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The twistronics paradigm, within which the rotation of crystal layers is used
to engineer electronic properties, has revolutionized the study of two-
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three-dimensional bulk systems, where structural manipulation is inherently
more complex, still requires further investigation. In this paper, we analyse
the possibility of applying twistronics principles to bulk superconducting
metals, namely, Ta (a classical type-I superconductor) and MoRe (a type-II
superconductor), by means of the combined extreme torsional stress and hy-
drostatic pressure. Our results show that the superconducting properties of
both materials, as determined by the ratio of the superconducting gap to the
critical temperature, increase systematically under this dual loading. We
believe that macroscopic torsion is a promising way to extend twistronics con-
cepts to bulk superconductors and to engineering mechanically their supercon-
ducting properties.

Key words: twistronics, hydrostatic pressure, torsional stress, superconduct-
ing characteristics, amorphization.

ITapagurma TBiCTPOHIKY, B IKili BUKOPUCTOBYETHCS 00ePTaHHA KPUCTATIUHIX
mapiB A iHKeHepil eJIEeKTPOHHUX BJIACTUBOCTEMH, 3pO0OMIIa PEBOJIIOIIIO ¥ BU-
BUEHHi JBOBUMipHUX KBAHTOBUX MaTepisanaiB. OgHAK MOITUPEHH Iiel KOHIIe-
mITii Ha TPUBUMIipHi 06’eMHi cucTeMu, e CTPYKTYPHA MAaHIIyAAIisa € 3a CBOEIO
CYTTIO CKJAIHIIIOIO, IIfe moTpedye cBOro mociimikeHHs. B mamiit podori mu
aHaJII3yeMO MOYKJIMBICTH 3aCTOCYBaHHA IPUHIINIIB TBiCTPOHIKY 0 00’ €MHUX
HaAmpoBigHMX MeTaniB, — Ta (KJacuuHUIT HAAMPOBIAHUK MEPIIOTO TUIY) Ta
MoRe (#aanpoBigHUK APyroro THUIy), — 3a JOIIOMOI'0I0 KOMOiHOBaHOT'O €KCT-
PEMaJIBHOTO KPYTMJILHOTO HANIPYKEHHA Ta rixzpocratuyHoro tucky. Harri pe-
3yJbTAaTU MOKAa3yIOTh, IO HAAIIPOBiAHI BIacTUBOCTI 000X MaTepisaaiB, 110 BU-
3HAYAIOTHCA BiJHOINIEHHAM IMIUPUHU HAAIPOBIAHOI IIiIMHYN 40 KPUTUYHOIL Te-
MIIepaTypu, CHCTEMATUYHO 3POCTAIOTH 34 I[HOTO IIOJBIHOTO HaBaHTAYKEHHH.
Muwu BBaxkaemo, 110 MAaKPOCKOIIiUYHE KPYUEHHSA € IMIEPCIEKTUBHUM IIJIAXOM II0-
IMUPEHHA KOHIIEIIil TBiCTPOHIKM Ha 00’€MHI HAAIPOBIJHUKY Ta MeXaHiuHOI
iHxeHepil IXHIX HAAIPOBIZHMX BIACTUBOCTEM.

Karouogi ciioBa: TBiCTpOHiIKA, TrigpocTaTUUYHMEI THUCK, KPYTUJIbHE HALIPY KEH-
Hs, HAATIPOBiTHI XapaKTepucTuKu, amopdisaiis.

(Received 12 March, 2026; in final version, 13 March, 2026 )

1. INTRODUCTION

The exploration of quantum materials through controlled structural
manipulation has emerged as a dominant paradigm in condensed matter
physics. Among the most exciting developments in this field is twistron-
ics, the deliberate rotation of crystalline layers to create long-period
moiré superlattices. This approach gained prominence following the dis-
covery of correlated insulating states and unconventional superconduc-
tivity in magic-angle twisted bilayer graphene [1, 2]. The core principle
that a simple geometric parameter (the twist angle) can dramatically re-
shape the electronic band structure, flatten bands, and enhance electron
correlations has since been extended to a wide range of two-dimensional
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(2D) van der Waals heterostructures, including transition metal dichal-
cogenides and other layered systems [3, 4]. These studies have predomi-
nantly focused on atomically thin, layered crystals where interlayer
coupling can be precisely tuned via rotational alignment.

