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Abstract: Quantum materials are defined by strong interactions and emergent electronic and magnetic
states that are highly sensitive to their environment. Under extreme conditions — for example, very low
temperature, high pressure, intense magnetic fields, or ionizing radiation — their electronic structure and
collective behavior can change qualitatively, revealing new phases and enabling control over
functionality. These responses both expose fundamental mechanisms of correlation and topology and
create practical opportunities for sensing, information processing, and harsh-environment electronics. At
the same time, the same sensitivity raises challenges for stability, coherence, and scalable integration.
Progress will depend on materials-by-design approaches and on experimental methods that probe
behavior in operando across length and time scales, together with theory that links microscopic
mechanisms to device-relevant performance. This paper discusses recent advances that illustrate these
points and outlines strategic directions to translate distinctive quantum phenomena under extreme
conditions into robust technologies.

1. Introduction

Quantum materials are poised to redefine the landscape of modern technology, offering
unprecedented possibilities due to their unique properties governed by quantum mechanical principles.
These materials, characterized by phenomena such as quantum coherence, entanglement, and topological
protection, have already begun to revolutionize fields such as quantum computing, spintronics, and
energy storage [1,2]. However, their full potential remains largely untapped, particularly in the context of
extreme environments - conditions of high pressure, temperature, magnetic fields, or radiation [3] that are
often encountered in advanced technological applications.

The study and development of quantum materials in extreme environments is a rapidly growing field,
driven by the need for materials that can operate reliably and efficiently under harsh conditions. For
instance, quantum materials are essential for the development of quantum computers that require ultra-
low temperatures, as well as for the creation of sensors that can function under intense magnetic fields or
high pressures. Additionally, extreme environments can induce novel quantum phases or enhance existing
guantum effects [4], which could lead to breakthroughs in energy generation, storage, and material
science.

This review explores the intersection of quantum materials and extreme environments, focusing on the
fundamental phenomena that emerge under such conditions and their implications for future technologies.
We examine how these materials respond to extreme conditions, the experimental techniques used to
probe their behavior, and the potential applications in cutting-edge fields such as quantum information
processing, energy harvesting, and sensing. By unlocking the mysteries of quantum materials in extreme
environments, researchers are poised to push the boundaries of what is possible, opening up new frontiers
for next-generation technologies.

59 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



QCI@\ @Q Journal of Innovative Materials in Extreme | 2025
Conditions | Youme®

Issue 2

2. Quantum Materials in Extreme Environments: Fundamental Phenomena and Effects

Quantum materials, when subjected to extreme environments, can exhibit novel behaviors that are
not observed under standard conditions [5]. These environments, which may include ultra-low
temperatures, high pressures, intense magnetic fields, or extreme radiation, provide a unique platform for
exploring the intrinsic quantum properties of materials. In this section, we explore the fundamental
phenomena and effects that emerge when quantum materials are exposed to these harsh conditions,
offering insight into the potential for new quantum phases and enhanced functionalities.

2.1 Effects of Low Temperature on Quantum Materials

Quantum materials are often studied at low temperatures, where thermal fluctuations are
minimized, and quantum effects dominate. At temperatures approaching absolute zero, materials such as
superconductors and topological insulators exhibit macroscopic quantum coherence [1,6], enabling the
study of phenomena like superconductivity, superfluidity, and the quantum Hall effect. In these
environments, the resistance of superconductors vanishes, and the materials enter a regime of quantum
mechanical behavior that is not observed at higher temperatures.

For example, high-temperature superconductors, which operate at temperatures above the boiling point of
liquid nitrogen (77 K), are critical for applications in quantum computing and magnetic resonance
imaging (MRI) [7]. At ultra-low temperatures (below 1 K), more exotic quantum phases, such as quantum
spin liquids [8] and topological superconductivity [9], may emerge, offering new opportunities for
guantum technologies. The stability and coherence of quantum states in such conditions are crucial for
advancing quantum information processing, where long coherence times are required for fault-tolerant
operations [10].

2.2 High-Pressure Effects on Quantum Materials

The application of pressure can profoundly alter the electronic structure, magnetic properties, and
phase behavior of quantum materials [11]. At high pressures, the lattice structure of a material can be
compressed, leading to changes in the density of states and modifications of electronic interactions. In
some cases, high pressure can induce metal-insulator transitions, superconductivity, or exotic quantum
states such as quantum criticality.

For instance, pressurized topological insulators and 2D materials such as graphene exhibit unique
electronic properties when subjected to extreme pressures [12]. The pressure can induce new electronic
phases, such as strongly correlated electron systems, which could have applications in quantum sensing
and high-efficiency energy conversion. Moreover, pressure can also tune the electronic band gap in
semiconductors, potentially enabling new materials for next-generation transistors and quantum devices.

