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Abstracts

Recently researched aspect of superconductivity in low-dimensional systems has become highly captivating
owing to their advanced quantum phenomena at small dimensional scales. Thin films, nanowires, and high
purity, two-dimensional materials are among the systems that exhibit remarkable departures from normal
(bulk) superconductivity due to increased quantum confinement and electron correlations. In this article, we
will study the underlying universal principles of superconductivity in such systems and highlight their
tremendous potentials for next generation quantum technologies. Issues such as how to maintain the
superconductivity in reduced dimension, manage the effects of disorder, and raise critical temperatures are
critically examined.
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Superconductivity, an exotic quantum mechanical state characterized by zero electrical resistance and the
expulsion of magnetic fields, remains an outstanding foundation of modern physics and materials science.
Superconductivity was initially found in bulk materials, and the subject has been the focus of intense study
because of its fundamental importance and significant technological application possibilities. Because of the
direct strain induced in 2D materials, the exploration of superconductivity in low dimensional systems,
particularly in thin films, nanowires, and 2D materials, pushed further the boundaries of this field, discovering
novel properties and mechanisms that differ much from their bulk counterparts. These low dimensional
systems can exhibit unique quantum effects such as quantum confinement, reduced dimensionality, and
enhanced electron-electron interactions that are typically not realized in bulk materials, they are of singular
interest. So it has introduced new frontiers in basic science and applied superconductivity research in low-
dimensional systems (Rey et al., 2014 and Val’kov et al., 2021)

Additionally, 2D materials such as graphene and transition metal dichalcogenides (TMDs) show
unconventional superconductivity, which violates common wisdom, presenting opportunities for the
establishment of new theoretical theories. Such materials, which enable novel platforms for studying the
exotic states of matter, including topological superconductivity promising for robust quantum computing, are
available here. From a technological point of view, low-dimensional superconductors can change how many
fields operate vastly. It finds applications ranging from developing quantum bits (qubits) for quantum
computing to making ultra-sensitive detectors of magnetic fields and radiation. Additionally, the capability of
setting up superconductivity at the nanoscale allows for the development of new devices, including
superconducting transistors, Josephson junctions, and superconducting nanowire single-photon detectors
(SNSPDs). According to them, superconductivity in low dimensional systems, however, is not without its
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problems. Unfortunately, such systems are nearly universally dominated by their sensitivity to external factors
such as disorder, substrate interactions, and thermal fluctuations, which can suppress or modify their
superconducting properties. Achieving precise fabrication and characterization of low-dimensional
superconductors requires state-of-the-art technology and instrumentation, which complicates and increases the
costs of research (Kamlapure et al., 2022).

Furthermore, the theoretical and experimental development of new models that can explain the role of
quantum coherence and phase transitions in these systems also poses a challenge. There is now a growing
realization on the part of researchers that low-dimensional systems are the key to many quantum phenomena,
including superconductivity, as well as many potential scientific breakthroughs and technological advances.
Thus it will be promise of future innovations, from quantum computing and energy-efficient power
transmission to the creation of entirely new quantum materials.

Characteristics of Low-Dimensional Superconductors

Unique and often extraordinary quantum phenomena that are not observed in bulk counterparts are exhibited
by low dimensional systems, which present reduced spatial dimensions. In particular, the effects are
pronounced in two dimensional materials, in particular graphene and transition metal dichalcogenides (TMDs)
where quantum confinement dramatically modifies their electronic, optical, and superconducting properties.
For example, the spatial dimension of these materials is reduced, making materials especially sensitive to the
effects of quantum mechanics, which results in the appearance of exotic superconducting states. The
occurrence of this phenomenon is mainly caused by quantum confinement and weakening of Coulomb
interaction screening, which enhances electron—electron correlations and makes possible the onset of new
phases of matter. One-dimensional systems including nanowires and thin films feature their own distinctly
superconducting properties, including enlarged critical magnetic fields and peculiar vortex dynamics, which
are distinct from conventional three dimensional systems. The behavior of Cooper pairs—the entities that give
rise to superconductivity—is very different in these low dimensional systems than is predicted by the standard
BCS (Bardeen—Cooper—Schrieffer) theory. In confined geometries, where conventional choices for mirror
symmetries are no longer natural, Cooper pairs exhibit new and unique quantum mechanical phenomena that
do not fit into our usual conceptions of superconductivity and require new theoretical frameworks. For
example, on the interplay between reduction of the dimensionality and strong quantum effects as the key
identity of unconventional superconducting states and mechanisms, (Sacépé et al. 2022).

