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Abstract
In this perspective article, we review the current state of research on integrating quantum materials
(QMs) into superconducting quantum devices. We begin with the role of QMs as weak links in
Josephson junctions, enabling gate- and flux-tunable transmons. We then explore their application
in more complex superconducting circuits, such as gate-tunable fluxonium qubits, or gatemonium,
which provide additional control over qubit parameters. We also discuss QM-based vertical
junctions and their potential for creating merged-element transmons. Further, we highlight QMs’
role in topological superconducting circuits, where they facilitate the study of Majorana zero
modes through signatures such as 4π-periodic supercurrents. Additionally, we review the
integration of QMs into 3D cavity architectures and discuss how they differ from their 2D
counterparts. Beyond weak links, we examine the use of 2D superconducting and insulating
materials, such as NbSe2 and hBN, in parallel-plate capacitors, offering a compact alternative to
conventional large-footprint transmon capacitors. Finally, we outline the current challenges and
future directions for exploration.

1. Introduction

Quantum materials (QMs), owing to their rich internal degrees of freedom unexplored, provide versatile
functions to be explored in quantum information science [1–5]. In particular, when QMs are reduced to low
dimensions (1D or 2D), their physical properties can be significantly different from those of their bulk
counterparts. An example of such is 1 T’-phase WTe2, which is a Weyl semimetal in bulk but a 2D quantum
spin Hall insulator in monolayer form [6, 7]. In addition, the interplay between stacked van der Waals (vdW)
2D materials generates novel physics such as the unconventional superconductivity discovered in twisted
bilayer graphene and WSe2 [8, 9]. On the other hand, Josephson junctions (JJs) are the key components in
current state-of-the-art superconducting qubit devices [10, 11]. QM-based JJs reveal exotic physics, such as
the possible Majorana zero modes (MZMs), reflected in the zero-bias peak, and a 4π-periodic supercurrent
[12–19]. QMs in reduced dimensions can be used as a weak link in JJs for integration into superconducting
qubits [20–27]. Similar to conventional Al/Al2O3 junctions, lateral JJs of QMs have been demonstrated as
single-JJ transmons [28], as well as flux-tunable transmons using QM-based superconducting quantum
interference devices (SQUIDs) [26, 29, 30]. Due to their reduced dimensions and gate tunable natures, QMs
have also been demonstrated to form gate tunable transmons generally referred to as gatemons [21, 22,
25–27, 31, 32]. Gatemons have the capability of tuning the qubit frequency by electrostatic gate voltage,
allowing another degree of freedom to access to different regimes in flux-tunable devices [33, 34]. On top of
Josephson weak links, QMs such as NbSe2 can be used as superconductors while hBN as dielectric layers in
parallel-plate capacitors (PPCs) in conventional transmon devices [35, 36]. In an effort to evaluate the status
of QMs for superconducting quantum technologies, we review recent research on utilizing QMs as various
components in superconducting qubits. We begin with gate-tunable and flux-tunable transmon devices,
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where QMs serve as weak links in JJs. We then extend our discussion to a more complex structure, the
gate-tunable fluxonium, referred to as gatemonium. Subsequently, we address devices that incorporate
vertical junctions and topological materials as weak links in transmon qubits. Next, we introduce studies on
the integration of QMs with three-dimensional (3D) cavities, as well as their incorporation into other
components of conventional Al/Al2O3-based superconducting qubits. Finally, we outline current challenges
and potential future directions for exploration.

2. QMs serving as weak links in superconducting qubits

2.1. Gate-tunable and flux-tunable transmons
Unlike S-I-S (S stands for superconductor and I stands for insulator) junctions where the critical current is
generally fixed after fabrications, the weak link in S-N-S (N stands for semiconductor or normal metal)
junctions allows its carrier density to be tuned by gate voltage [2, 37]. Owing to the 1D, 2D natures and
gate-tunable critical current, InAs nanowires (figure 1(a)), two-dimensional electron gas (2DEG, figure 1(b))
and graphene (figure 1(c)) can be used as a weak link in S–N–S junction-based gatemons [20–25, 29]. The
first gatemon was realized in InAs nanowire, featuring a coherence time T1 ≈ 0.8µs and T2 ≈ 1µs,
respectively [25]. Later, the coherence times T1 ≈ 1.1 µs and T2,echo ≈ 2.2 µs were reported in 2DEG
gatemons [22] while T1 ≈ 36 ns and T∗

