 2e) [59—68]. This is the consequence
of the low impedance of the electromagnetic environment
surrounding the qubits [78]. As a result, the scale of the
relevant noise fluctuations is smaller in flux modes than in
charge modes, relative to the periodicity of their Hamilto-
nians [Figs. 4(c) and 4(d)]. Thus, we expect the flux-mode
qubits to have longer coherence times than charge-mode

qubits for equal energy dispersion. Thanks to this observa-
tion, it is possible to operate flux-mode qubits away from
the optimal light regime while maintaining large coherence
times. As an example, the fluxonium qubit is defined in
the regime E;/Ec ~ 5—10 and E; /E¢ ~ 0.5—1 [73], which
is not sufficient to reach exponential flux-noise insensitiv-
ity. Still, the coherence time at a magnetic sweet spot has
been reported to be longer than in the transmon with best
coherence times in the millisecond regime [79—81].

D. Bit-flip limit in noise-insensitive single-mode devices

In the noise-insensitive regime of both charge- and flux-
mode qubits, the delocalization of the qubit states over
charge or flux states results in a large transition matrix ele-
ment. While this means that these qubits can be strongly
coupled to electromagnetic modes to realize fast gates and
readout, it also enhances the rate of bit-flip errors [Eq.
(1b)]. In these qubits, bit-flip errors can, in fact, become the
main contribution to the qubit decoherence with 7, ~ 27T.
For example, the higher coherence times in the fluxonium

(a) Heavy charge mode (b) Light flux mode (c) Heavy flux mode
EJEQ Ec EJEQ E;, - Ec EJEQ Er Ec
- 1 (n|0) (n1) B (|0) (¢l1) B (¢0) (l1)
: I
10 - - -
: 4 Hﬂn m
- 1
oA,
-8-4 0 4 8 -8-4 0 4 8| |-4r 0 -4 0 4
n n 10} ¢
2 ;
3
<
§
-0.50 -0.25 0.00 0.25 0.50] |-0.50 -0.25 0.00 0.25 0.50] |-0.50 -0.25 0.00 0.25 0.50
ngate (z)ext ¢ext
FIG. 5. Partial protection of charge and flux modes. (a) The heavy charge mode (transmon qubit) consists of a single Josephson

junction shunted by a large capacitor. The qubit is operated in the E¢ <« E; regime, and the wavefunctions are distributed over many
charge states (middle panels; shaded regions show the charging energy), leading to reduced charge dispersion (bottom panel; Ey;
corresponds to the mean transition energy). (b) The light flux mode (blochnium qubit) and (c) the heavy flux mode (heavy fluxonium
qubit) have the same circuit layout but are operated in different regimes. In the light flux mode, the Josephson junction is shunted by
a large inductance and small capacitance (E;, < E; < E¢), and the wavefunctions are spread over multiple potential valleys (middle
panel; shaded regions show the potential energy). On the other hand, the heavy flux mode has a large shunting capacitor (E¢c ~ E; <
Ey), and the qubit eigenfunctions are localized in separate wells at external flux values away from half-flux quantum. This also results
in much stronger flux dispersion for the heavy fluxonium (bottom panels). Parameters are (a) Ec/h = 0.2 GHz, E;/h = 20 GHz, (b)
Ec/h =7.07 GHz, E;/h = 4.7 GHz, E; /h = 0.067 GHz [69], and (c) Ec/h = 0.46 GHz, E; /h = 8.11 GHz, E; /h = 0.24 GHz [45].
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compared to the transmon are related to the longer relax-
ation times in the fluxonium circuit, which is mostly the
result of the smaller charge transition matrix element in
fluxonium [79,81].

An approach to further improve the situation is to artifi-
cially reduce the size of the qubit transition matrix element,
essentially trading phase-flip protection for bit-flip protec-
tion. For example, in the heavy flux-mode qubit known as
the heavy fluxonium [44—46,76,80], the larger E; /E¢ ratio
significantly weakens the tunneling between neighboring
potential valleys of the corrugated harmonic potential.
Away from the flux sweet spot, this leads to long-lived
states that are localized in single wells with lifetimes in
the several milliseconds regime [Fig. 5(c)]. As expected,
this increase in 7 is obtained at the expense of reducing
the pure-dephasing times 7,,: the heavy fluxonium shows
a few microseconds coherence time away from the sweet
spot due to the linear flux dispersion.