2.3 Magnetic Field Effects on Quantum Materials

Intense magnetic fields are another powerful tool for tuning the quantum properties of materials.
When exposed to high magnetic fields, quantum materials can undergo dramatic changes in their
electronic structure and transport properties. For instance, the quantum Hall effect [13] is observed in
two-dimensional electron systems subjected to strong magnetic fields, where the conductance becomes
guantized and can be used as a standard for resistance measurement.
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Magnetic topological insulators and quantum spin Hall insulators are particularly interesting in this
context, as they combine the effects of strong spin-orbit coupling with magnetism and topology. In the
presence of a magnetic field, these materials can exhibit topologically protected edge states that are
immune to backscattering, which is crucial for the development of low-power quantum computing and
spintronics devices [14].

2.4 Effects of Radiation on Quantum Materials

Exposure to ionizing radiation can alter the electronic structure of quantum materials, introduce
defects into their crystal lattice, and affect their quantum coherence. While radiation-induced defects
often degrade the performance of traditional materials, they can also create new opportunities for
guantum materials. For example, vacancy defects in diamond and silicon carbide are being studied for use
in quantum sensing and quantum memory applications, where their ability to store and manipulate
guantum information could be leveraged in the development of fault-tolerant quantum devices [15].

Radiation also plays a significant role in the behavior of quantum materials in space or nuclear reactors,
where materials are exposed to harsh environments. Understanding how these materials respond to
radiation-induced damage is crucial for developing reliable quantum technologies for space exploration,
nuclear energy, and radiation sensing.

3. Experimental Techniques for Studying Quantum Materials in Extreme Environments

The study of quantum materials in extreme environments requires a diverse array of experimental
techniques capable of probing the materials' properties under conditions of high pressure, temperature,
magnetic fields, or radiation. These techniques provide critical insights into the behavior of quantum
systems and enable the discovery of new quantum phases and effects that would be difficult to observe
under standard conditions. In this section, we review the most important experimental methods used in
the study of quantum materials in extreme environments, highlighting their capabilities and challenges.

3.1 Low-Temperature Techniques

Low-temperature experiments are foundational to quantum materials research, as many quantum
effects only become prominent at temperatures near absolute zero. Techniques such as cryogenic cooling
(using liquid helium or dilution refrigerators [16]) enable the stabilization of materials at ultra-low
temperatures (below 1 K), where phenomena like superconductivity, superfluidity, and quantum
coherence can be observed.

Key techniques used in these conditions include:

e Specific heat measurements: To explore the thermodynamic properties of quantum systems and
identify phase transitions.

e Transport measurements (resistance, Hall effect): To probe charge and spin transport under
conditions of quantum coherence, such as the quantum Hall effect and ballistic transport.

o Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR): These techniques
provide insights into the spin dynamics and local magnetic environments of quantum materials at
low temperatures [17].
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Low-temperature experiments also benefit from advanced scanning tunneling microscopy (STM) [18] and
scanning electron microscopy (SEM), which allow for atomic-scale resolution of quantum material
surfaces and interfaces.

3.2 High-Pressure Techniques

Pressure is a powerful tool to induce new quantum phases and manipulate the electronic structure
of materials. Diamond anvil cells (DAC) are commonly used to apply extreme pressures, sometimes
exceeding gigapascals [19]. This technique allows for the simultaneous measurement of electronic and
structural properties under pressure, providing a wealth of information on phase transitions and the onset
of novel quantum states.

Techniques that are commonly used under high pressure include:

o X-ray diffraction (XRD): To monitor structural changes and phase transitions in gquantum
materials under pressure.

e Raman spectroscopy: To probe the vibrational modes of materials and detect pressure-induced
changes in the electronic structure [20].

o Electrical transport measurements: To investigate pressure-induced changes in conductivity,
superconductivity, or the appearance of metallic phases.

High-pressure experiments are crucial for studying materials like topological insulators, graphene, and
high-temperature superconductors, as pressure often induces significant changes in their electronic and
magnetic properties.

3.3 Magnetic Field Techniques

Magnetic fields are used to tune the electronic structure of quantum materials, revealing important details
about their electronic states, spin properties, and topological features. Techniques such as
magnetoresistance measurements and magnetic susceptibility are routinely used to investigate the effect
of strong magnetic fields on quantum systems.