2 ≈ 51 ns were observed in graphene gatemons [21]. All the studies
above have demonstrated coherent controls of qubits, such as Rabi oscillations and Ramsey patterns. To
further study the impact of flux noises and charge noises on the coherence properties, flux-tunable
transmons [26, 29] and gate- and flux-tunable transmons [38] based on InAs nanowires were reported, as
shown in figures 1(d) and (e), respectively. While the early study presented no correlation between the qubit
coherence (based on qubit linewidth reduction) and charge sweet spot (∂f01/∂Vg = 0) [26], the study in [29]
presented elevated dephasing time T2 ≈ 15µs (similar to T1) at the charge sweet spots, and concluded that
on-chip charge noise dominates over electrical noise on the gate. In addition, this study also showed an
enhanced T2 (≈ 30µs) approaching 2T1 at the flux sweet spots (∂f01/∂Φ = 0) [29]. In [38], they presented a
two-gatemon SQUID, allowing both the voltage and flux control of the potential profile in Hamiltonian, and
the access to different qubit operation regimes corresponding to transmons or flux qubits. In the end, they
demonstrated a relaxation time T1 ≈ 7.2µs resulting from an indirect transition between |0> and |1> in a
so-called protected regime [38].

2.2. Gate-tunable fluxonium
Fluxonium qubits, since the first invention in 2009 [39], have become a promising research field for
achieving long coherence times in superconducting qubits [40–42]. The heavy fluxonium with suppressed
dipole matrix elements when biased to near half a flux quantum have reached a relaxation time T1 ≈ 8ms
[40], while 2D and 3D fluxoniums have both reported coherence times around 1ms [41, 42]. Consequently,
the integration of gate-tunable QM weak links in fluxonium qubits, enabling additional gate control, is of
significant interest. InAs nanowire (figures 2(a)–(d)) and InAs 2DEG (figures 2(e)–(g)) weak links have been
studied in gate-tunable fluxonium devices, which are generally referred as gatemonium [33, 34]. The first
InAs nanowire gatemonium utilize a 50 nm-wide (Nb,Ti)N meander as a superinductor, which allows the
application of large magnetic fields up to 1 Tesla [33]. Since large magnetic fields are required to access
MZMs in semiconductor nanowire devices, this enables the potential use of the fluxonium as a readout
device for topological qubits [33]. While coherent control has not been demonstrated in the InAs nanowire
gatemonium, the second gatemonium using InAs 2DEG weak link and JJ array (superinductor) has
successfully demonstrated Rabi oscillations in the plasmon regime and coherence times T1 ≈ 78 ns and
T2 ≈ 102 ns [34]. Owing to the gate-tunable weak link, the Josephson energy EJ—and consequently the ratio
between EJ and the charging energy EC—is tunable via voltage. This enables smooth tuning between heavy
and light fluxonium states (figure 2(h)), potentially allowing users to optimize either bit-flip or phase-flip
times as needed [34]. Additionally, since the JJ array is also composed of InAs 2DEGs, it is possible to
introduce gate tunability to the inductive energy EL, providing further control over the gatemonium [34].

2.3. Vertical weak links
Most previously introduced QM-based circuit quantum electrodynamics (c-QED) devices have utilized
lateral junctions as the weak links. However, vertical junctions using semiconductor tunnel barriers have also
been integrated into single-junction transmons [43] and flux-tunable transmons [44]. Unlike the commonly
used insulator Al2O3 in conventional superconducting qubits, which requires extremely thin barriers due to
its large bandgap, semiconductor weak links have smaller bandgaps, allowing for thicker barriers that are less
susceptible to pinhole formation compared to insulating barriers [44, 45]. This enables larger-area JJs with
built-in capacitance, creating a more compact ‘merged-element’ transmon (MET) [46] without the need for
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Figure 1. (a) InAs nanowire gatemon. Reprinted figure with permission from [25], Copyright (2015) by the American Physical
Society. (b) InGaAs/InAs two-dimensional electron gas (2DEG) gatemon. Reproduced from [22], with permission from Springer
Nature. (c) Graphene gatemon. Reproduced from [21], with permission from Springer Nature. (d) A flux-tunable InAs nanowire
transmon. Reprinted figure with permission from [29], Copyright (2018) by the American Physical Society. (e)–(g) A flux- and
gate-tunable InAs nanowire transmon consisting of two gate-tunable JJs. (f) False-color electron micrographs of the nanowire
junctions. (g) A nearby electrostatic gate (red) allows for the tuning of the electron density in the junction. (e)–(g) Reprinted
figure with permission from [38], Copyright (2020) by the American Physical Society.