Moreover, the approach to realizing logical gates on the
heavy fluxonium highlight an important aspect of protected
circuits: the disjoint nature of the qubit states complicates
the control of the device. Indeed, while in the trans-
mon, single-qubit gates simply rely on driving the qubit
at its transition energy, the suppressed tunneling matrix
elements in the heavy fluxonium makes gates based on
direct transition between the two logical states impracti-
cally long or outright impossible. An alternative approach
is to break the protection during the gate, for example, by
using Raman-type gates that rely on virtually populating
higher lying levels that couple to both qubit states [45,76].

The competition between bit-flip and phase-flip pro-
cesses in single-mode devices can be illustrated by map-
ping the transition matrix element and energy dispersion as
a function of the circuit parameters (Fig. 6). While charge-
mode qubits are protected against charge-noise dephasing
in the heavy regime where E;/E¢ is large, flux modes are
insensitive to flux noise in the light regime, where both
E;/Ec and E; /E¢ are small. Additionally, flux modes can
also be protected against bit-flip processes but only in the
heavy regime. Figure 6 summarizes a key point of this
discussion: simultaneous protection against energy relax-
ation and pure dephasing cannot be realized in single-mode
qubits.

IV. TOWARDS FULL-NOISE PROTECTION WITH
MULTIMODE CIRCUITS

An approach to overcome the intrinsic limitations of
single-mode qubits is to combine them into multimode cir-
cuits. For instance, by connecting two noise-insensitive
modes, the resulting circuit can support simultaneous
protection against bit-flip and phase-flip processes (see
Table I). The prototypical example of such a multimode
circuit is the 0-7 qubit, which combines a heavy charge

Light Heavy

Fluxonium S

100 ¢ * Heavy fluxonium + =

S , il 10712 £

&3] T, — protection —

"3 107" b [T, — protection | 100 =
S - [
=z
30
1072 A Blochnium 104 S

58}

)

: 1077 £
i 2o
b=d e
1071 10° 10" 1028 19-8 g~

58}

E;/Ec

FIG. 6. Noise protection in single-mode devices. Top (bot-
tom) panel: coherence-time landscape for a flux- (charge-)mode
qubit. Cyan colormap shows the slope of the energy dispersion
at ¢ext = 0.25 (top panel) and at ngae = 0.25 (bottom panel),
while the brown region in the top panel indicates the transition
matrix element at ¢y = 0.45 (Ec/h = 1 GHz). In the case of
the flux mode, the qubit is exponentially insensitive to flux fluc-
tuations at small £, /E¢ and small E; /E¢ parameters (light flux
mode), realizing phase-flip protection. For large E,;/Ec (heavy
flux mode), instead, the qubit is protected against relaxation away
from the sweet spot (bit-flip protection). In the case of the charge
mode, the situation is reversed as the heavy regime supports
offset-charge-noise insensitivity. There is no protection in single
charge modes against bit-flip errors. The markers indicate exper-
imentally realized devices: blochnium (triangle) [69], fluxonium
(hexagon) [79], heavy fluxonium (diamond) [45], and transmon
(square) [15].

mode and a light flux mode [22,48,49,82—84]. Other exam-
ples of protected qubits that leverage merged charge and
flux modes are the bifluxon [51,85] and the “cos 26” qubits
[25,50,86,87].

It is instructive to investigate how charge and flux modes
form composite circuits in the case of the 0-7 and bifluxon
qubits. Although these two devices have different circuit
layouts and operate in distinct parameter regimes, the
Hamiltonians describing their qubit degrees of freedom
are identical. Both circuits rely on a chargelike mode 6
and a fluxlike mode ¢, which are strongly and nonlinearly
coupled to each other. The charging energies of the two
modes are Eg and Eg, the inductive energy is E;, while
the coupling term between the modes, cos @ cos ¢, is pro-
portional to the Josephson energy E;. The Hamiltonian of
these qubits takes the form

H = 4B (tg — ngue)® + 4ELH,
+ EL(§ — Text)* + 2E; cospcosB,  (4)
which, in some sense, is the combination of the transmon

and fluxonium Hamiltonians. As we will see below, an
important difference between the 0-7 and bifluxon qubits
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TABLE L

Protection in various superconducting circuits. We compare the different degrees of protection in energy relaxation (77)

and dephasing due to charge (ngm) and flux noise (T'(fjex‘). Absent: the qubit is not protected against the error; N/A: the qubit is
not coupled to the particular noise; linear: the qubit has sweet-spot protection; exponential: the qubit is insensitive to the type of
error; exponential*: for the case of the fluxonium and blochnium qubits, this refers to the exponential insensitivity to offset-charge

fluctuations due to coherent quantum phase slips [60].