Experimental Realizations

The recent improvement in material synthesis and fabrication techniques has made the development of high
quality superconducting low dimensional systems possible. Through chemical vapor deposition (CVD),
molecular beam epitaxy (MBE), mechanical exfoliation, and similar techniques, atomically thin layers,
nanostructures or heterostructures have been precisely and controllably produced. These methods enable the
formation of materials with unusual structural quality, purity and tunability, which are important for exploring
the novel quantum properties of zero dimensional or low dimensional systems. At least, one of the most
groundbreaking experimental realizations in this domain is the discovery of superconductivity in 'magic angle’
twisted bilayer graphene. In this system, two layers of graphene are stacked on top of each other with a small
rotational misalignment at an angle very close to 1.1° (the magic angle). We show that this configuration
produces a moiré superlattice with a flat band electronic structure that permits strong electron correlations.
Common to the result is the appearance of unconventional superconducting phases, which are strongly
affected by interlayer coupling and stacking sequences. This ability to precisely control these parameters (such
as the stacking angle and interlayer separation) through MBE and exfoliation serves as truly transformative
technology, capable of revealing new quantum phenomena. Additionally, these experimental breakthroughs
create an unparalleled experimental platform to exploit unconventional superconducting phases and
phenomena. We systematically tune parameters, including strain, doping, and electric fields, to study the fine
interplay between reduced dimensionality, electron interactions, and quantum effects. The rich physics which
emerges in low dimensional systems is exemplified by the observation of exotic phases, including
superconductivity in the presence of magnetism, and potential for topological superconductivity. According to
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Fatemi et al. (2018) these advancements go not only beyond increasing our knowledge of basic quantum
mechanics, but they also represent the prospects for application in quantum computation, energy—saving
technologies, and future electronic devices (Sacépé et al. 2022).

Challenges in Low-Dimensional Superconductivity

Superconductivity in low-dimensional systems presents several significant challenges with realizing and
stabilizing it, partly due to their inherent fragility and unique properties. Structural stability of materials such
as thin films and nanowires is one crucial issue. Degradation and structural instabilities that strongly suppress
superconducting properties are particularly enhanced in these systems. However, factors contributing to the
failure of these systems to maintain superconductivity in the operation environment, including oxidation,
strain relaxation and defects introduced by synthesis or handling, can compromise the integrity of these
systems (Kamlapure et al., 2022). But in the case of heterostructures, which combine superconducting and
insulating materials, the issue is further complicated by the interfacial phenomena. In these structures,
interfaces are frequently places of complex interaction, e.g. proximity effects and strain fields, which often
have a strong influence on the superconducting state. Superconducting properties can 'leak’ into the next layer,
depending on material combinations and the interfacial quality, making effects on the overall superconducting
behavior one way or another. Strain at interfaces (because of lattice mismatches or applied external forces)
can also affect the electronic properties, but occasionally to the detriment of the superconducting order. The
fabrication of low dimensional superconductors depends on these interfacial phenomena whose fabrication
requires fine design and control to optimize superconducting performance.

This places quantum fluctuations, inherent to equilibrium systems at finite temperatures, on a truly
unfavorable footing. In systems with reduced spatial degrees of freedom, these fluctuations are amplified and
can interfere with the development of long range superconducting order. Therefore, it has proven enormously
difficult to achieve robust superconductivity at higher temperatures. The limitation here suggests the necessity
for new ways to suppress or otherwise reduce quantum fluctuations enough to stabilize the superconducting
phase. Characterization of superconductivity in nanoscale systems is particularly challenging. Because of their
small size and special physical properties, traditional measurement techniques, namely electrical transport
measurements and magnetic probes, usually need to be modified extensively for use on low dimensional
systems. Consider, for example, the case that the reduced volume of these materials makes it challenging to
discover bulk superconducting transitions with traditional devices. As the phenomenon of interest is subtle
and localized, techniques must be highly sensitive and precise. In addition, incorporation of these methods
into nanoscale devices usually necessitates additional instrumentation and experimental setups, further
complicating this already challenging area of research (Kamlapure et al., 2022).

The difficulties encountered concerning stability, interfacial phenomena, quantum fluctuations, and
measurement techniques therefore collectively bear witness to the complexity and multidisciplinary character
of low dimensional superconducting systems investigations. It will be necessary to address these challenges
by recourse to coordinated efforts in material science, condensed matter physics and nanotechnology, and to
develop new experimental and theoretical approaches specific to these systems.

Prospects and Applications

Given the considerable challenge of constructing low dimensional superconducting systems, however, the
potential applications of low dimensional superconductors range from several revolutionary technological
domains. The performance of these systems is expected to hold key to realizing devices for quantum
computing, nanoscale electronics and sensing technologies with unprecedented functionalities and
performance enhancements.
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The generation of **Majorana zero modes** in one dimensional superconductors is one particularly exciting
application. Exotic quasiparticles, in the form of Majorana zero modes, are also an exciting proposal for fault
tolerant quantum computing. They have properties unique to quantum matter that allow encoding and
manipulation of quantum information in a robust manner, a route towards scalable and error resilient quantum
processors. But so much of the current research in quantum computing has been focused on building a
complete quantum computer, that this capability — a vital first step — is seen as significant progress.'