Figure 2. (a)–(d) Gate-tunable nanowire fluxonium. (a) False-colored optical image showing the transmission line and the
resonator, with capacitive and inductive elements shaded in pink and brown, respectively. Inset: Scanning electron microscope
(SEM) image of the resonator’s capacitive plates. (b) SEM image of the area indicated by the box in (a). The (Nb,Ti)N
superinductor [purple, enlarged in (c)], the shared inductance section (green), the parallel plate capacitor (blue), and the
nanowire junction [red, enlarged in (d)]. Reprinted figure with permission from [33], Copyright (2020) by the American Physical
Society. (e)–(g) Gate-tunable InAs 2DEG fluxonium. (e) A false-colored optical image of the device, consisting of a shunt
capacitor (purple), a planar JJ (yellow), and a linear inductance, implemented in the form of a series of planar JJs (blue). The inset
shows an equivalent-circuit diagram. (f) An enlarged SEM image of the JJ array. (g) A SEM image of the single junction before
gate deposition. (h) The resonator spectroscopy of device transmission across the feedline (S21) is shown as a function of the
applied external magnetic flux at different gate voltages (top: heavy regime, middle: intermediate regime, bottom: light regime).
(e)–(h) Reprinted figure with permission from [34], Copyright (2025) by the American Physical Society.

large capacitor islands used in current superconducting qubits—an advantage for scalability. In the top panel
of figure 3(a), a transmon consisting of a vertical Al/4 L-MoS2/Al single JJ and a capacitor (which also serves
as an antenna) is coupled to microwave photons within an aluminum 3D cavity [43]. The bottom panel of
figure 3(a) shows the power dependent dispersive shift of the cavity’s response. In this device, two-tone
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Figure 3. (a) Top panel: transmon based on MoS2 vertical JJ coupled to a 3D cavity. The inset illustrates the JJ structure. Bottom
panel: power dependence of cavity’s response. Reprinted with permission from [43]. Copyright (2019) American Chemical
Society. (b) Flux-tunable transmon based on NbSe2/WSe2/NbSe2 vertical JJs. The inset shows the JJ structure, with hBN denoted
by pink, NbSe2 denoted by blue and WSe2 denoted by green. (c) Data from the device shown in (b). Top panel: single-tone
spectroscopy as a function of readout power (left) and flux bias current at low microwave power (right). Bottom panel: two-tone
spectroscopy. Drive pulse power increases from purple to violet to pink to gold traces, which are vertically offset for clarity. (b)
and (c) Reproduced from [44]. CC BY 4.0.

measurements have shown a qubit state transition, from which a coherence time T∗
2 ≈ 12 ns is estimated. The

short coherence time was attributed to several factors: the large number of parasitic two-level systems due
to the large junction size (2× 2µm2), polymer residues potentially degrading junction quality, and
dielectric loss in MoS2. [43]. Figure 3(b) shows the all-vdW-material flux-tunable MET, comprising an
NbSe2/17-layer-thick WSe2/NbSe2 SQUID, which is capacitively coupled to the 2D coplanar readout
resonator at one end, and to ground at the other end [44]. In this study, power dependence and flux-tuning
of resonator’s response were demonstrated, as well as the qubit state transition in two-tone measurements, as
shown in the top and bottom panels of figure 3(c). However, the coherence properties of this qubit were not
reported. Nevertheless, this study features an all crystalline merged-element transmon qubit, with the
transmon frequency and anharmonicity closely matching the design parameters estimated from the
thickness of the semiconductor tunnel barriers [44].