Ideal case Realized case

Circuit name Ty T, Thext Ty Ty Thext
Transmon [15,70] Absent Exponential N/A Absent Exponential N/A
Fluxonium [73] Absent Exponential* Linear Absent Exponential* Linear
Blochnium [69] Absent Exponential* Exponential Absent Exponential* Exponential
Heavy fluxonium [44—46] Exponential Exponential* Absent Exponential Exponential* Absent
Bifluxon [51,85] Exponential Linear Exponential Exponential Linear Linear
0-m qubit [49,84] Exponential Exponential Exponential Exponential Exponential Linear
Semiconductor cos 26 [90] Exponential Exponential Linear Exponential Exponential Linear

is how they physically implement these coupled modes
through the circuit layout.

When discussing the experimental realization of these
ideas, it is useful to contrast between two types of param-
eter regimes. First, there is the theoretically ideal but
difficult to realize “hard” regime. Second, there is the
“soft” regime, which is experimentally easier to imple-
ment but at the price of making compromises on the qubit
protection. In practice, much of the difficulty in realizing
the hard regime lies in making light flux modes as those
require building large inductances and having very little
stray capacitances in the circuit. As a result, while in the
hard regime flux modes can be exponentially flux insensi-
tive, in the soft regime protection against flux noise relies
on working at sweet spots.

In the hard parameter regime, the Hamiltonian of the
circuits can often be approximated by an effective Hamil-
tonian with an underlying symmetry. For example, in the
0-r or cos26 qubits, the effective Hamiltonian preserves
the parity of Cooper pair numbers on the islands of the
circuit. Similarly, in the bifluxon qubit, the symmetry cor-
responds to the parity of flux quanta contained in the loop
of the circuit. In these cases, the qubit states become nearly
degenerate and have odd or even parities. Such symme-
try protection satisfies the requirements for high coherence
described in Secs. II and III. First, degenerate levels have
vanishing energy dispersion that leads to protection against
pure dephasing; second, transitions between states with
opposite parity are prohibited as long as the noise respects
the symmetry of the system (protection against energy
relaxation).

In the soft parameter regime, however, the underlying
parity symmetry is not present anymore and the protection
originates from qubit wavefunctions with disjoint sup-
port and weak energy dispersion, as discussed in Secs.
IT and III. These devices still offer protection but instead
of the simultaneous exponential reduction in bit-flip and
phase-flip errors, the logical states might be protected only
to first order against these errors.

In this section, we discuss these ideas, focusing on two
experimentally realized multimode circuits, the bifluxon
and 0- qubits. We review both the hard and soft regimes
with emphasis on the underlying symmetries and the chal-
lenges associated with demonstrating full-noise protection.

A. The bifluxon qubit

As illustrated in Fig. 7(a), the bifluxon qubit is a three-
node device composed of a superinductor and two identical
Josephson junctions forming a loop [51,85]. The bifluxon
circuit has two degrees of freedom, a charge mode 6 and
a flux mode ¢. Correspondingly, the qubit has two control
knobs: the offset charge ng. biasing the superconducting
island, and the external flux ¢y threading the loop of the
device. Both the charge and the flux modes are light as
E, K E;~El~ Eg, where E; is the inductive energy
of the superinductor, £, is the Josephson energy, and E¢.
and E? are the charging energies of the 6 and ¢ modes,
respectively.

We can understand noise protection in this qubit by con-
sidering its logical states from the point of view of the flux
mode ¢ at ng,e = 0.5. As a consequence of a destructive
Aharonov-Casher-type interference [51,85,88], the logi-
cal states have opposite fluxon parities: the wavefunctions
associated with the |0) and |1) states peak at the phase
values ¢y, = 2m x 7 and ¢p,,11 = 2m + 1) x 7, respec-
tively, where m is a small integer [Fig. 7(b)]. This can also
be interpreted as the loop storing an odd or an even number
of flux quanta depending on the qubit state. Since logi-
cal states with distinct fluxon parity cannot be connected
by the phase operator, transitions are prevented. Further-
more, the large zero-point fluctuations of the ¢ mode lead
to exponential insensitivity against flux noise [Fig. 7(b)].