While the toolkit for twistronics in 2D materials is now rich and so-
phisticated, a fundamental question remains: can the twistronics par-
adigm, the use of rotational degrees of freedom to engineer electronic
phases, be translated to bulk, three-dimensional (3D) quantum materi-
als? Most conventional superconductors and strongly correlated mate-
rials are not inherently layered in a manner amenable to mechanical
stacking and rotation. Yet, the potential to modulate their electronic
properties via a ‘twist’ could open a vast new landscape for materials
design, especially if such a twist can be induced via macroscopic me-
chanical deformation rather than precise nanoscale assembly.

In this work, we confront this question by applying a twistronics
methodology to bulk superconducting metals. We investigate two arche-
typal superconductors: tantalum (a classic, elemental type-I supercon-
ductor) and molybdenum-rhenium binary alloy (a high-performance,
type-II superconductor with relatively high critical temperatures and
critical fields [5]). Instead of constructing van der Waals stacks, we sub-
ject disc-shaped samples of these materials to a combined extreme tor-
sional strain and hydrostatic pressure using a large-volume press
equipped with a torsional mechanism [6, 7]. This experimental configu-
ration imposes a macroscopic twist gradient across the thickness of the
disc, analogous to a continuous distribution of twist angles while simul-
taneously compressing the material to high pressures. The high-pressure
environment also allows us to probe the interplay between mechanical
deformation and electronic phase stability under conditions that signifi-
cantly modify lattice parameters and electron—phonon coupling.

Our results demonstrate that the superconducting properties of
both Ta and MoRe parametrized by the ratio of the energy gap A and
the critical temperature 7T. evolve systematically and non-
monotonically under this combined torsional-pressure loading. We ob-
serve distinct responses between the two materials, which is attrib-
uting to their differing electronic structures, intrinsic deformation
mechanisms, and phonon spectra. In general, our work suggests that
mechanical structuring, particularly through controlled torsion under
pressure, is a versatile, largely unexplored route to designing and dis-
covering novel quantum states in a wide array of bulk materials.

2. HIGH-PRESSURE TORSION METHOD FOR STRUCTURAL
AMORPHIZATION

The continuous pursuit of advanced materials that combine high
strength, low density, excellent corrosion resistance, and sufficient
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ductility drives innovation in materials processing. Among the various
strategies, strain engineering has proven to be an exceptionally effec-
tive approach for manipulating fundamental mechanical properties.
This is prominently realized through severe plastic deformation (SPD)
techniques, which refine microstructures leading to significant prop-
erty modifications [7]. A particularly notable SPD method is high-
pressure torsion (HPT) [8]. In this process, the sample, typically as a
disc, is subjected to intense torsional shear strain under simultaneous
application of high hydrostatic pressure between two anvils. As high-
lighted in the literature [7, 8], HPT stands out as an ideal platform for
fundamental research due to the relative ease and precision with which
key parameters as imposed strain, strain rate, pressure, and tempera-
ture can be controlled. The application of gigapascal-level pressures
enables the processing of a remarkably broad spectrum of materials,
including those that are inherently hard or brittle, which are often
challenging to deform by other means. The HPT process is exceptional-
ly efficient at producing bulk samples with ultrafine-grained (UFG) or
even nanocrystalline scale microstructures. These materials have at-
tracted considerable interest due to their exceptional mechanical prop-
erties, which often include significantly enhanced strength compared
to their coarse-grained counterparts. Furthermore, they can exhibit
novel behaviours such as low-temperature superplasticity or improved
creep resistance. Beyond bulk properties, careful control of HPT pa-
rameters allows for the engineering of surface characteristics, includ-
ing roughness and sub-surface microstructure [7]. The functional
properties of HPT-processed materials are also of great interest, open-
ing potential applications in diverse fields such as corrosion protection,
catalysis, biotechnology, thermoelectric energy conversion, and hydro-
gen storage.