2.4. Topological materials
MZMs are a unique type of quasiparticle in condensed matter systems that obey non-Abelian exchange
statistics and serve as key components for realizing topological quantum computing [47]. In 2008, Fu and
Kane predicted that in a JJ consisting of 2D topological insulator (TI) edge states and s-wave superconductor
(figure 4(a)), the Andreev Bound states (ABSs) would exhibit an exotic 4π-periodic modulation with
magnetic flux, as shown in figure 4(b), rather than the conventional 2π-periodic one, serving as a signature
of the existence of MZMs [48, 49]. Subsequently, the absence of the n= 1 Shapiro step, as evidence of the
4π-periodic supercurrent, has been observed not only in 2D TI systems (figure 4(c)) [15, 16] but also in
other JJs composed of topological materials with helical bulk and edge states (figure 4(d)) [17, 18]. Alongside
the fundamental interest in detecting MZMs, it is also intriguing to explore whether robust topological weak
links could potentially serve as superconducting qubits [50, 51]. In particular, a transmon composed of a
topological SQUID inherits the 4π-periodic nature of its constituent JJs and is therefore expected to exhibit a
4π-periodic qubit frequency under flux modulation (figure 4(e)) [52]. So far, integration of topological
materials as a weak link in transmon architectures has been reported in Weyl semimetals [51] and TI
nanostructures [28, 30]. Figure 5(a) shows a MoTe2 SQUID coupled to a 2D coplanar readout resonator [51].
While flux modulation of resonator frequency was demonstrated, neither Rabi splitting nor qubit transitions
were detected, suggesting a short coherence time [51]. Figure 5(b) illustrates a single-JJ transmon made of a
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Figure 4. (a) A junction in an rf SQUID geometry where the edge states of quantum-spin-Hall insulator (QSHI) are coupled to a
superconductor shaped as a Corbino disk. Reprinted figure with permission from [48], Copyright (2009) by the American
Physical Society. (b) Spectrum of Andreev bound states in the topological junction shown in (a) as a function of phase difference
φ. Reprinted from [49], Copyright (2013), with permission from Elsevier. (c) A topological JJ composed of 2D TI (HgTe) and its
Shapiro step measurements (the missing n= 1 steps are indicated by the red arrows in the right panel). Reproduced from [15].
CC BY 4.0. (d) A topological JJ composed of Dirac semimetal (Bi0.97Sb0.03) and its Shapiro step measurements (the missing n= 1
steps are indicated by the red arrows in the right panel). Reproduced from [18], with permission from Springer Nature. (e)
Schematic of a split transmon qubit hosting MZMs (top panel), and its excitation spectrum as a function of magnetic flux f
(Φe/Φ0) (bottom panel). Reproduced from [52]. CC BY 4.0.

Figure 5. (a) Superconducting quantum circuit based on Weyl semimetal MoTe2. Reprinted with permission from [51].
Copyright (2020) American Chemical Society. (b) Topological insulator (TI) (Bi0.06Sb0.94)2Te3 transmon. Reprinted with
permission from [28]. Copyright (2022) American Chemical Society. (c) A flux-tunable TI (Bi2Se3) nanowire transmon. Inset
shows the false-color SEM image of the nanowire SQUID. Reprinted from [30], with the permission of AIP Publishing.

(Bi,Sb)2Te3 TI nanoribbon weak links [28]. In this device, coherent qubit control, including Rabi oscillations
and Ramsey interference patterns, was demonstrated, with reported values of T1 ≈ 28 ns and T∗

2 ≈ 10 ns
[28]. The authors of this study suggest that the quality of the JJ, rather than the TLS losses in the bulk, is
responsible for the short coherence time [28]. Figure 5(c) shows a flux-tunable transmon consisting of a
Bi2Se3 TI nanowire SQUID [30]. Rabi oscillations and a relatively long T1 ≈ 0.5 µs were observed; however,
the estimated dephasing time T2, obtained by fitting the spectral line, is short, ranging from approximately 1
to 4 ns. In addition, T2 is reported to depend on ∂f01/∂Φ. Therefore, the reason for the particular short T2

was attributed to the qubit frequency fluctuations caused by low-frequency flux noise, which could be
reduced by using on-chip flux traps, better twisted bias wires and low-pass filters in the future [30].