The mechanism behind noise protection in this circuit
can be further elucidated by focusing on the role of the
charge mode 6. As the charge mode in the bifluxon cir-
cuit operates in the Cooper-pair-box regime, the charge
component of the low-lying eigenfunctions can be well
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FIG. 7.

The ideal and the experimentally realized bifluxon qubit. (a) The bifluxon circuit contains two Josephson junctions and

one superinductor in a loop and has two normal modes. (Bottom left: the colors of the nodes indicate the sign of the normal-mode
amplitudes. Red is positive, green is negative, and gray is zero.) Bottom right: the potential landscape of the qubit. (b) The qubit
eigenfunctions, as displayed in the two-dimensional phase space, spread along the ¢ direction (left panel). In the hard parameter
regime, the energy dispersion of the eigenstates as a function of external flux is exponentially suppressed (middle panel), while offset-
charge dispersion is suppressed to first order at the sweet spot at ngy = 0.5 (right panel). Insets show the dispersion around the optimal
operational point, where the qubit states are nearly degenerate. (c) Qubit eigenfunctions and energy dispersion of the experimentally
implemented device. Flux insensitivity is achieved to first order when the qubit is operated at the sweet spot ¢e; = 0 and ngae = 0.5.
Insets show the dispersion of the excited state around this point. Note that close to the excited state there is an additional level. The
disjoint support of the circuit eigenfunctions leads to large 7; times. Parameters are (b) E% /h = E? /h=E;/h =10 GHz, E,/h = 50

MHz, (¢) E%./h = 7.7 GHz, E*/h = 2.5 GHz, E, /h = 27.2 GHz, E; /h = 1.88 GHz [51].

approximated by a linear combination of only two charge
states {|n), [n + 1)} [51]. At the sweet spot ngae = 0.5, the
Josephson coupling between these charge states leads to
eigenstates with bonding, (|n) + |n+ 1)) /+/2, and anti-
bonding, (|n) — |n + 1))/+/2, symmetry in charge space.
Effectively, the antibonding state introduces a flux bias of
Pext = 0.5, favoring odd-fluxon-number states. The situ-
ation is the opposite for the bonding state, which favors
even-fluxon-number states.

In the hard parameter regime at ng,c = 0.5, the bifluxon
qubit is protected against relaxation and displays first-order
insensitivity against charge noise and exponential protec-
tion against flux noise. However, because it relies on a
large superinductor, reaching the ideal parameter regime of
the qubit is experimentally challenging. In the soft param-
eter regime [51], a heavier flux mode leads to a reduced
first-order protection at the flux sweet spot while preserv-
ing bit-flip protection because the qubit wavefunctions
have disjoint support [Fig. 7(c)]. In this regime, an order
of magnitude enhancement of 77 > 100 us is demon-
strated with respect to the unprotected 7' value, although
qubit coherence is limited to T, = 700 ns. The rather low
dephasing time is due to the charge qubit nature of the
device.

Similarly to the heavy fluxonium, protection against
bit-flip errors unavoidably complicates qubit manipulation
because direct transitions between the logical states are for-
bidden. Thus, in the first realization of the bifluxon, control

is achieved by breaking the protection while the single-
qubit gate is applied: the gate bias is quickly detuned from
the ngye = 0.5 value to nge = 0, and tuned back to the
protected regime after the end of the gate.

B. The 0-7 qubit

The 0-7 qubit is characterized by protected logical states
with exponentially suppressed relaxation and dephasing
rates against both charge and flux noise. The device was
proposed by Brooks et al. [49], building on an earlier
design known as the current mirror qubit [52,89].

