# Possibility of Superconductivity and Functional Electronic States
at Ferroelastic Domain Boundaries in Cu/S—Pbs(PQO.):

During our investigation of decades of accumulated research on ferroelastic
domains and domain boundaries, we identified a highly intriguing research
direction.

Ferroelastic domain boundaries are not merely interfaces separating two
crystalline regions.

They can serve as functional spaces in which strain, dopants, charge carriers, and
local polarity interact, potentially generating electrical conductivity, magnetic
responses, photoelectric properties, and even superconducting states that do not
exist in the bulk material.

Based on these previous studies, we are investigating the hypothesis that
semiconducting functionality and localized superconducting states may emerge
at the ferroelastic domain boundaries of Cu- and S-incorporated Pbs(PO.)..

# Functionality of Ferroelastic Domain Boundaries

Ferroelastic domain boundaries can exhibit physical and chemical properties
distinct from those of the bulk material.

Large strain and strain gradients are concentrated at the center of a domain
boundary, potentially producing local symmetries and atomic arrangements that
differ from the average bulk structure.

Because domain boundaries can have chemical potentials and defect formation
energies different from those of the bulk, particular dopants, oxygen vacancies,
and lattice defects may preferentially migrate to or become stabilized at these
boundaries.

Dopants and defects concentrated at domain boundaries can modify atomic
oxidation states, charge distributions, carrier concentrations, bonding
environments, and spin states.

Such local electronic reconstruction may generate polarity, electrical conductivity,
magnetic responses, photoelectric properties, semiconducting functionality, and
superconducting states that are absent from the bulk material.



# Reported Superconducting Cases in Ferroelastic Systems

In oxygen-deficient WOs—, highly conductive twin walls distinct from the bulk
were observed, and sheet superconductivity at approximately 3 K was reported at
these domain walls.

In WOs exposed to Na vapor, Na was also observed to preferentially migrate and
accumulate along the twin walls.

This provides direct evidence that ferroelastic domain boundaries can act both as
migration pathways for dopants and as regions of local dopant enrichment.

In separate studies of sodium tungsten bronzes, bulk superconductivity in
Na,WOs was first reported at approximately 0.57 K.

In surface Na-doped WOs, localized superconducting islands measuring
approximately 20—150 nm were observed below about 91 K. These regions
occupied approximately 10% of the sample surface, while the remaining regions
retained insulating behavior.

In oxygen-deficient WO:2.9, candidate signatures of filamentary
superconductivity were reported near 80 K, and the characteristic temperature
increased to approximately 94 K following Li intercalation.

The researchers interpreted these localized states as being associated with
crystallographic shear planes enriched in charge carriers.

Together, these studies demonstrate that spatially confined structural regions
enriched with dopants and defects can provide a platform for localized
superconducting states that do not fully percolate throughout the bulk material.

# Why We Focus on Pb3(PQs):

Pbs(PO4): is a representative ferroelastic material that undergoes a structural
phase transition at approximately 453 K, from a high-temperature trigonal phase
to a low-temperature monoclinic phase, forming ferroelastic twin domains.

Studies by Salje and colleagues have shown that the domain boundaries in
Pbs(PO4): form nanometer-scale local structural regions that can possess
structural and chemical properties different from those of the average bulk
structure.

In Salje’s 2012 comparative data, the total twin-wall thickness, (2w), of Pbs(POa)2
was summarized as approximately 0.8 nm by TEM and less than 1.3 nm by X-
ray diffraction.

Although bulk Pbs(POs): is a centrosymmetric, nonpolar ferroelastic material,



local polarity absent from the bulk was directly observed at the W and W' domain
boundaries.

It was also reported that the introduction of Ca** and Mg?* significantly increased
the second-harmonic-generation signal from the domain boundaries, indicating
enhanced local polarity.

These findings provide important precedent demonstrating that the functionality
of Pb3(PO4): domain boundaries can be controlled through elemental
incorporation.

# Our Hypothesis for Cu/S—Pbs(PQO.):

Based on these previous studies, we are investigating the following hypothesis.

When Cu and S are incorporated into Pbs(POa)2, some of the dopants and
associated defects may become selectively concentrated at the ferroelastic
domain boundaries.

Cu/S incorporation may alter the local coordination environments, oxidation
states, charge distributions, and carrier states of Pb and Cu.

Changes in the bonding environment induced by Cu/S incorporation may affect
the local polarity and internal electric fields formed at the domain boundaries.

The incorporation of Cu and S may also modify the rotation of POs tetrahedra,
Pb—O and Cu-O coordination, oxygen bond angles and bond lengths, and the
monoclinic lattice distortion.

If these structural distortions and electronic-state reconstructions become
concentrated at the domain boundaries, they may generate low-dimensional
conduction pathways, nonlinear electrical transport, functional semiconducting
properties, and localized superconducting states that are distinct from the bulk
material.

Our central hypothesis can therefore be stated as follows:

The ferroelastic domain boundaries of Cu/S-incorporated Pbs(POs). provide a
functional space in which strain, local polarity, dopants, and charge carriers
interact, potentially enabling semiconducting functionality and localized
superconductivity.

We are currently investigating Cu/S-incorporated Pbs(PO4): in which no
crystalline secondary phase was detected by X-ray diffraction, using analyses of
crystal structure, chemical bonding states, electrical transport, magnetic
properties, and electronic structure.



Based on the structural distortion, nonlinear conduction transitions, temperature-
dependent hysteresis, and weak magnetic responses observed in bulk samples, we
are studying the electronic states associated with the domain boundaries.

In subsequent thin-film studies, we plan to verify the spatial correlation between
the domain structure and local conduction pathways.

We regard ferroelastic domain boundaries not simply as crystalline defects, but
as a low-dimensional materials platform through which new conductive, polar,
magnetic, and superconducting functionalities may be designed.

# Major Experimental Results to Date
Resistance Drop at 150-220 K
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The resistance-drop region was fitted using the percolation model

p(T)=A(T-T c) t +p 0 The fitting produced the following values: T ¢ =157.5K /
t=1.22 /R>~0.91

A percolation exponent of approximately 1.22 lies within the low-dimensional
percolation range associated with one- to two-dimensional behavior, within
experimental uncertainty.

Mathematically, this suggests that the observed electrical-transport behavior is
compatible with low-dimensional conduction pathways and is consistent with the
hypothesis of conductive channels along domain boundaries.



The observed percolative transition may be considered a candidate
superconducting critical-temperature feature, but it may also be explained by
domain-related avalanche dynamics.

Nevertheless, the resistivity following the resistance drop reaches approximately
(1\ \mu\Omega\cdot\mathrm{m}), corresponding to a semimetallic resistivity
range.

Previous studies have shown that complete zero resistance may not be observed
when superconducting channels at domain boundaries do not fully percolate
throughout the sample. Considering these findings, the possibility of localized
superconductivity cannot be ruled out.

Crystallographic Indications in the Resistance-Drop Sample

WD mag @ | de use case

ag @ s
10.1 mm 2 500 x OptiPlan 508 um 220V Apreo ChemiSEM

201 008

185 286

6 922




SEM analysis revealed a crystallographic lamellar structure associated with
ferroelastic domains in the sample exhibiting the resistance drop.

The phase and kernel average misorientation (KAM) analyses were consistent
with the expected characteristics of ferroelastic domains.

In addition, the tendency of the Kikuchi-pattern and grain misorientation angles
to become concentrated near characteristic angles of approximately 30° and 60°
is consistent with the crystallographic characteristics of ferroelastic twinning.
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