2.5. Integration with 3D cavities
Most previously introduced QM-based c-QED devices were coupled with 2D coplanar readout resonators. In
contrast, 3D transmons and their integration with 3D cavities as readout resonators offer several advantages
over their 2D counterparts. 3D cavities offer a simpler electromagnetic environment for superconducting
qubits, reducing dielectric loss and enhancing performance [54]. They also allow easy tuning of c-QED
parameters, such as cavity decay rate (κ) and qubit–cavity coupling strength (g), by adjusting the readout pin
length and qubit position—an advantage not possible with fixed 2D resonators [55]. Additionally, their
straightforward design and fabrication accelerate measurement cycles. Integration of QMs into 3D cavities
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Figure 6. (a) A flux tunable graphene-based superconducting quantum circuit coupled to 3D cavity. Reprinted figure with
permission from [53], Copyright (2025) by the American Physical Society. (b) An InAs nanowire gatemon realized in 3D cavity.
Reprinted figure with permission from [31], Copyright (2024) by the American Physical Society.

was first realized in MoS2 vertical JJs [43], then extended to graphene SQUIDs (figure 6(a)) and InAs
nanowire JJs (figure 6(b)), respectively [31, 53]. The graphene SQUID device shown in figure 6(a) consists of
a pair of capacitor pads, which serve as the antenna to interact with microwave in a 3D cavity as well as for the
bond pads in DC transport measurements. The correlations between DC and RF measurements-including
the Fraunhofer pattern, flux-modulated supercurrent, and the corresponding resonator frequency-were
studied across three devices with varying degrees of SQUID symmetry. However, coherent control of qubits
was not reported in this paper [53]. Figure 6(b) presents a 3D gatemon using InAs nanowire as a weak link
and a copper cavity as readout resonators [31]. In this study, the gate line is located away from the chamber
of 3D cavity, which greatly preserve the quality factor of the readout cavity. The gate-tunable resonator
frequency (one-tone measurements) and qubit transition spectroscopy (two-tone measurements) are
demonstrated, as well as Rabi oscillations with a Rabi coherence time TR ≈ 260± 60 ns. However, further
time-domain measurements for T1 and T∗

2 are unsuccessful due to device instabilities [31]. The two studies
have potential applications in probing MZMs, which we will further discuss in the outlook section.

2.6. Other components in c-QED devices
Apart from the Josephson weak links, QMs have also been investigated for uses in different components of
superconducting qubits. Conventional transmons utilize capacitors with a large footprint (≈ 105 µm2) to
acquire sufficient capacitance. These capacitors consist of large planar electrodes without dielectric materials,
minimizing TLS-induced decoherence and preserving qubit coherence, but at the expense of significant
space and cross-talk between neighboring qubits [35, 56]. Therefore, it is desirable to have a lumped-element
device with a high-quality dielectric to contain electric field in a small region with low loss, forming qubits
with reduced size and low cross-talk [36]. Such a concept was explored by using vdW PPCs consisting of
superconducting NbSe2 and insulating hBN [35, 36]. Those capacitors were integrated with conventional
Al/Al2O3-based JJs to form transmons (figure 7(a)), with a 1400 times smaller capacitor size while
maintaining a qubit coherence time around 1–2 µs [35]. The coherence time of conventional transmons with
large capacitor pads fabricated on the same substrate is reported as T1 ≈ 11.5µs and T∗

2 ≈ 10.5µs. This
suggests that JJs are not the limiting factor for qubit coherence. Instead, qubit coupling to residual elements
outside the PPC, introduced during the vdW stacking process or Al lift-off, may contribute to the reduced
coherence time [35]. In another work with similar designs (figure 7(b)), the coherence time of the
PPC-based qubits was further extended to 25µs, while conventional Xmons fabricated on the same substrate
exhibited coherence times ranging from 38 to 49µs [36]. It is believed that optimizing the fabrication process
and confining the electric field within the pristine interior of the vdW PPC could further extend the
coherence time [35].
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Figure 7. (a) Capacitor consists of NbSe2 and hBN, which is integrated with a Al/Al2O3-based SQUID to form a transmon.
Reprinted with permission from [35]. Copyright (2021) American Chemical Society. (b) Another work with similar design of (a),
showing improved qubit coherence time. Reproduced from [36], with permission from Springer Nature.