To realize full-noise protection, the 0- circuit combines
a heavy charge mode 6 and a light flux mode ¢ based
on a four-node circuit layout [Fig. 8(a)]. The wavefunc-
tions are localized along the 0 coordinate and delocalized
along the ¢ direction [Fig. 8(b)]. A first requirement to
reach this regime is to ensure that the ratio of charging
energies of the two modes, EZ/EG, is large. Moreover, for
the ¢ mode to be in its light regime, the inductive energy
E| needs to be small. Finally, the large Josephson energy
E; provides the potential barrier between the two valleys
along the 6 direction, leading to the charge-noise insen-
sitivity and disjoint support of the qubit wavefunctions.
When the circuit parameters meet all of these requirements
(B, ~E} < E;~ E?), the ground and first excited states
of the circuit are delocalized along the ¢ direction while
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FIG. 8. The ideal 0-7 qubit and its experimentally realized version. (a) The circuit diagram of the 0-7 qubit and its three relevant
circuit modes. Bottom right: the potential landscape of the qubit. (b) In the ideal regime, the wavefunctions of the qubit states have
disjoint support, and the energy dispersion offers exponential protection against both charge and flux noise. Insets shows the energy
dispersion of the nearly degenerate qubit states. (c) In the experimentally realized device, the degeneracy is split but the device is
exponentially protected against charge noise and first-order protected against flux noise. The qubit still has disjoint wavefunctions,
leading to exponential protection against energy relaxation. Inset shows the dispersion of the excited state around the flux sweet spot.
Note that close to the excited state, there is an additional level. Parameters are (b) E%./h = 30 MHz, Eg /h =20 GHz, E;/h = 10 GHz,

Ep/h = 50 MHz, (c) E%/h = 92 MHz, E./h = 1.14 GHz, E; /h = 6.0 GHz, E; /h = 380 MHz [84].

being confined to the 8 = 0 and & valleys from which the
qubit takes its name.

In the hard parameter regime, it is possible to derive an
effective single-mode Hamiltonian for the circuit that cor-
responds to a capacitively shunted tunneling element for
pairs of Cooper pairs [83]. In this case, the cotunneling
process can be described by a cos 26 term, while the single-
Cooper-pair tunneling term cos@ is highly suppressed.
The ground and excited states of this model are even and
odd charge states, respectively. The transitions between
these states are forbidden because the effective Hamil-
tonian preserves the Cooper-pair-number parity. In anal-
ogy with the transmon, if the energy associated with the
tunneling of pairs of Cooper pairs is large compared to the
effective charging energy, the two qubit states are delo-
calized in charge space and the transition frequency is
rendered insensitive to charge noise. Despite the appar-
ent complexity of the full 0-7 circuit, this simple effective
model captures the exponential protection against both
phase- and bit-flip errors [83].

In addition to the above stringent requirements on the
energy scales of the device, it is also important for the
pairs of large capacitors and superinductors in the cir-
cuit to be as identical as possible. Indeed, since the 0-
circuit contains four nodes, the circuit inevitably incorpo-
rates a third degree of freedom, the ¢ mode, which can
couple to the qubit modes ¢ and 6 in the presence of
circuit-element disorder. Because the energy of this mode
is stored in the large inductors and large capacitors of the
circuit [Fig. 8(a)], the ¢ mode is a low-frequency harmonic

mode. In the presence of asymmetries, thermal population
of this mode can lead to dephasing of the qubit. While
the 0-7 circuit is protected against this noise channel in
the hard parameter regime [82,83], the effects of ¢-mode
coupling in the softer parameter regimes can be possibly
mitigated with active strategies involving cooling of this
mode [83].

Experimentally realizing the hard parameter regime is
challenging because of the competition between the con-
ditions that guarantee charge- and flux-noise insensitivity.
For example, simultaneously achieving the light and heavy
regimes of the flux and charge modes in the same cir-
cuit requires a substantial reduction in unwanted cross
capacitances. The first experimental implementation of the
0-r qubit [84] relaxed the requirements of the light flux
mode by working with smaller Ezi and larger £} than ideal,
leading to considerable flux dispersion of the qubit transi-
tion. Importantly, the experimental device retained simul-
taneous first-order insensitivity to flux noise, exponential
protection to charge noise, and the disjoint character of
the qubit wavefunctions at ¢exy = 0 [Fig. 8(c)]. Therefore,
this implementation demonstrates a degree of noise pro-
tection beyond that of the transmon and fluxonium qubits,
constituting a blueprint for building a fully noise-protected
superconducting qubit. The measured energy decay times
of this soft 0-7 qubit is 73 = 1.6 ms, which is comparable
to the heavy fluxonium, while the dephasing rate obtained
by a spin echo measurement is Tog = 25 us.