Low dimensional geometries also greatly increase the tunability of superconducting devices, Josephson
junctions and Superconducting Quantum Interference Devices (SQUIDS). The reduced dimensions in these
devices lead to precise control of parameters such as phase coherence and critical currents, enhancing
performance and sensitivity. In particular, SQUIDs are already widely used in a broad range of applications
including ultra-sensitive magnetometry, and their integration with low dimensional superconductors could
enable further application in new operational regimes.

Low dimensional superconductors integrated with other quantum materials including topological insulators
and magnetic materials, allow us to explore hybrid devices with novel functionalities. These hybrid systems
may display emergent phenomena which would be hard, if not impossible, to accomplish in a single
constituent material. As an example, coupling of topological insulators, which have a peculiar spin-
momentum locking, to superconducting properties may result in topological superconductivity. They are of
profound interest to fundamental physics, and also have potential technological applications including in the
realization of novel quantum information processors and spintronics devices.

However, these advancements greatly reinforce the need for theoretical developments associated with low
dimensional superconductivity, from establishing the physical mechanisms as to why signatures of the ground
state exist in specific materials to utilizing these signatures for engineering these materials with specific
properties. New concepts, the likes of flat-band superconductivity and topological protection, have led to
emergent theoretical frameworks and modified the way of designing and interpreting experiments. For
example, flat-band superconductivity studies how nearly dispersionless electronic bands enhance electron
pairing and thereby promote superconductivity at lower carrier densities. Likewise, the topological protection
guarantees robustness of some superconducting states against perturbations and thus they are suitable for
applications.

Using density functional theory (DFT) and quantum Monte Carlo simulations, we are unravelling the
microscopic physics underlying superconductivity in low dimensions. By solving quantum mechanical
equations for realistic material systems, DFT provides insight into the electronic structure, and pairing
mechanisms. This, however, is not really the case; the quantum Monte Carlo methods provide a means for
accurate simulations of correlated electron systems and clarify the intricate nature of interactions driving
superconductivity. The computational tools described here are key to predicting material properties, directing
experimental pursuits and confirming theoretical methods.

Finally, concurrent theoretical and computational advances and the potential of low dimensional
superconductors to revolutionize technology make this, as a research field, an exciting time. In addition to the
improved understanding of quantum mechanics and condensed matter physics, these systems provide the
route towards novel quantum technologies, sensing, and beyond (Mel'nikov et al., 2021 and L.i et al., 2024).

Future Directions

More broadly, we must develop an interdisciplinary and synergistic approach to addressing the multifaceted
challenge of stabilizing superconductivity in low dimensional systems, involving not only material science
and condensed matter physics, but also the use of computational modeling and advanced fabrication
techniques. Properties of low dimensional systems themselves are very intriguing; however the inherent
complexity of those structures demand an innovative solution to not only circumvent the current limitations
but also to enable the practical application of those unique materials. We will go on more in depth below to
analyze key ways forward for progress in this field.
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Focus on High Temperature Superconductivity

The discovery and stabilization of high temperature superconducting systems remains as one of the most
pressing goals in low dimensional superconductivity. Practical applications of high
temperature superconductors (HTSCs) are huge because HTSCs can operate at

superconducting states at much higher temperatures, also decreasing the need for expensive cryogenic cooling
systems. This goal is especially important for superconducting technologies to achieve wide ranging adoption
in energy transmission, quantum computing and magnetic sensing applications. Because the materials and
mechanisms that enable superconductivity at elevated temperatures cannot be explained on the basis of these
single electron phenomena, research aimed at identifying such materials and mechanisms is called for. New
material classes, including two dimensional materials with unconventional pairing mechanisms and the use of
flat band superconductivity resulting from the unique electronic structure of certain low dimensional systems,
are promising directions. Understanding electron phonon interactions, spin orbit coupling and quantum
confinement played a role will be essential in the design of systems operating at higher critical temperatures
(Mel'nikov et al., 2021 and Li et al., 2024).

Methods Towards Scalable and Cost Effective Production

The development of methods that will open the way to the commercialization of low dimensional
superconductors depends on the development of scalable, cost effective low dimensional superconductors.
Though highly effective, current synthesis techniques, such as chemical vapor deposition (CVD), molecular
beam epitaxy (MBE) and exfoliation, are often limited in scalability, and have high production costs.
Achieving this requires the development of next generation fabrication methods that are accurate, efficient and
affordable.

