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Challenging Unconventional Superconductivity
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Recent research achievements as well as the achievements of four years of activities at the Toyota
Riken-Kyoto University Research Center (TRiKUC) are reported. Identifying unconventional pairing states
in superconductors — prototypical quantum materials — remains a central challenge in contemporary
condensed-matter physics. Thirty years after the discovery of unconventional superconductivity in the
layered ruthenate Sr,RuQ,, intensive international efforts continue to clarify the nature of its superconducting
state. Using muon spin rotation (uSR) to probe the spin state of Cooper pairs, we identified limitations in
conventional measurement methods and, by introducing a new protocol, verified spin-singlet-like behavior.
In parallel, while previous experiments reported conflicting responses of the superconducting transition
temperature to crystal strain, our newly developed shear-strain measurements more directly constrain the
dimensionality of the superconducting order parameter. We further investigated ruthenium dioxide RuO,,
recently proposed as a candidate altermagnet — a third class of magnetic material distinct from ferro- and
antiferromagnets. By synthesizing exceptionally high-quality single crystals, we conclusively demonstrate
the absence of any magnetic transition, thereby resolving the ongoing controversy.
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Fig. 1 Electron pairs in conventional and unconventional superconductivity.
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Fig. 2 Crystal structure common to Sr,RuO, and high-7, copper oxide.
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Fig. 3 Some of the proposed superconducting symmetries of Sr,Ru0O,.
Left, 1D irreducible representation states: d-wave (top) and
accidentally degenerate d + ig-wave (bottom) states. Right, 2D
irreducible-representation states: nematic d-wave (top) and
chiral d + id-wave (middle) states. Previously proposed spin-
triplet, chiral p-wave state (bottom right) is not consistent with
the recent NMR results. The time-reversal symmetry (TRS) is
preserved for only the top two states; superconducting domains
may form in the three states, except for the d-wave state on the
top left5. The colors depict the superconducting gap amplitude.
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Fig. 4 Principle of probing the state of electron pairs using muons
implanted into a superconductor. Arranging multiple samples
side by side can cause problems due to stray magnetic fields.
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Fig. 5 A pitfall of a conventional experimental method. When multiple
crystals are arranged side by side (red), a signal opposite to the
intrinsic one is generated. Using one crystal (black) yields the
correct signal.
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Fig. 6 The combination of muon spin rotation (LSR) experiments and
superconducting quantum interference device (SQUID) mea-
surements provides microscopic insights into the behavior of
superconducting electrons.
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Fig.7 Muon spin rotation (LSR) confirmed the spin-singlet-like pairing
with improved precision compared with widely used nuclear
magnetic resonance (NMR) techniques.
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Fig. 8 Expected response of 7, with a shear strain. (Left) A kink
behavior for two component or two-dimensional order parameter.
(Right) No variation for a one-component order parameter.
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Fig. 9 Thin piece of Sr,RuO, glued to the surface of
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Fig. 10 Optical microscope imaging to quantify the magnitude shear
strain applied to the sample crystal.
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Fig. 11 Variations of 7, with shear strain in Sr,RuO,. Ultrasound results
shown with dotted lines suggest a strong variation with a kink,
whereas combination of the results of three pressure-stress
experiments suggests little change as shown with a green line.
New results with a direct application of shear strain establishes
that T, varies little.
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Fig. 13 High purity crystals of RuO, in various morphologies.
The residual resistivity ratio (RRR) reaches up to 1200.
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