Key magnetic field techniques include:

e Quantum oscillations: By applying a high magnetic field, qguantum materials exhibit oscillations
in their transport properties, which can be used to map the Fermi surface and investigate electron-
electron interactions in materials like topological insulators and quantum Hall systems [21].

e Magnetization measurements: Using superconducting quantum interference devices (SQUIDS)
[22] or vibrating sample magnetometers (VSM), researchers can study the magnetic ordering and
spin dynamics of materials.

e X-ray magnetic circular dichroism (XMCD) [23]: This technique probes the spin and orbital
angular momentum of electrons in quantum materials under an applied magnetic field, providing
insights into magnetism at the atomic level.

Magnetic field experiments are particularly important in the study of spintronics, where the manipulation
of electron spins is key to developing new quantum devices.
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3.4 Radiation Effects and Techniques

Understanding the impact of radiation on quantum materials is essential for developing robust
materials for extreme environments such as space, nuclear reactors, and high-radiation laboratories.
lonizing radiation can induce defects in the crystal lattice, alter electronic structures, and affect the
coherence of quantum states.

Techniques used to study radiation effects include:

o X-ray absorption spectroscopy (XAS): To study changes in the local electronic structure of
materials induced by radiation [24].

e Transmission electron microscopy (TEM): To visualize radiation-induced defects, such as
vacancies and interstitials, at the atomic level [25].

e Positron annihilation spectroscopy: This method is sensitive to the presence of vacancies and
defects, offering insights into how radiation alters the material's structure [26].

Radiation-induced defects are of particular interest in the study of diamond quantum sensors and
radiation-hard quantum computing systems, where the ability to function in high-radiation environments
is critical.

3.5 Challenges and Future Developments in Experimental Techniques

While the current suite of experimental techniques provides valuable information on quantum
materials under extreme conditions, challenges remain. Many of these experiments require highly
specialized equipment and can be limited by technical factors such as sample size, pressure limits, and the
difficulty of maintaining stable conditions in extreme environments.

Future advancements in experimental techniques will focus on:

o Real-time monitoring: Developing in situ and operando techniques that allow for the continuous
monitoring of quantum material properties under extreme conditions [27].

e Enhanced resolution: Improving spatial and temporal resolution in imaging and spectroscopic
techniques to probe quantum states at the atomic level.

e Multi-scale experimentation: Combining techniques that probe different length scales, from
atomic structures to macroscopic properties, to achieve a holistic understanding of quantum
materials.

The development of these next-generation experimental techniques will be essential for fully unlocking
the potential of quantum materials in extreme environments and realizing their applications in cutting-
edge technologies.

4. Emerging Applications of Quantum Materials in Extreme Environments

The ability to manipulate quantum materials in extreme environments opens up exciting new
possibilities for next-generation technologies. These materials are being explored for a variety of
applications that require robust performance under harsh conditions, such as quantum computing, energy
storage, radiation sensing, and high-efficiency energy conversion. In this section, we discuss some of the
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most promising emerging applications of quantum materials, focusing on their behavior and potential
when subjected to extreme environments.

4.1 Quantum Computing and Quantum Information Processing

Quantum computing stands at the forefront of quantum materials research, with the goal of
building machines that can perform certain calculations far faster than classical computers. However, the
successful development of quantum computers requires materials that can maintain quantum coherence
over extended periods and in challenging conditions, such as low temperatures and strong magnetic fields.

Quantum materials like topological insulators, superconductors, and quantum dots are being studied for
use in quantum processors. These materials exhibit unique properties, such as topologically protected
surface states [28] and zero-resistance electron flow [29], which are crucial for building fault-tolerant
qubits. Extreme environments, such as ultra-low temperatures, are essential for stabilizing these materials
and minimizing decoherence. For example, topological qubits are less susceptible to errors caused by
local perturbations, making them an ideal candidate for quantum error correction [30,31].

In addition, quantum materials with strong spin-orbit coupling, like Majorana fermion-based materials,
are being considered for next-generation quantum computers that operate at higher temperatures than
traditional superconducting qubits [32].

4.2 Quantum Sensors and Measurement Technologies

Quantum materials are also being utilized in the development of ultra-sensitive sensors capable of
measuring physical quantities like magnetic fields, temperature, and pressure with unprecedented
precision. These sensors have applications in a wide range of fields, including medicine, aerospace, and
environmental monitoring.

For example, diamond-based quantum sensors that exploit the spin states of nitrogen-vacancy (NV)
centers are used for highly sensitive magnetic field sensing [33]. These sensors can function in extreme
environments, such as high-radiation or high-magnetic field settings, where conventional sensors fail. In
space exploration, quantum sensors could provide highly accurate measurements of gravitational fields,
magnetic fields, and even dark matter interactions.