A fascinating and less-explored consequence of the extreme shear
deformation and nanostructuring induced by HPT is its profound im-
pact on the superconducting properties of metals. The reduction of
crystallinity and introduction of severe lattice disorder can markedly
alter superconducting characteristics [9—13]. For instance, studies have
demonstrated an increase in the superconducting critical temperature
in elemental metals like rhenium and niobium [9, 10] and a MoRe alloy
[13] after HPT processing. The resulting bulk nanostructured samples
are polycrystalline metals with UFG microstructures, where the en-
hancement of T. has been tentatively attributed to quantum size effects
or to a postulated increase in the electron—phonon coupling strength.

A central hypothesis guiding this research is that the key to under-
standing the evolution of superconductivity under HPT lies in the
amorphization of the material [14]. Conventional methods for produc-
ing amorphous metallic states, primarily in thin-film forms suitable for
microelectronic devices, include techniques like vapour deposition onto
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cooled substrates, particle irradiation, and ion-beam mixing [15]. The
HPT method offers a distinct advantage since it can induce a crystal-to-
amorphous transition directly in bulk form, circumventing limitations
imposed by critical cooling rates [7, 8]. In such a state of strong disor-
der, two primary, non-exclusive mechanisms can influence supercon-
ductivity. The first one is a reduction in the effectiveness of electronic
screening, which can weaken the phonon-mediated attractive pairing
interaction due to enhanced electron—electron Coulomb repulsion, po-
tentially suppressing T'. although sometimes enhancing it [16]. The sec-
ond possibility is an increase in the effective electron—phonon coupling
strength linked to the emergence of a ‘boson peak’ in the vibrational
density of states typical for disordered systems[17, 18]. Below we com-
pare the effect of amorphization on superconductivity produced in pure
tantalum and molybdenum-rhenium alloy by HPT treatment, partly
using our preliminary results for the latter material [13].

3. EXPERIMENT

Tantalum and molybdenum—rhenium alloy represent two distinct clas-
ses of superconducting materials: Ta is an elemental superconductor,
while MoRe is a transition metal alloy. Their differences in crystal
structure and electron—phonon coupling lead to significant variations
in their superconducting parameters, making them suitable for differ-
ent applications in cryogenic engineering and physics research. Tanta-
lum has a critical temperature of about 5 K that places it among the
higher-T. elemental superconductors, though it is still firmly in the
low-temperature regime requiring liquid helium cooling. In contrast,
the MoRe alloy typically exhibits a higher critical temperature that
depending on the specific composition (usually around 41% Re by
weight) ranges between 10 K and 12 K. The higher transition tempera-
ture allows MoRe to operate at slightly higher thermal margins com-
pared to Ta. Tantalum is a ductile metal with a high melting point. It is
relatively easy to fabricate into thin films or wires, which is why it is
often used in superconducting resonators and quantum computing cir-
cuits where low loss and purity are paramount. MoRe alloy is notable
among high-field superconducting alloys for its ductility. In contrast
to many type-II superconductors, MoRe is ductile even after heat
treatment. This allows it to be drawn into wires or machined into com-
plex shapes more easily than brittle ceramic superconductors, facili-
tating its use in specialized cryogenic electronics and structural super-
conducting components.