One approach might be using roll to roll processing to mass produce atomically thin superconducting films.
The technique, which has already been used to make flexible electronics, could be reconfigured to make high
quality superconducting layers over large areas. Also, continuing development in the field of self assembly
techniques and in atomic layer deposition (ALD) may provide necessary uniformity and control at the
nanoscale.

Another transformative opportunity is the integration of machine learning and Al with material synthesis
processes. Al can be applied to synthesis of novel superconducting systems by analyzing very large datasets
from experimental or computational studies to optimize synthesis parameters, predict material properties, and
accelerate discovery. The potential is to greatly decrease the time and cost associated with material
development by this data driven approach.

Supercurrent properties and current voltage (V) curves can be tailored within the single grain boundaries and
junctions.

A key area of interest to researchers is the ability to fine tune the superconducting properties of low
dimentional systems. Strain engineering, doping, and use of external fields demonstrate significant potential to
change the electronic structure and modulate the superconducting properties.

Strain Engineering: Applying mechanical strain to low dimensional materials can alter their lattice parameters
resulting in tuning of the electronic band structure, and exceeding the superconducting properties. As an
example, strain can be exploited to vary the critical temperature, critical field, and carrier density, in the case
of two dimensional materials such as graphene and transition metal dichalcogenides (TMDs). Further, strain
engineering allows for probing of exotic phases of matter such as topological superconductivity in a strain
tuning field.
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Doping: A powerful approach to tailoring the electronic properties of low dimensional superconductors is the
introduction of chemical dopants or intercalation of foreign atoms. Enhancement of carrier concentration is
possible by doping, modification of electron—phonon coupling can be made, and unconventional pairing
mechanisms can be stabilized. For example, alloying of the alkali metal in layered superconductors has been
found to dramatically enhance their critical temperatures.

External Fields: Superconducting behavior can be modulated in real time using the application of external
electric, magnetic or optical fields. Superconductivity which can be gate tuned, i.e., superconductivity which
Is produced by applying an electric field to two dimensional materials, is now providing new opportunities for
creating switchable and reconfigurable superconducting devices. Correspondingly, optical fields provide a
means to drive ultrafast phase transitions or modulate superconducting states, which remains an emerging
field with promising potential.

Low dimensional superconductivity is a complex subject, that cuts across several disciplines, and for which
collaboration is required amongst institutions, Chinese, US, and other national interests and industrial
concerns. Collective research through collaboration allows for resources, talented personnel and infrastructure
to be pooled in pursuit of faster progress, and allows them to be more innovative. The need for such
partnerships is particularly important for bridging the gap between theory and its application. In this field it
can play a pivotal role in addressing grand challenges. As examples, there are projects to gain access to the
synchrotron radiation facilities, neutron scattering laboratories, and high performance computing centers
necessary to study the fine structure of low dimensional superconductors. At the same time, joint funding
programs and global research consortia can help exchange ideas and push towards interdisciplinary approach
in problem solving. Moreover, success critically relies on the existence of industry partnerships for translating
laboratory discoveries into practical technologies. Collaboration with technology companies, energy firms and
manufacturers could help identify application specific requirements, channel research priorities and propel the
commercialization of low dimensional superconducting materials.

Integrating Experimental and Theoretical Advances

A critical factor in the expansion of superconductivity into low dimension is the coordination of experiment
and theory. Such experimental breakthroughs as the discovery of superconductivity in magic angle twisted
bilayer graphene at times demand new theoretical frameworks and motivate the construction of new models.
On the other hand, experimental efforts are guided by theoretical predictions to point towards promising
material systems and understand observed phenomena. Low dimensional superconductors have been
transformed by emerging computational techniques, including density functional theory (DFT), quantum
Monte Carlo simulations, and machine learning based modelling. By allowing researchers to probe the atomic
and electronic mechanisms of superconductivity with atomically resolved precision, to model material
properties with high accuracy, and to design experiments with enhanced likelihood for success, these tools
help researchers to push the frontiers of our understanding of superconductivity from network-scale
descriptions to a more quantitative understanding of the fundamental building blocks of this fascinating
phenomenon.

In parallel advanced experimental techniques, such as scanning tunneling microscopy (STM), angle resolved
photoemission spectroscopy (ARPES) and ultrafast optical spectroscopy, offer unprecedented insight into the
microscopic behavior of low dimensional superconductors. Using these techniques, researchers can directly
observe phenomenon, such as Cooper pair formation, quantum fluctuations and topological transitions, that
give back valuable feedback for refining theoretical models (Rey et al., 2014).

Conclusion

Low dimensional systems are a highly active and challenging frontier in the field of condensed matter physics
with regard to superconductivity. But by tackling the inherent intricacies and utilizing the unusual features of
these systems, scientists can discover new areas of fundamental research as well as ground breaking
technologies. This promising field will indeed be guided by future synergy between experimental
advancements, resulting in theoretical innovations, and interdisciplinary collaboration.
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