The ability of quantum materials to maintain coherence under extreme conditions, such as intense
magnetic fields or high radiation, is crucial for these applications. Quantum sensors are expected to play a
key role in enhancing the precision of measurements in harsh environments, contributing to advancements
in fields like quantum metrology and nuclear magnetic resonance.

4.3 Energy Storage and Conversion

Quantum materials are being investigated for their potential in revolutionizing energy storage and
conversion technologies. For example, materials with quantum properties are being explored for high-
efficiency batteries, supercapacitors, and solar cells that can operate efficiently under extreme conditions,
such as high temperatures or high radiation environments.

e Quantum dots and nanomaterials have shown promise in improving the efficiency of solar cells,
with the ability to harness energy from a broader spectrum of light [34]. The unique quantum
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properties of these materials, such as enhanced electron mobility and tunable band gaps, can
enable more efficient light absorption and energy conversion, even in extreme conditions.

e Superconducting materials also play a crucial role in energy applications, particularly in the
development of high-efficiency power transmission and energy storage systems. When cooled to
ultra-low temperatures, superconductors can carry electricity without resistance, making them
ideal for applications in power grids and large-scale energy storage solutions.

Quantum materials that are stable at high temperatures, such as high-temperature superconductors, have
the potential to revolutionize energy technologies by improving the efficiency of energy storage,
transport, and conversion systems.

4.4 Radiation Protection and Space Exploration

Quantum materials are essential for space exploration, where they can be exposed to extreme
conditions such as intense radiation, high-energy particles, and extreme temperatures. The development
of radiation-hardened quantum materials that can maintain their quantum properties in such environments
is crucial for the success of future space missions and satellite technologies.

For example, diamond-based materials are being studied for use in radiation detectors [35], as their lattice
structure can withstand the effects of radiation and provide accurate measurements. These materials are
also being explored for use in radiation shielding for spacecraft, where quantum materials with high
resistance to radiation-induced defects could protect electronic components and sensors from damage.

In addition, quantum sensors in space could enable unprecedented precision in measurements of
gravitational waves, cosmic radiation, and other phenomena that are fundamental to our understanding of
the universe.

4.5 Quantum Materials in Extreme Pressure Environments

Quantum materials that can withstand extreme pressures are critical for the study of deep Earth
and planetary interiors, as well as for potential applications in high-pressure technologies such as
diamond anvil cells [19]. These materials can provide insights into the behavior of matter under the
extreme pressures found in the Earth’s mantle or within other planetary bodies.

Additionally, quantum materials with pressure-induced superconductivity or unique topological phases
could be used in high-pressure electronics, where maintaining quantum coherence in extreme conditions
is essential. Research on pressure-tuned quantum materials is particularly important for quantum
computing applications, as pressure can induce new phases that could be used to improve qubit
performance and stability.

5. Challenges and Future Outlook for Quantum Materials in Extreme Environments

While quantum materials have demonstrated remarkable potential in extreme environments,
several significant challenges remain in fully realizing their capabilities for next-generation technologies.
The study and application of quantum materials under extreme conditions require overcoming not only
technical obstacles but also the fundamental limitations imposed by the materials themselves. In this
section, we explore the key challenges in the field and discuss the future directions of research and
development for quantum materials in extreme environments.
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5.1 Material Stability and Reliability

One of the most significant challenges in the study and application of quantum materials under
extreme conditions is ensuring their stability and reliability. Quantum materials are often highly sensitive
to external factors such as temperature, pressure, and magnetic fields, which can induce defects, cause
phase transitions, or even destroy quantum coherence [36]. Maintaining the stability of these materials is
crucial for their use in real-world applications, particularly in long-term and high-performance systems
such as quantum computers or space exploration technologies.

For example, materials like topological insulators and high-temperature superconductors exhibit
extraordinary quantum properties, but these properties can be easily disrupted by defects, impurities, or
environmental changes [1,37]. Researchers are focusing on developing defect-free materials or materials
with enhanced resilience to external perturbations. Additionally, the scalability of quantum materials is
another critical issue, as producing large, high-quality samples of quantum materials for practical use
remains a significant technical challenge [38].

5.2 Quantum Decoherence and Error Correction

A major obstacle in the development of practical quantum technologies is quantum decoherence
[39]. Quantum systems are highly sensitive to interactions with their environments, and as a result, they
tend to lose their quantum coherence over time. This loss of coherence, known as decoherence, can
severely limit the performance of quantum devices, particularly in quantum computing and quantum
communication systems.