Thin-film layers of Ta and a MoRe alloy were deposited via magne-
tron sputtering from a target onto sitall and sapphire substrates. X-
ray photoelectron spectroscopy (accurate to 5—6 at.%) verified that
the film composition faithfully matched the target. For the HPT
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Fig. 1. Schematic diagram of HPT treating process.

treatment, 1 mm thick plates (1.5x2 mm in area) were positioned be-
tween two highly polished, high-carbon steel anvils with a diameter of
45 mm, enclosed in an outer casing. A substantial uniaxial pressure
was applied. Sustaining this pressure, the upper anvil was rotated
through five complete revolutions. This torsional movement caused
extreme shear deformation exclusively on the upper surface of the
sample. Due to friction against the anvil, the upper surface was struc-
turally altered into a mirror-smooth finish, while the bottom surface
remaining stationary against the lower anvil retained its original
structural and topographical state. The test superconductor was offset
from the device central axis to increase the torsional effect, and a sec-
ond identical sample was added for symmetry (see Fig. 1).

4. POINT-CONTACT SPECTROSCOPY BEFORE AND AFTER HPT
PROCESSING

The main objective of the work was to gain a deeper knowledge of the
underlying physical mechanisms responsible for the T. enhancement
and to assess the potential of HPT as a novel, effective tool for engi-
neering superconducting states. Previous investigations relied pre-
dominantly on macroscopic measurements, which, while valuable,
provide an averaged picture. To gain a more fundamental understand-
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ing, our study presents the local probe investigation of superconduct-
ing properties in samples before and after HPT processing, utilizing
the powerful technique of point-contact spectroscopy. Point-contact
spectroscopy was selected as the optimal diagnostic methodology, as it
provides highly localized, direct analytical data regarding the ampli-
tude and symmetry of the superconducting order parameter [19]. The
analysis was conducted by establishing a micro-junction between a
normal-metal (N =Ag) tip and the superconducting sample (S=Ta or
MoRe). Utilizing a standard three-probe methodology, the current-
voltage characteristics I(V) and the differential conductance of the
N/S contact G(V)=dI(V)/dV, the derivative of the current I through
the contact with respect to the voltage bias V, were systematically
measured. To preserve the pure effects of the HPT process, the natural
roughness of the remaining surfaces was intentionally left untreated.
The spectroscopic data revealed a striking difference depending on
the surface measured. For the surface that was in contact with the sta-
tionary lower anvil during HPT (and thus experienced minimal shear),
the superconducting characteristics showed no fundamental change.
In contrast, the measurements performed on the upper, mirror-smooth
surface, which underwent severe shear deformation, exhibited funda-
mentally altered I(V) and G(V) curves. This direct comparison for Ta
and MoRe samples presented in Figs. 2 and 3 provides convincing local

1.0

0.8F
D:Z 0.6-'
~
K 0.4

0.2¢ ——P=0kbar

I —+P =60 kbar
0.0 : . : R , : . . .
0.9 1.0 LI 1.2 -8 4 0 4 8
T/T, eV/k,T,
a b

Fig. 2. Ag/Ta point contact: temperature-dependent resistances normalized
to their normal-state values as functions of T/T. ratio, where Tco=T(P =0
kbar) (a) and differential conductance G(V)=dI(V)/dV normalized to their
normal-state values Gwn as functions of the eV/(ksT.) ratio measured at
T=4.2K at the upper surface of the Ta sample before (P =0 kbar) and after
(P #0kbar) HPT treatment (b). Fitting parameters for calculated G(V) charac-
teristics were Ao=0.39meV, Io=0, and AP=0.79meV, TI'»=0.38 meV,
Zo=Zp=0. The ratio of the critical temperatures T'.r/To=1.11. The indices O
and P refer to the superconducting states before and after HPT treatment,
respectively.
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Fig. 3. Ag/MoRe point contact: temperature-dependent resistances normalized
to their normal-state values as functions of the T'/ T ratio, where Teco=T«(P =0
kbar) (a) and differential conductance G(V)=dI(V)/dV normalized to their
normal-state values Gv as functions of the eV /(ksT) ratio measured at T=4.2 K
at the upper surface of the MoRe sample before (P =0kbar) and after (P=#0
kbar) HPT treatment (b). Fitting parameters for calculated G(V) characteris-
tics were Ao=0.81meV, I0=0.18, and AP=1.59meV, T'r=1.51meV,
Zo=Zp=0. The ratio of the critical temperatures T'.r/ T =1.06. The indices O
and P refer to the superconducting states before and after HPT treatment,
respectively.

evidence of the profound change in superconducting properties caused
by the HPT process, in particular associated with the shear-deformed
surface layer, and serves as a basis for a detailed analysis of the role of
the amorphization mechanism in enhancing T..