Single-qubit gates on the soft 0-7 circuit also rely on
partially lifting the protection [84]. In contrast to the

030101-10



MOVING BEYOND THE TRANSMON...

PRX QUANTUM 2, 030101 (2021)

: 10 107
(a) 0.6 -(c) (e) ()
- e
Vi B = H H 5 ) 5 0
0.0 —r==f He=__J =z 04 ™~ = (0.1 "N
(b) 6 -4-2 0 2 4 6 2} ol
30 : ey : : : . : < (/0.0 <= [0.0 \
S0 /AN AN ) 5 || 0.499 /0501 | -0.5 o/ 05
=y i = o 0) 5 ; 0) :
O |/ \/ NI Tl \ / \
S AN 3 //(\\ B S § \ AN ‘, / \‘\
= LA X KX ool -H-B_H___ 0 oy e
“ro-n/2 0 x/2 m|| -6 -4-2 0 2 4 6  —05 0.0 05 -05 0.0 0.5
0 n ext ngate

FIG. 9. Parity-protected superconducting-semiconducting qubit. (a) The circuit is based on two capacitively shunted voltage-tunable
junctions, which are realized as weak links in the superconducting shell of an InAs nanowire. The gate voltages V| and V, can be used
to tune the current-phase relationship of the junctions. (b) The potential energies of the two junctions in the loop U(6 — ¢ext/2)

(blue dashed line) and U(é ~+ ¢ext/2) (red dashed line), and their sum (black continuous line), where U(é) =—-Ay1-— Tsin 0 /2,

T =1, and A/27 =45 GHz. The dotted black line indicates a cos 26 potential, which approximates well the qubit potential at low
energies. (¢),(d) Qubit wavefunctions in charge space are even and odd charge states at ¢exe = 0.5. (e),(f) The energy level dispersion
as a function of flux and offset charge. At ¢« = 0.5, the qubit is first-order protected against flux noise, and exponentially protected
against charge noise (insets show the energy dispersion around this optimal point). The circuit parameters and transmission coefficients
are Ec/h = 0.284 GHz, A /27w = 45 GHz, T, =[1.0, 1.0,0.60,0.0,0.0], and 7, = [0.99,0.78,0.31,0.30] [90].

bifluxon, where the system shortly leaves the protected
parameter regime during the gate (namely the ngye = 0.5
bias point), here the system rather leaves the protected
subspace (the logical |0) and |1) states) by temporarily
occupying a higher-lying ancillary state in a Raman-type
gate. Since the population of the ancillary state depends
on the detuning of the drive tones, the occupation of the
unprotected ancillary state can be arbitrarily small at the
price of increasing drive powers to avoid prohibitively
long gate times. Thus, such gates require finding the bal-
ance between the amplitude of microwave drives and
occupation of unprotected levels [84].

V. HYBRID-PROTECTED
SUPERCONDUCTING-SEMICONDUCTING
QUBITS

In the superconducting qubits discussed so far, the
Josephson junctions use aluminum-oxide tunnel barri-
ers between aluminum electrodes. Such superconductor-
insulator-superconductor junctions result in nonlinear
elements with an almost perfectly sinusoidal current-
phase relationship. In this case, realizing protected qubits
requires fabricating a complex combination of these
Josephson junctions, large superinductors, and extremely
large or tiny capacitors in the same circuit. Semiconductor-
based technology circumvents this obstacle by equip-
ping Josephson junctions with nonsinusoidal current-phase
behavior [91]. Such unorthodox Josephson junctions open
up new possibilities to engineer exotic Hamiltonians that
protect quantum information. Although the lower quality

of materials currently limits this technology [92], recent
advances have enabled the implementation of the first pro-
totypes of protected hybrid qubits. For example, a charge-
insensitive Cooper pair box based on highly transmissive
Josephson junctions [93,94] and a single-mode semicon-
ductor cos26 qubit [90] illustrates the potential of this
platform.