Quantum error correction techniques are essential to mitigate the effects of decoherence, but these
techniques come with their own set of challenges [40]. The implementation of error correction algorithms
requires additional qubits, which increases the complexity and resource requirements of quantum
computing systems. Moreover, the physical qubits used in quantum computers need to be stabilized under
extreme conditions, such as low temperatures or strong magnetic fields, which complicates the
development of error-resistant quantum computers.

Advancements in topological quantum computing - which leverages the robustness of topologically
protected quantum states - could provide a solution to some of these challenges. However, scaling up
these technologies to practical levels remains a significant hurdle.

5.3 Material Fabrication and Characterization

The fabrication and characterization of quantum materials that can operate under extreme
conditions pose significant challenges. The synthesis of high-quality quantum materials often requires
advanced techniques, such as molecular beam epitaxy (MBE) [41] or chemical vapor deposition (CVD)
[35], which allow for precise control over material composition and structure. However, these techniques
may not always be suitable for scaling up production or ensuring uniformity in large samples.

Characterizing the behavior of quantum materials under extreme conditions also requires sophisticated
equipment capable of probing properties at atomic and molecular levels. Techniques such as X-ray
diffraction (XRD), scanning tunneling microscopy (STM) [42], and angle-resolved photoemission
spectroscopy (ARPES) [27] are essential for understanding the electronic and structural properties of
guantum materials. However, performing such experiments under extreme conditions - such as high
pressures or strong magnetic fields - often requires specialized setups and high-performance equipment.
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Innovations in material fabrication methods and characterization tools are essential for advancing the field
of quantum materials, particularly for applications in extreme environments.

5.4 Integration into Real-World Applications

Despite the impressive properties of quantum materials, their integration into practical devices
and systems remains a significant challenge. For quantum materials to be used in real-world applications,
such as quantum computers, sensors, or energy storage devices, they must be incorporated into functional
devices that can operate reliably under realistic conditions.

For instance, the integration of superconducting quantum circuits into large-scale quantum computers
requires precise control of the quantum states and the ability to preserve coherence over time.
Additionally, the development of quantum sensors for use in industrial applications requires materials that
are stable, sensitive, and capable of withstanding harsh conditions without degradation. The packaging
and scaling up of these quantum materials into practical, usable devices remains a major area of focus in
the field.

5.5 Future Outlook and Research Directions

The future of quantum materials in extreme environments is bright, with ongoing research promising
to unlock even more exciting possibilities. Some key research directions include:

o Development of new quantum materials: Researchers are exploring novel materials with unique
guantum properties, such as two-dimensional materials [43], high-dimensional systems, and
artificially engineered quantum materials. These materials could exhibit enhanced stability and
resilience under extreme conditions.

o Enhanced experimental techniques: Advancements in experimental tools, such as quantum
microscopy, real-time imaging, and multi-scale simulations, will enable deeper insights into the
behavior of quantum materials under extreme conditions, facilitating the discovery of new
guantum phases.

e Quantum materials for energy applications: The search for quantum materials that can improve
energy efficiency, such as new types of quantum batteries or superconducting materials, could
have profound implications for future energy systems.

e Quantum technologies for space exploration: As space missions become more advanced, the need
for quantum sensors and materials that can withstand extreme space environments will continue
to grow. Research into radiation-hardened quantum materials will be critical for ensuring the
success of future missions.

In conclusion, while there are significant challenges to overcome in the field of quantum materials in
extreme environments, the potential benefits are immense. By continuing to advance our understanding of
these materials and developing innovative solutions to the challenges they present, we can unlock the next
generation of technologies that will shape the future.

Conclusion
Quantum materials, particularly those designed to operate in extreme environments, represent one

of the most exciting frontiers in modern materials science and technology. As we continue to push the
boundaries of quantum mechanics and material science, these materials are unlocking new possibilities
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for applications across a wide range of fields, from quantum computing and energy storage to space
exploration and advanced sensing technologies.

The extreme conditions under which quantum materials are tested - such as high radiation, ultra-low
temperatures, high magnetic fields, and extreme pressures - present both unique opportunities and
significant challenges. On one hand, these conditions can amplify the exceptional properties of quantum
materials, enabling the development of technologies that were once thought to be beyond reach. On the
other hand, maintaining the stability and coherence of quantum states under such extreme conditions
remains a significant obstacle.

Overcoming these challenges will require advances in several key areas:

1.

Material Stability and Robustness: Developing quantum materials that can maintain their
properties over long periods and under harsh conditions is paramount. Whether for quantum
computing, energy conversion, or space exploration, these materials must be able to withstand
defects, environmental changes, and extreme pressures without losing their quantum
characteristics.