3. Outlook

Early studies of gatemons have not reported a strong correlation between coherence time and gate voltage,
making it difficult to determine the impact of charge noise induced by the gate electrode on qubit coherence
[21, 22, 25, 26]. The main limiting factor of coherence time was attributed to capacitive coupling between the
qubit shunting capacitor and the backgate for graphene gatemons [21], and to dielectric loss in the qubit
capacitor for 2DEG gatemons [22]. In contrast, the InAs nanowire gatemons in [29] exhibit a strong
correlation between coherence time and gate voltage, and the authors conclude that, in such devices, on-chip
charge noise dominates over electrical noise on the gate [29]. It is worth noting that in these QM-based
transmons, the transfer of QMs is generally required [57, 58], which may inevitably leave polymer residues
or QM residues on the substrate. These residues can be major source for on-chip dielectric loss [53].
Therefore, careful surface cleaning, as well as maintaining cleanliness at the S–N–S junction interfaces, is
expected to play a crucial role in improving coherence time. In addition, drawing inspiration from the
improved coherence time in superconducting qubits achieved by replacing the substrate with sapphire [41]
and incorporating tantalum as a resonator [59], these approaches should be considered as future directions
for further enhancing the coherence of QM-based transmons.

The QM-based fluxonium is an intriguing platform to explore, although good coherence properties have
not yet been reported so far [33, 34]. The current InAs 2DEG gatemoniums exhibit a shorter coherence time
(T1 ≈ 78 ns and T2 ≈ 102 ns) [34] compared to InAs 2DEG gatemons (T1 ≈ 0.8µs and T2 ≈ 1µs) [22]. The
short coherence times reported for the gatemoniums have primarily been attributed to inductive loss, which
could be mitigated by increasing the thickness of the aluminum used for the electrodes in both the JJ and JJ
array [34]. It would be interesting to observe whether these modifications allow the coherence time to
approach the values reported for InAs 2DEG gatemons [22]. Furthermore, to better understand the effects of
charge noise and flux noise on coherence properties, it would be valuable to investigate the correlation
between coherence times and gate voltage or flux bias, as demonstrated in InAs nanowire transmons [29]. In
addition, using high-kinetic-inductance materials to replace JJ array [34, 60], hence reducing the size of the
superinductor, would also be an interesting direction to explore.

Vertical stacking architectures, including the METs with semiconductor tunnel barriers [44] and the
PPCs with insulating dielectric hBN [35, 36], offer the potential to engineer superconducting qubits with
significantly reduced capacitor sizes. However, no coherence properties have been reported for METs [44].
Further experimental studies are required to better understand the limiting factors, similar to the
investigations conducted during the early development of QM-based gatemons [21, 22, 25, 26, 29]. Both
QM-based METs and PPCs also need to consider mass production to enable qubit scaling. Therefore, studies
on incorporating CVD-grown QMs into these elements and evaluating their performance are desirable.

For TI-based transmons, while their coherence times are short (T1 ≈ 28 ns and T∗
2 ≈ 10 ns for TI

nanoribbons while T1 ≈ 0.5µs and T2 ≈ 1–4 ns for TI nanowires) [28, 30], they offer an interesting platform
for probing MZMs. In topological SQUID-based transmons, the qubit frequency inherits the unconventional
4π-periodic supercurrent from the constituent topological JJs and exhibits a 4π-periodic modulation in
response to the applied flux (see figure 4(e)) [49, 52]. Such a phenomenon has not been observed in MoTe2
and Bi2Se3 nanowire SQUID-based transmons [30, 51]. However, one may need to consider quasiparticle
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poisoning, which tend to restore the unconventional 4π periodicity to trivial 2π periodicity [49, 52]. Since
the measurements conducted in [51] have an integration time around seconds, they may still suffer from the
quasiparticle poisoning happening at a time scale around microseconds [51, 61]. Future experiments will
require time-domain spectroscopy that operates faster than the quasiparticle poisoning timescale [52] to
probe the 4π-periodic qubit frequency modulation. Furthermore, although beyond the scope of this paper,
numerous proposals in the field of topological quantum computing suggest employing cQED techniques to
probe and manipulate MZMs, and to realize topological qubits in hybrid devices [62–67].