Here, we focus on the cos 26 hybrid qubit [90]. To do so,
we briefly review the behavior of Josephson junctions from
a microscopic viewpoint based on Andreev bound states.
When two superconducting electrodes connect through
(red dashed line), and their sum a thin tunnel barrier,
quasiparticle bound states form due to multiple Andreev
reflections between the two superconducting regions. In
most cases, multiple bound states mediate the coupling
between the electrodes, and we can express the Joseph-
son energy as the sum over the channels, such that U (é) =

—AY J1-T; sin? 5/2, where T; is the transmission
probability through the tunnel barrier for channel i and
A is the superconducting gap [95]. In the case of a large
number of weakly transmitting channels—which applies to
aluminum-oxide-based tunnel junctions—we recover the
well-known expression for the Josephson energy U6) =
E;(1 —cos), with E; = A > . T;/4. Weak-link Joseph-
son junctions can have a few highly transmitting chan-
nels in semiconductor InAs nanowires with an epitaxially
grown superconductor layer [96-99] or in proximitized
two-dimensional electron gasses [92].

In a few-channel superconductor-semiconductor junc-
tion, the 2 -periodic Josephson energy can be expressed
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with its Fourier components U(é) = A cos(ké),
assuming that time-reversal symmetry is not broken in
the junction [100]. While generally in metallic Joseph-
son junctions the first harmonic term plays the dominant
role in the dynamics (4; > 4, > - - ), in semiconductor-
based junctions the higher harmonic content can have a
significant contribution as well. In a hybrid interferome-
ter circuit formed by two identical junctions [Fig. 9(a)],
the total Josephson energy can be expressed as Uy (9) =
U(é — dext/2) + (7(@ ~+ @ext/2). When the circuit is frus-
trated at half-flux quantum (¢ex = 0.5), the odd Fourier
components of the two identical junctions cancel each
other, while the even contributions constructively interfere,
giving rise to a double-well potential with a 7 period that
can be approximated with a Utot(é) ~ E, cos 20 potential
[Fig. 9(b)], similarly to the low-energy effective model of
the 0-r qubit.

Figures 9(c) and 9(d) show the ground and first excited
states of the experimentally realized circuit, which resem-
ble odd and even charge states as expected for the discon-
nected parity subspaces of a cos 260 element. Importantly,
the qubit serves as a protected circuit only at the half-flux
quantum sweet spot [Fig. 9(e)]. Regarding the charge noise
of the device, as long as the mode is heavy (£, > E¢),
the qubit states are exponentially insensitive to the offset
charge [Fig. 9(f)]. We also note that this circuit is the dual
element of the bifluxon, as the offset-charge and external-
flux dependencies of the energy levels are reversed for
the two qubits [compare Figs. 7(b), 9(e), and 9(f)]. In
the first implementation of this idea, the energy relax-
ation rate yielded a tenfold improvement compared to the
unprotected regime with 77 = 7 us [90].

VI. OUTLOOK

Superconducting qubits have progressed in a truly
remarkable fashion in the last two decades: starting with
coherence times of a few nanoseconds, today’s typical val-
ues are in the hundreds of microseconds. As the evolution
of the transmon qubit illustrates, suitable and optimized
circuits have enabled significant advancements. The flux-
onium circuit is on a similar ascending trajectory, with
millisecond coherence times having recently been demon-
strated [81]. Their simplicity and partial built-in protection
against dominant noise sources is an important reason for
their success.

Because significant improvements in qubit perfor-
mances are still necessary to realize the full potential of
fault-tolerant quantum computation, it remains essential
to not only continue to improve current qubits but also
to explore novel qubit designs. Protected qubits play an
important role in these efforts as they simultaneously sup-
press relaxation and dephasing. Although this is obtained
at the price of increased circuit complexity, in the long run

such circuits have the potential to dramatically reduce the
physical qubit count needed for quantum error correction.

In addition, to continue the development of protected
qubits, it remains important to design single- and two-qubit
logical operations on these qubits. Current approaches
require leaving the protected regime [51,90] or relying
on noncomputational states [45,84]. Finding more fast
and robust approaches to control these devices remains a
theoretical and experimental challenge.

Whether protected qubits will play the same role as the
“mainstream” qubits or be responsible for different tasks
in a heterogeneous processor, such as memory or data
units, still needs to be decided. Nevertheless, given the
formidable challenge that it represents, superconducting
quantum processors will likely benefit from the synergy
of multiple strategies, including quantum error correction,
operation in an engineered ultra-low-noise environment,
and hardware-level error protection.
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