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The induction of a 25 meV chiral topological gap in 45-degree twisted Bi-2212 heterostructures enables intrinsically
protected quantum computation at 4 Kelvin, effectively resolving the thermodynamic and input-output bottlenecks
that constrain current millikelvin superconducting architectures.

Emergence

of Topological Phases in Twisted Nodal Superconductors

The crystallographic misalignment of two nodal d-wave order parameters in Bi₂Sr₂CaCu₂O₈₊δ (Bi-2212) at a twist
angle of approximately 45 degrees fundamentally alters the superconducting proximity effect. As Volkov et
al.  (2023) demonstrate, this specific angular configuration enforces an orthogonality between the 
wavefunctions of adjacent CuO₂ bilayers, resulting in the destructive interference of single Cooper pair tunneling.
Consequently, the first-order Josephson coupling ( ) is suppressed, and the junction energetics become
dominated by second-order cotunneling processes. This renormalization transforms the current-phase relation into a

-periodic second harmonic form, , creating a degenerate double-well potential. To minimize
free energy, the system undergoes spontaneous time-reversal symmetry breaking (TRSB), locking the
superconducting phase difference at  and generating an effective chiral  order parameter at the
interface.

Quni-Gudzinas (2025) identifies that this spontaneous TRSB, driven by interlayer supercurrents, opens a full
spectral gap estimated at 25 meV within the nodal regions of the Brillouin zone. Unlike conventional s-wave
proximity gaps, this opening is governed by the quantum geometric tensor of the twisted band structure; specifically,
the real part of the tensor—the quantum metric—stabilizes the superfluid weight even under flat-band conditions,
creating a robust topological phase. This bulk gap is topologically non-trivial, possessing a non-zero Chern number
that, via the bulk-boundary correspondence, necessitates the emergence of protected Majorana zero modes at the
device perimeter.

The thermodynamic implications of this 25 meV chiral gap are decisive for scaling quantum architecture. With an
energy scale nearly two orders of magnitude larger than the thermal energy at 4 Kelvin (  meV), the
topological state exhibits a Boltzmann suppression factor of approximately  against thermal quasiparticle
excitation. This allows the “flowermon” qubit architecture described by Brosco et al. (2024) to operate with intrinsic
fault tolerance at temperatures attainable by pulse tube cryocoolers. By stabilizing coherence at 4 Kelvin, this
mechanism permits the monolithic integration of high-speed RSFQ control logic directly on the quantum focal
plane, effectively resolving the input-output latency and heat load bottlenecks that currently constrain millikelvin
dilution systems.
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The

Flowermon Qubit and Intrinsic Coherence Protection

The hardware implementation of the topological gap relies on the extreme anisotropy of the superconducting order
parameter in twisted Bi2Sr2CaCu2O8+x (Bi-2212) heterostructures. As formulated by Brosco et al.  (2023), the
flowermon architecture exploits the d-wave symmetry of the cuprate wavefunction to engineer a destructive
interference of single-Cooper-pair tunneling at a twist angle of 45 degrees. In this configuration, the first-order
Josephson energy vanishes due to the orthogonality of the nodal and antinodal directions across the junction
interface, causing the second-order coupling term proportional to the cosine of twice the phase difference to
dominate the system Hamiltonian. This emergence of a coherent cos(2φ) potential creates a symmetric double-well
energy landscape where the ground and first excited states are separated by a robust tunnel barrier and distinguished
by Cooper pair number parity.

This parity conservation provides intrinsic protection against the decoherence mechanisms that limit conventional
aluminum-based transmon qubits. The disjoint support of the logical wavefunctions ensures that the matrix elements
of the charge operator connecting the computational states are exponentially suppressed, rendering the qubit
insensitive to low-frequency charge noise and dielectric fluctuations. Furthermore, the momentum mismatch
between the nodal quasiparticles in the twisted layers establishes a kinematic barrier to dissipation. Brosco et
al. (2023) describe this as a virtual gap that suppresses quasiparticle poisoning even in the presence of the nodal d-
wave spectrum, a protection mechanism that remains effective provided the interlayer tunneling is momentum-
conserving. The resulting operational stability allows for qubit manipulation via Raman transitions or higher excited
states, bypassing the suppressed single-photon transition.

Thermodynamically, the induced chiral topological gap of approximately 25 meV, as characterized by Qi et
al. (2025), stabilizes this coherence protection at elevated temperatures. With an energy scale exceeding the thermal
background at 4 Kelvin by nearly two orders of magnitude, the system achieves a Boltzmann suppression of thermal
excitations comparable to millikelvin architectures without requiring dilution refrigeration. Recent experimental
validations reported by Confalone et al.  (2025) and Lee et al.  (2021) confirm the foundational physics of this
regime, specifically observing half-integer Shapiro steps and doubled periodicity in Fraunhofer diffraction patterns,
which are signatures of the requisite 4e charge transport and time-reversal symmetry breaking. However, Wang et
al. (2023) caution that this topological protection is material-specific; their comparative studies on single-layer Bi-
2201 revealed a dominant isotropic pairing component that fails to support the pi-periodic Josephson effect,
underscoring the necessity of the double-layer Bi-2212 structure for realizing the flowermon potential.