Error Correction and Decoherence Management: As quantum systems are highly sensitive to their
environment, the problem of decoherence remains one of the greatest hurdles. Advanced error
correction protocols and the development of topologically protected states will be essential for
maintaining quantum coherence, especially in applications like quantum computing and quantum
communication.

Scalability and Fabrication: While individual quantum materials and quantum devices show great
promise, scaling them up to functional devices that can operate in real-world applications is a
formidable challenge. Techniques for fabricating high-quality materials on a large scale, coupled
with advancements in device integration, will be key to transitioning from laboratory research to
commercial and industrial applications.

New Theoretical and Experimental Frameworks: As quantum materials operate at the intersection
of quantum mechanics and materials science, new theoretical frameworks are required to predict
and model their behavior under extreme conditions. Alongside this, advances in experimental
techniques - such as high-resolution imaging, real-time tracking of quantum states, and multi-
dimensional simulations - are essential to understanding these materials at both the atomic and
macroscopic levels.

Looking ahead, the continued interdisciplinary research into quantum materials will likely yield
breakthroughs that will have a profound impact on multiple industries. In particular, we are likely to see
innovations in:

Quantum-enhanced sensing technologies that can operate in environments ranging from medical
applications to space exploration, enabling measurements of physical quantities with
unprecedented precision.

Energy technologies where quantum materials could revolutionize the efficiency of energy
storage, transmission, and conversion, such as in superconducting systems and quantum batteries.
Quantum computing that harnesses the power of quantum states to solve problems intractable for
classical computers, with possible applications in cryptography, materials discovery, and complex
simulations.

Moreover, space exploration and aerospace are expected to benefit greatly from quantum materials, as
these materials can be designed to function in the harshest conditions encountered beyond Earth.
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Radiation-resistant materials and quantum sensors could be critical in advancing our ability to understand
and explore other planets, stars, and cosmic phenomena.

In conclusion, the field of quantum materials in extreme environments holds immense promise for the
future. As researchers continue to overcome current challenges, the next generation of quantum
technologies will be poised to revolutionize fields such as computing, energy, medicine, and space
exploration. The work being done today is laying the groundwork for a future where quantum materials
not only push the limits of what is technologically possible but also create entirely new possibilities for
the way we interact with the world around us.

69 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



QCI@\ @Q Journal of Innovative Materials in Extreme | 2025
Conditions | Youme®

Issue 2

References:

[1] M.Z. Hasan, C.L. Kane, Colloquium: topological insulators, Reviews of Modern Physics 82 (2010)
3045-3067.

[2] Y. Tokura, K. Yasuda, A. Tsukazaki, Magnetic topological insulators, Nat Rev Phys 1 (2019) 126—
143. https://doi.org/10.1038/s42254-018-0011-5.

[3] J.S. Schilling, Studies in superconductivity at extreme pressures, Physica C: Superconductivity and
Its Applications 460-462 (2007) 182-185. https://doi.org/10.1016/j.physc.2007.03.025.

[4] J.-P. Rueff, A. Shukla, Inelastic x-ray scattering by electronic excitations under high pressure, Rev.
Mod. Phys. 82 (2010) 847-896. https://doi.org/10.1103/RevModPhys.82.847.

[5] A.DelLaTorre, D.M. Kennes, M. Claassen, S. Gerber, J.W. Mclver, M.A. Sentef, Colloquium:
Nonthermal pathways to ultrafast control in quantum materials, Rev. Mod. Phys. 93 (2021) 041002.
https://doi.org/10.1103/RevModPhys.93.041002.

[6] J.Bardeen, L.N. Cooper, J.R. Schrieffer, Theory of Superconductivity, Phys. Rev. 108 (1957)
1175-1204. https://doi.org/10.1103/PhysRev.108.1175.

[7] J.G. Bednorz, K.A. M@ller, Possible highT ¢ superconductivity in the Ba?La?Cu?0 system, Z.
Physik B - Condensed Matter 64 (1986) 189-193. https://doi.org/10.1007/BF01303701.

[8] L. Savary, L. Balents, Quantum spin liquids: a review, Rep. Prog. Phys. 80 (2017) 016502.
https://doi.org/10.1088/0034-4885/80/1/016502.

[9] M. Sato, Y. Ando, Topological superconductors: a review, Rep. Prog. Phys. 80 (2017) 076501.
https://doi.org/10.1088/1361-6633/aabac?.

[10] S.-B. Zhang, W.B. Rui, A. Calzona, S.-J. Choi, A.P. Schnyder, B. Trauzettel, Topological and
holonomic quantum computation based on second-order topological superconductors, Phys. Rev.
Research 2 (2020) 043025. https://doi.org/10.1103/PhysRevResearch.2.043025.