The integration of 3D cavities is expected to provide a superior electromagnetic environment for
superconducting qubits over their 2D counterparts [54]. However, no obvious improvement in coherence
time has yet been observed in QM-based 3D devices to support this expectation [31, 43, 53]. This may
suggest that the coherence properties reported to date are still primarily limited by the QM-based junctions
themselves, thereby obscuring the potential advantages of the 3D cavity architecture. Further investigations
into enhancing the quality of QM-based JJs and understanding their influence on the coherence of 3D
transmons are desirable. It is also worth noting that, unlike conventional Al-based transmons, the QM-based
transmons undergo different fabrication processes and often have QM and polymer residues that could
introduce additional dielectric losses [53]. It may require a systematic study, comparing the same weak link
materials with similar fabrication processes in both 2D and 3D transmon architectures, to better understand
the benefits that 3D cavities can provide. Nevertheless, QM-based 3D transmons may still offer other
advantages, such as enabling the exploration of MZM-related physics. The proximitized semiconductor
nanowire in 3D copper cavities enables the application of a magnetic field to access the MZMs, without
concerning the degradation of resonators in the 2D cases [31]. The platform described in [53], which enables
both DC and RF measurements, is also advantageous for probing the 4π-periodic supercurrent associated
with topological JJs. A valid topological JJ can first be identified by observing the absence of the n= 1
Shapiro step in DC transport [15, 16, 18]. The same device can then be placed in a 3D cavity to investigate
the 4π modulation of the qubit frequency using time-domain spectroscopy, with the potential to mitigate
quasiparticle poisoning [52]. This differs from resonator-type devices with embedded JJs [68] and
inductively coupled RF-SQUIDs [69]. The former allows for DC measurements but does not function as a
two-level system capable of qubit operations, while the latter enables the study of ABS dynamics using
time-domain techniques but does not support DC measurements.

Finally, there are some possible directions unexplored, such as the integration of ferromagnetic materials
into superconducting qubits [70, 71]. In a JJ where the superconducting electrodes (S) are separated by a
ferromagnetic (F) material, a π-phase shift is introduced in the ground-state superconducting order
parameter of the S–F–S junction, forming what is known as a π-junction [72, 73]. When such π-junction is
integrated into a superconducting qubit based on a conventional SQUID architecture, it acts as a passive
phase shifter and eliminates the need for an external flux bias to achieve optimal operation [74, 75]. This
type of qubit is sometimes referred to as a ‘quiet qubit’, because it is expected to be efficiently decoupled from
environmental noise [76, 77]. In a recent study, Kim et al realized a π-qubit operating optimally at zero flux
bias by incorporating a ferromagnetic metal-based (PdNi) π-junction into an NbN/AlN/NbN-based
superconducting flux qubit [71]. The measured lifetime of the π-qubit (T1 = 1.45µs) was three orders of
magnitude longer than that of a previously reported superconducting phase qubit coupled to a π-junction
[70], but an order of magnitude shorter than that of a conventional flux qubit [71]. This suggests that, unlike
in the previous case [70], the coherence time is not limited by other dominant loss mechanisms, but rather
by the π-junction itself—specifically, by dissipation due to quasiparticles within the junction [71]. It has
been proposed that using an underdamped π-junction—such as one based on an insulating tunnel
barrier—offers a more promising route to achieving significantly longer coherence times [78]. Therefore, it is
worth exploring the coherence properties of π-junction qubits composed of ferromagnetic insulators
[79, 80], as opposed to ferromagnetic metals, as used in [71].

As a concluding remark, superconducting quantum circuits based on QMs offer the possibility of
designing new types of quantum devices that are not only practically viable for quantum computing but also
serve as platforms for exploring the underlying physics of their constituent materials. The fast microwave
technology inherited from superconducting qubits provides a powerful tool for probing the fundamental
properties of QMs, while the versatile functionalities of QMs contribute to the design of novel quantum
devices. Therefore, research in this field holds significant potential for advancing both superconducting
quantum computing and materials science.
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