Thermodynamic

Advantage and Monolithic Integration at 4 Kelvin

The central bottleneck obstructing the scaling of superconducting quantum processors is the severe thermodynamic
constraint of millikelvin dilution refrigeration. As Krantz et al.  (2019) detail, aluminum-based transmon qubits
possess a superconducting gap of approximately 200 µeV, necessitating operation at 10–20 mK to suppress thermal
excitations. At this temperature, the cooling power of state-of-the-art dilution refrigerators is limited to
approximately 10–20 µW (Hao et al., 2024). This microscopic thermal budget prohibits the co-integration of high-
speed classical control logic, forcing a reliance on room-temperature electronics connected via massive, distinct
cabling harnesses. This architecture introduces significant input-output (I/O) latency, parasitic heat loads, and signal
distortion, creating a “thermal wall” that stalls scaling beyond a few thousand qubits.



The induction of a 25 meV chiral topological gap in 45-degree twisted Bi-2212 heterostructures fundamentally alters
this thermodynamic scaling. As recent spectroscopic data indicates, this gap is two orders of magnitude larger than
that of conventional aluminum/niobium technologies. Consequently, the Boltzmann suppression factor

 at 4 Kelvin for a 25 meV gap ( ) is comparable to that of a 200 µeV gap at 20 mK,
rendering the 4 Kelvin environment effectively “frozen” for the quantum state (Quni-Gudzinas, 2025). This
energetic robustness permits the transition from millikelvin dilution refrigeration to 4 Kelvin pulse tube cryocoolers,
which Hao et al.  (2024) demonstrate can provide cooling capacities exceeding 1 Watt—a -fold increase in
thermal headroom.

This expanded thermal budget enables the monolithic integration of dissipative control architectures directly on the
focal plane, effectively solving the I/O bottleneck. High-speed superconducting logic families, such as Rapid Single
Flux Quantum (RSFQ), offer switching speeds up to 100 GHz but have historically been excluded from the quantum
plane due to static power dissipation (Likharev & Semenov, 1991). In a 4 Kelvin regime, the cryostat can easily
accommodate the milliwatt-scale heat loads generated by proximal RSFQ drive circuits or Energy-efficient RSFQ
(ERSFQ) variants (Kirichenko et al., 2011). Furthermore, this temperature regime supports the operation of cryo-
CMOS multiplexers. Acharya et al.  (2023) demonstrated 28-nm bulk CMOS RF multiplexers operating with
dynamic power dissipation of ~0.48 pJ/Hz; while marginally viable at mK base temperatures, these devices can be
deployed aggressively at 4 Kelvin to facilitate dense signal routing and time-division multiplexing without
threatening qubit coherence.

By co-locating the control logic and the quantum processor within the same 4 Kelvin thermal stage, the architecture
eliminates the meters of cabling responsible for signal attenuation and thermal noise. The integration of cryo-CMOS
and RSFQ logic allows for on-chip error correction decoding and ultra-low-latency feedback loops, which are
prerequisite for fault-tolerant operation but unattainable in distributed room-temperature control loops. Thus, the 25
meV gap in twisted cuprates does not merely elevate the operating temperature; it allows the quantum processor to
assimilate its own control infrastructure, transforming the system from a passive transducer requiring external
orchestration into a self-contained computational unit.

Fabrication

Challenges and Cryogenic Stacking Technologies

The realization of a protected 25 meV chiral topological gap in twisted Bi-2212 heterostructures is contingent upon
rigorously suppressing interfacial disorder that otherwise obscures the delicate -wave order parameter. Confalone
et al. (2025) identify Cryogenic Stacking Technology (CST) as the requisite fabrication protocol, mandating that van
der Waals exfoliation and assembly occur at temperatures significantly below -50°C, and often down to -180°C,
within an inert atmosphere. This thermal arrest is critical for preventing interstitial oxygen diffusion and preserving
the mobile hole concentration at the junction interface, factors identified as primary drivers of decoherence and
suppression of the -periodic Josephson effect. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) validates that CST maintains pristine crystal structure and optimal inter-CuO
spacing, ensuring the hybridization required for spontaneous time-reversal symmetry breaking.