The appearance of the differential conductance G(V) as a function of
the voltage bias V alone allows us to assess the quality of the contact
between N tip and S material being studied. In the case of ideal N/S
contact, all electrons injected from the normal metal are reflected as
quasi-hole excitations, resulting in the G(V =0) value doubling com-
pared to the corresponding normal value. If the N/S contact resistance
is significant (usually, due to the presence of a metal oxide), the proba-
bility of the simultaneous passage of two electrons forming a Cooper’s
pair through it becomes extremely small, and the conductance at zero
bias voltage is negligible. Within the framework of the BTK theory
[20], the electron scattering efficiency at the N/S interface is de-
scribed by a dimensionless parameter Z, which is proportional to the
height and width of the potential barrier separating the two metals
(Z =0 corresponds to the absence of a barrier). Another governing pa-
rameter, which takes into account the smearing of the BCS gap edge
singularity and additional states in the sub-gap region due to a finite
quasiparticle lifetime, as well as the temperature effect, is known as
the Dynes parameter I'. Thus, the shape of the differential conductance
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of an N/S junction normalized to its normal value is described by three
parameters: the superconductor energy gap A, the effective barrier
strength Z, and the Dynes parameter I'. The captions to Figs. 2 and 3
show their values for studied Ta and MoRe alloy slabs, respectively.

Following our previous article [13], we determined the critical tem-
perature as the onset of the diamagnetic response at a level of 0.9Ry
where Ry=1/Gy, Ry and Gw are the resistance and conductance in the
normal state. In this case, our values of the critical temperature are
slightly overestimated compared to most literature data. Here, howev-
er, we are interested not so much in the T. values themselves, but ra-
ther in their variations after the HPT treatment and, moreover, in the
changes in the ratio of the energy gap A, reconstructed from the point-
spectroscopy data, to T.. As is known, this ratio is a characteristic of
the electron—phonon coupling strength in the superconductor under
study [21]. In both as-prepared films, it equals 2A/T.=2.0-2.1, which
is significantly less than the BCS value of 3.528 and can be attributed
to the depletion of the superconducting density of states near the sur-
face [22]. However, after HPT processing, the 2A/T. ratio in both su-
perconductors increases to values from 3.7 to 3.8, indicating the pres-
ence of moderate electron—phonon coupling. This can be clearly seen
from a comparison of the corresponding point-contact measurements
(see Fig. 2, b and Fig. 3, b, where the two normalized G(V)/Gn(V) char-
acteristics are shown as functions of the eV/(kgT.) ratios; kg is the
Boltzmann’s constant). According to the standard BTK theory [20],
the distance between points on a zero-bias peak in the G(V) peak where
the intensity is a half of the maximum amplitude provides an estimate
of the 2A value. Thus, normalization by T. gives us an estimate of
2A/T.. Comparison of the two curves in Fig. 2, b and Fig. 3, b clearly
shows a nearly twofold increase in this ratio, reflecting a noticeable
increase in the electron—phonon coupling.

5. AMORPHIZATION IMPACT ON SUPERCONDUCTING
CRITICAL PARAMETERS

The influence of amorphization on the critical parameters of super-
conductors is a complex phenomenon rooted in the principal relation-
ship between a material’s structural order and its electronic proper-
ties. The process of disrupting a highly-ordered crystal lattice to create
a disordered, glass-like state fundamentally alters the environment, in
which Cooper’s pairs form and travel. This structural disruption can
be induced through various methods, including the HPT process. The
resulting disorder impacts each of the critical superconducting param-
eters in distinct, and, sometimes opposing, ways.

