Summary of main scientific achievements
Mathias S. Scheurer

To provide a compact overview of my previous research, | here summarize the key scientific activities and
achievements, grouped by topics but in no particular order.

Al: Theory of superconductivity in graphene heterostructures. Given constraints from previous experiments,
such as screening data, the observed V-shaped tunnel density of states [1, 2] in twisted bi- and trilayer graphene
came as a surprise and provides a huge challenge to previous theory. We proposed two possible and natural
scenarios to understand these observations: in the first one [3], we show that the phenomenology of graphene
moiré systems very naturally gives rise to a novel vestigial pairing state, where neither the triplet superconducting
order parameter nor the order parameter of the reset have true long-range order at finite temperatures but their
product does. We developed a theory of such a state, which is not only interesting in its own right, but also
exhibits the same spectral properties seen in experiment—depending on parameters it can have U-shaped or a
V-shaped density of states. In the second work [4] we show that the unique combination of symmetries and low
band splitting in moiré systems allow for superconducting phases that are protected by symmetry to be entirely
band off diagonal. This leads to exotic spectral properties that can also explain the experimental tunnel data. We
further show that both the dominant intervalley phonons [5] as well as the fluctuations of the correlated insulator
(T-IVC, based on [6]) will stabilize this pairing state.

A2: Superconducting diode effect. Involvement in the discovery [7] and development of theory [8, 9, 10] for the
superconducting diode effect in a graphene moiré system at zero magnetic field. The basic theory we developed,
which is based on valley polarization, is very likely also relevant to much more recent experiments on rhombohedral
graphene [11] and twisted MoTey [12], showing valley-polarized superconductivity. The superconducting diode
effect, where a superconductor exhibits different critical currents along opposite directions, has recently gained
attention due to an experimental demonstration of it [13] in the presence of external magnetic fields. For quantum
technological applications, however, the external field has significant drawbacks. Another key quantity one is
trying to maximize is the asymmetry in the critical current. Inspired by our previous theory work on trilayer
graphene [14], we noticed that the superconducting phases of this system, when spin-orbit coupling is induced,
would be an ideal candidate for the diode effect, even without external fields, as demonstrated experimentally in
Jia Li's group [7]. One particularly intriguing property of the superconducting diode effect in trilayer graphene
is the extremely large critical current asymmetry which is not only ideal for applications of the effect but also
poses serious theoretical challenges. In Ref. [9] (and later [10] including dissipative effects), we developed the first
theory that could explain such large current asymmetries.

In [15], we showed that a diode effect is possible even in the absence of net magnetization, which, however,
requires specific point groups and forms of magnetic order; we classified all scenarios that allow for such an
“altermagnetic diode effect” for 2D systems. A concrete realization of it is provided by the co-planar order in
MnsPt proximitized by a superconductor [16], in agreement with experiment [17].

A3: In multiple works, we have addressed the relevance of the quantum geometry and topology of the
non-interacting band structure for the correlated many-body physics, from different perspectives. Most recently,
we showed that, in the absence of time-reversal symmetry in the normal state, non-trivial quantum geometry
in the Bloch states can make any superconductor unstable against non-magnetic impurities [18]; this form of
“quantum geometric pair breaking” can also be reformulated as an obstruction to localizing the Cooper-pair wave
function and is relevant, for instance, to rhombohedral graphene or superconducting altermagnets. Remarkably,
disorder is then even capable of stabilizing a topological and/or triplet superconductor.

In Ref. [19], we derived the constraints coming from a short-range interaction being projected onto a topological
band. In the ideal Chern band limit, analytical progress is possible and we show how the quantum geometry of
the band induces a length scale in the Cooper pair wave function, given by the typical separation of the paired
electrons.
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What is more, we have shown that the topology of the moiré bands in twisted WSes leads to a competition
of different pairing channels [20] and analyzed the role of quantum geometry and interband processes for the
proximity effect in experiments on twisted bilayer graphene junctions [21].