The stringency of these material constraints is underscored by the divergent experimental outcomes between Bi-
2212 and Bi-2201 systems. While CST-assembled Bi-2212 devices exhibit the fractional Shapiro steps and field-free
superconducting diode effects indicative of topological superconductivity, Wang et al. (2023) report that 45-degree
twisted Bi-2201 junctions display conventional Fraunhofer patterns and integer Fiske steps. This suggests that
without the specific double-CuO  plane architecture of Bi-2212 or in the presence of interfacial degradation, an
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isotropic -wave pairing component dominates, collapsing the topological gap. Consequently, precise control over
oxygen stoichiometry and layer alignment is not merely an optimization parameter but a binary condition for the
emergence of the chiral state.

While CST provides a pathway for fundamental characterization, its reliance on stochastic mechanical exfoliation
renders it unsuitable for the mass production of Chiral High-Temperature Topological Processors. To address this
scalability limit, Quni-Gudzinas proposes deterministic graphoepitaxial synthesis as a wafer-scale alternative. This
lithographic approach employs a mask layer with nucleation vias constrained to dimensions below 200 nm.
Thermodynamic simulations confirm that at this scale, the minimization of via-wall surface energy overrides the
substrate’s epitaxial potential, forcing the nucleating cuprate crystal to align with the 45-degree rotated mask rather
than the underlying strontium titanate lattice. This technique theoretically allows for the precise, array-level
synthesis of twisted junctions necessary to engineer the “flowermon” qubit architecture, provided that the angular
precision can be verified non-invasively through methods such as the polarization-resolved Raman spectroscopy
described by Lo Sardo et al. (2025).

Experimental

Divergences and the Material Specificity of TRSB

A sharp phenomenological bifurcation exists between twisted bilayer Bi₂Sr₂CaCu₂O₈₊δ (Bi-2212) and its single-
layer counterpart Bi₂Sr₂₋ₓLaₓCuO₆₊ᵧ (Bi-2201), constituting the central experimental tension in verifying high-
temperature topological superconductivity. While Qi et al. (2025) report a robust, field-free superconducting diode
effect in twisted Bi-2212 heterostructures persisting up to 72 K, Wang et al.  (2023) observe strictly conventional
Josephson tunneling characteristics in 45-degree twisted Bi-2201 junctions. The Bi-2212 data, corroborated by
observations of fractional Shapiro steps and doubly degenerate Fraunhofer patterns, indicates a dominant second-
harmonic current-phase relation consistent with a spontaneous time-reversal symmetry breaking (TRSB) state.
Conversely, the Bi-2201 experiments yield integer Shapiro steps and standard Fraunhofer diffraction, implying a
trivial s-wave or d-wave admixture without the emergence of a chiral topological gap.

This divergence necessitates a rigorous distinction between intrinsic topology and extrinsic magnetic artifacts.
Critics of the topological interpretation suggest that the superconducting diode effect observed in Bi-2212 could
originate from magnetic flux trapped during the current training sequences required to initialize the non-reciprocal
transport. However, the reversibility of the diode polarity upon thermal cycling and its operation at zero applied
field, as analyzed by Yanase (2025), support a “Dynamical Josephson Diode Effect” mechanism driven by the
bistability of a spontaneously broken symmetry rather than static flux pinning. Furthermore, theoretical assessments
by Volkov et al. (2023) indicate that the 25 meV chiral gap is contingent upon strong interlayer Josephson coupling,
a parameter significantly enhanced in the bilayer Bi-2212 system compared to the single-CuO₂-plane Bi-2201.

The material specificity of the 25 meV gap appears linked to the quantum geometric contribution to the superfluid
weight. Recent analyses suggest that in twisted Bi-2212, the quantum metric of the flat bands stabilizes the
superconducting order parameter against phase fluctuations even when the kinetic energy is quenched. In contrast,
the absence of the bilayer coupling in Bi-2201 may prevent the hybridization required to open the topological gap at
the Dirac nodes, resulting in the gapless, conventional transport reported by Wang et al.  (2023). Additionally, the
fragility of the interface oxygen stoichiometry, highlighted by Confalone et al. (2025), implies that minute variations
in cryogenic stacking protocols can suppress the higher-order tunneling processes ( ) necessary for the
topological phase, rendering the null results in Bi-2201 a boundary condition of fabrication quality rather than a
refutation of the underlying twistronic physics.
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Consequently, the thermodynamic validity of the proposed 4 Kelvin quantum architecture relies on the specific
electronic structure of Bi-2212. The experimental confirmation of the 25 meV gap and associated TRSB in Bi-2212
confirms that the topological protection is robust within the bilayer parameter space, utilizing the intrinsic orbital
angular momentum of the chiral state to block quasiparticle dissipation. The null results in Bi-2201 serve to
delineate the precise orbital and geometric requirements for synthesizing the “flowermon” qubit, confirming that
high-temperature topological quantum computation requires not just a twist, but the specific interlayer coherence
provided by the Bi-2212 double-layer motif.