The critical temperature T. is generally highly sensitive to the
structural integrity of the material. In a superconductor, T, is gov-
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erned by the electronic density of states at the Fermi level and the pho-
non spectrum, both of which are intimately tied to the crystal lattice.
For many highly optimized crystalline superconductors, such as high-
temperature cuprates or specific intermetallic compounds, amorphiza-
tion destroys the precise crystal symmetry required for their specific
pairing mechanisms, leading to a drastic suppression or complete erad-
ication of superconductivity. However, the effect is highly material-
dependent. In certain transition metal alloys, the transition to an
amorphous state can broaden the electronic density of states. While
this smears out sharp peaks that might favour high T. in a crystal, it
can also stabilize the superconducting phase against structural insta-
bilities, resulting in a robust, albeit sometimes lower, critical tempera-
ture that is highly resistant.

Generally, the Anderson’s theorem provides important theoretical
context for understanding these effects since it states that non-
magnetic disorder should not suppress T. in conventional supercon-
ductors with s-wave pairing, provided the disorder is weak. However,
the theorem applies strictly only at zero temperature and in idealized
conditions. In real amorphous superconductors, the situation is more
nuanced. Strong disorder can break the assumptions underlying An-
derson’s theorem, while magnetic impurities introduced during amor-
phization can have severe pair-breaking effects. Additionally, the the-
orem does not directly address changes in the density of states or the
role of disorder in destabilizing the superconducting phase in materi-
als with short coherence lengths or unusual pairing mechanisms. The
microscopic mechanisms underlying the amorphization effect involve
changes in the electronic density of states at the Fermi level, altera-
tions in electron—phonon coupling strength, and modifications to the
superconducting gap structure. In amorphous materials, the absence
long-range order results in a broadened density of states and smearing
of band edges. This can reduce the effective coupling constant for su-
perconductivity, particularly affecting materials, where the density of
states at the Fermi level plays a crucial role in determining T.. Never-
theless, amorphization can play positive role in superconductors with
the dominating impact of the phonon spectrum. In this case, the disor-
der-caused growth of the electron—phonon interaction strength

A= 2‘[ a’F(o)o 'do,
0

where 02F(w) is the Eliashberg’s electron—phonon spectral function, is
controlled by an enhancing role of low-frequency transverse phonon
excitations. The significant increase in the 2A/T. ratio under the HTP
impact proves that this is just the scenario realized in our experiments.
It should be noted that the question of amorphization of two-band su-
perconductors, which include molybdenum—rhenium alloy [23, 24] and
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the most famous representative of which is magnesium diboride [25],
remains completely open. Definitive answers to the arisen questions
are a task for future research.

6. SUMMARY

This study establishes ‘bulk twistronics’ as a viable and powerful ex-
perimental technique. It expands the twistronics concept far beyond
the realm of 2D van der Waals crystals, proving that rotational de-
grees of freedom (even when imposed as a macroscopic shear) can serve
as a highly effective tuning knob for superconductivity in convention-
al metallic systems. The continuous and reversible nature of mechani-
cal deformation offers a highly tuneable platform for exploring the
stability boundaries of superconducting states and their interplay with
lattice degrees of freedom. Furthermore, by comparing two supercon-
ductors with fundamentally different electronic characters (a single-
band elemental metal versus a two-band alloy), we gain valuable, com-
plementary insights into the mechanisms that govern superconductiv-
ity under extreme strain.

Future research in this area should continue exploring the precise
mechanisms linking amorphization to critical parameter changes, the
role of different types of disorder in various superconducting systems,
and the development of materials that significantly enhance supercon-
ducting properties despite increased amorphization. We expect that
bridging concepts from strain engineering, high-pressure physics, and
topological materials science, advanced characterization techniques
and theoretical models will refine our understanding of these complex
phenomena contributing to both fundamental superconductivity sci-
ence and practical device development.
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