[11] P. Gegenwart, Q. Si, F. Steglich, Quantum criticality in heavy-fermion metals, Nature Phys 4 (2008)
186-197. https://doi.org/10.1038/nphys892.

[12] A.H. Castro Neto, F. Guinea, N.M.R. Peres, K.S. Novoselov, A.K. Geim, The electronic properties
of graphene, Rev. Mod. Phys. 81 (2009) 109-162. https://doi.org/10.1103/RevModPhys.81.1009.

[13] K.V.Klitzing, G. Dorda, M. Pepper, New Method for High-Accuracy Determination of the Fine-
Structure Constant Based on Quantized Hall Resistance, Phys. Rev. Lett. 45 (1980) 494-497.
https://doi.org/10.1103/PhysRevL ett.45.494.

[14] R. Yu, W. Zhang, H.-J. Zhang, S.-C. Zhang, X. Dai, Z. Fang, Quantized Anomalous Hall Effect in
Magnetic Topological Insulators, Science 329 (2010) 61-64.
https://doi.org/10.1126/science.1187485.

[15] M.W. Doherty, N.B. Manson, P. Delaney, F. Jelezko, J. Wrachtrup, L.C.L. Hollenberg, The
nitrogen-vacancy colour centre in diamond, Physics Reports 528 (2013) 1-45.
https://doi.org/10.1016/j.physrep.2013.02.001.

[16] H. Zu, W. Dai, A.T.A.M. De Waele, Development of dilution refrigerators—A review, Cryogenics
121 (2022) 103390. https://doi.org/10.1016/j.cryogenics.2021.103390.

[17] E. Kermarrec, A. Zorko, F. Bert, R.H. Colman, B. Koteswararao, F. Bouquet, P. Bonville, A.
Hillier, A. Amato, J. Van Tol, A. Ozarowski, A.S. Wills, P. Mendels, Spin dynamics and disorder
effects in the S = 1 2 kagome Heisenberg spin-liquid phase of kapellasite, Phys. Rev. B 90 (2014)
205103. https://doi.org/10.1103/PhysRevB.90.205103.

[18] G. Binnig, H. Rohrer, Microscope a effet tunnel, IBM Journal of Research and Development 30
(1986) 355-69.

[19] H. Mao, R.J. Hemley, Experimental studies of Earth’s deep interior: accuracy and versatility of
diamond-anvil cells, Phil. Trans. R. Soc. Lond. A 354 (1996) 1315-1332.
https://doi.org/10.1098/rsta.1996.0050.

70 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



Volume 6

QCI@\ @Q Journal of Innovative Materials in Extreme | 2025

Conditions

Issue 2

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

E.D. Linnik, A.S. Mikheykin, D. Rubi, V.B. Shirokov, D. Mezzane, S.V. Kondovych, L.A.
Lukyanchuk, A.G. Razumnaya, Raman Response of Quantum Critical Ferroelectric Pb-Doped
SrTiO3, Crystals 11 (2021) 1469. https://doi.org/10.3390/cryst11121469.

D. Shoenberg, Magnetization of a two-dimensional electron gas, J Low Temp Phys 56 (1984) 417—
440. https://doi.org/10.1007/BF00681804.

I. Sochnikov, D. Davino, B. Kalisky, dc SQUID Design with Femtotesla Sensitivity for Quantum-
Ready Readouts, Phys. Rev. Applied 14 (2020) 014020.
https://doi.org/10.1103/PhysRevApplied.14.014020.

G. Van Der Laan, A.l. Figueroa, X-ray magnetic circular dichroism—A versatile tool to study
magnetism, Coordination Chemistry Reviews 277-278 (2014) 95-129.
https://doi.org/10.1016/j.ccr.2014.03.018.

J. Yano, V.K. Yachandra, X-ray absorption spectroscopy, Photosynth Res 102 (2009) 241-254.
https://doi.org/10.1007/s11120-009-9473-8.

R.C. Birtcher, M.A. Kirk, K. Furuya, G.R. Lumpkin, M.-O. Ruault, In situ Transmission Electron
Microscopy Investigation of Radiation Effects, J. Mater. Res. 20 (2005) 1654—-1683.
https://doi.org/10.1557/JMR.2005.0242.

V. Krsjak, J. Degmova, P. Noga, M. Petriska, S. Sojak, M. Saro, I. Neuhold, V. Slugen, Application
of Positron Annihilation Spectroscopy in Accelerator-Based Irradiation Experiments, Materials 14
(2021) 6238. https://doi.org/10.3390/mal14216238.