A4: Unsupervised learning of topology. Development and demonstration of the first unsupervised machine
learning approach that can reliably capture topological invariants and topological phase transitions [22]. Topological
transitions were difficult to capture with previously considered machine-learning models, even with supervised
learning, see, e.g., [23]. Our approach captures the central notion of topology efficiently by learning homotopies
between samples from “diffusion” on the data set. We further show that the procedure can be mapped to an
auxiliary quantum problem, establishing a novel and very general connection between topological invariants
and the spectrum of a seemingly unrelated Hamiltonian. In Ref. [24], we have shown how the procedure can
be combined with path finding techniques to capture symmetry-protected topological phases efficiently without
human supervision. In Ref. [25], we demonstrated that this technique can also conveniently probe the intrinsic
topological order of spin liquids.

A5: Validation and further refinement of effective field theories for the 2D Hubbard model and high-
temperature superconductors through quantitative comparison with numerics [26] and experiment [27].
Despite long-lasting research efforts, there is still no consensus on many phases of the 2D Hubbard model or
the high-temperature superconductors, in particular on the notoriously puzzling pseudogap state. While both
experimental and numerical techniques have been improving significantly in the last few years, detailed and
quantitative comparisons with effective field theories for these systems are required in order to pinpoint the
underlying physics. We have filled this gap in [26] by matching the predictions of an effective gauge theory with
dynamical mean-field theory (DMFT) and quantum Monte Carlo simulations of the Hubbard model; in [27], we
also found good agreement of the same field theory with photoemission data on an electron-doped cuprate.

AG: Derivation of general (i.e., independent of microscopic details, such as number/character of bands) relations
between the mechanism of superconductivity, the symmetry, and topology of the resulting condensate, valid
beyond mean-field theory [28]. These relations do not follow from model studies, but rather from Ward identities
and the general structure of Eliashberg theory. They imply that the observation of time-reversal-symmetry breaking
at a superconducting phase transition or the interaction-induced emergence of a topological superconducting
state necessitate (a) that the underlying pairing mechanism must be unconventional, i.e., it cannot be dominated
by phonons. Furthermore, it follows (b) that the collective electronic mode that provides the pairing glue must be
time-reversal odd. Similarly, we proved in [29] that time-reversal symmetry can only be broken at a superconducting
transition in a 2D spin-orbit-coupled material if the normal-state has a three-fold rotational symmetry; this
connects normal-state symmetries to the topological classification of the superconducting state. Naturally, these
general results have found important applications in various complex multi-orbital superconductors.

AT: Derivation of a general, “algebraic” form of the Anderson theorem, i.e., a criterion for the protection of
superconductivity against (weak) disorder, that is expressed solely in terms of (anti)commutators of the order
parameter, disorder potential, and normal-state Hamiltonian [30, 31, 32]. Due to the purely algebraic form of the
condition, it can be applied in any single-particle basis, and has found many applications, see, e.g., [33, 34, 35].
We recently extended it to the case where the clean normal-state Hamiltonian does not respect time-reversal
symmetry [18]. In this latter work, we further derived a general relation between the disorder sensitivity of the
most stable superconductor and the two-particle quantum geometry. This allowed us to introduce the scenario
of “quantum geometric pair breaking” (see also A3) where the only source of pair breaking comes from quantum
geometry.

A8: Exactly solvable dissipative spin liquid. In Ref. [36], we constructed the, to the best of our knowledge,
first exactly solvable model of a spin liquid coupled to the environment in a non-trivial way. By introduction of
Majorana fermion and emergent gauge-field superoperators in a doubled Hilbert-space formalism, the Lindbladian
can be diagonalized and the full operator spectrum can be obtained. In combination with an extensive number of
symmetries, this can be used to derive the different relaxation time scales for different classes of observables,
without any approximations. In this way, we identified different regimes of “fractionalized pre-thermalization”,
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where the relaxation time scales for the different fractionalized degrees of freedom have very different parametric
dependence on the coupling strength to the environment.
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