J.A. Sobota, Y. He, Z.-X. Shen, Angle-resolved photoemission studies of quantum materials, Rev.
Mod. Phys. 93 (2021) 025006. https://doi.org/10.1103/RevModPhys.93.025006.

L. Fu, C.L. Kane, Topological insulators with inversion symmetry, Phys. Rev. B 76 (2007) 045302.
https://doi.org/10.1103/PhysRevB.76.045302.

J. Shi, X.C. Xie, Radiation-Induced “Zero-Resistance State” and the Photon-Assisted Transport,
Phys. Rev. Lett. 91 (2003) 086801. https://doi.org/10.1103/PhysRevLett.91.086801.

A.Yu. Kitaev, Fault-tolerant quantum computation by anyons, Annals of Physics 303 (2003) 2-30.
https://doi.org/10.1016/S0003-4916(02)00018-0.

C. Nayak, S.H. Simon, A. Stern, M. Freedman, S. Das Sarma, Non-Abelian anyons and topological
quantum computation, Rev. Mod. Phys. 80 (2008) 1083-1159.
https://doi.org/10.1103/RevModPhys.80.1083.

M. Cheng, R.M. Lutchyn, S. Das Sarma, Topological protection of Majorana qubits, Phys. Rev. B
85 (2012) 165124. https://doi.org/10.1103/PhysRevB.85.165124.

L. Rondin, J.-P. Tetienne, T. Hingant, J.-F. Roch, P. Maletinsky, V. Jacques, Magnetometry with
nitrogen-vacancy defects in diamond, Rep. Prog. Phys. 77 (2014) 056503.
https://doi.org/10.1088/0034-4885/77/5/056503.

A.J. Nozik, Quantum dot solar cells, Physica E: Low-Dimensional Systems and Nanostructures 14
(2002) 115-120. https://doi.org/10.1016/S1386-9477(02)00374-0.

S. Almaviva, M. Marinelli, E. Milani, G. Prestopino, A. Tucciarone, C. Verona, G. Verona-Rinati,
M. Angelone, M. Pillon, I. Dolbnya, K. Sawhney, N. Tartoni, Chemical vapor deposition diamond
based multilayered radiation detector: Physical analysis of detection properties, Journal of Applied
Physics 107 (2010) 014511. https://doi.org/10.1063/1.3275501.

J.-W. Fan, S.-W. Guo, C. Lin, N. Wang, G.-Q. Liu, Q. Li, R.-B. Liu, Quantum Coherence Control at
Temperatures up to 1400 K, Nano Lett. 24 (2024) 14806-14811.
https://doi.org/10.1021/acs.nanolett.4c04359.

A.V. Balatsky, I. Vekhter, J.-X. Zhu, Impurity-induced states in conventional and unconventional
superconductors, Rev. Mod. Phys. 78 (2006) 373-433.
https://doi.org/10.1103/RevModPhys.78.373.

N.P. De Leon, K.M. Itoh, D. Kim, K.K. Mehta, T.E. Northup, H. Paik, B.S. Palmer, N. Samarth, S.
Sangtawesin, D.W. Steuerman, Materials challenges and opportunities for quantum computing
hardware, Science 372 (2021) eabb2823. https://doi.org/10.1126/science.abb2823.

71 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



ch«m\ @Q Journal of Innovative Materials in Extreme | 2025
Conditions | Yo"me®

Issue 2

[39] P.W. Shor, Scheme for reducing decoherence in quantum computer memory, Phys. Rev. A 52
(1995) R2493-R2496. https://doi.org/10.1103/PhysRevA.52.R2493.

[40] A.Jayashankar, P. Mandayam, Quantum Error Correction: Noise-Adapted Techniques and
Applications, J Indian Inst Sci 103 (2023) 497-512. https://doi.org/10.1007/s41745-022-00332-X.

[41] S. Franchi, G. Trevisi, L. Seravalli, P. Frigeri, Quantum dot nanostructures and molecular beam
epitaxy, Progress in Crystal Growth and Characterization of Materials 47 (2003) 166—195.
https://doi.org/10.1016/j.pcrysgrow.2005.01.002.

[42] B.Jack, Y. Xie, A. Yazdani, Detecting and Distinguishing Majorana Zero Modes with the Scanning
Tunneling Microscope, (2021). https://doi.org/10.48550/ARX1V.2103.13210.

[43] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva,
A.A. Firsov, Electric Field Effect in Atomically Thin Carbon Films, Science 306 (2004) 666—669.
https://doi.org/10.1126/science.1102896.

72 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



