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Abstract: Quantum materials have emerged at the forefront of contemporary research in solid-state
chemistry, physics, and materials science, owing to their unique properties rooted in quantum mechanical
phenomena such as coherence, entanglement, and topological protection. This diverse class of materials
has immense potential to drive a new technological revolution, with applications ranging from quantum
computing and sensing to energy harvesting and spintronics. This review offers a concise summary of the
fundamental quantum effects that define these materials, highlights key experimental techniques used for
their characterization, and discusses their potential for usage in next-generation technologies. Despite
significant advances, notable challenges persist in the synthesis, theoretical modeling, and integration of
guantum materials into functional devices. Future research holds a promise for new discoveries, paving
the way for novel applications and a deeper understanding of the quantum nature of matter.
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1. Introduction

Quantum materials represent a distinct class of materials whose properties are defined by
guantum mechanical effects that transcend the explanatory scope of classical physics. This diverse group
includes superconductors (Figure 1-3), topological materials, quantum spin systems, and other
compounds whose behavior cannot be predicted or explained by analyzing individual particles, as it
emerges as a result of collective behavior in many-particle systems. Research in quantum materials has
not only deepened our fundamental understanding of condensed matter systems but has also initiated
technological advances in fields such as quantum computing, quantum communication, and
superconducting electronic devices.

The conceptual foundations of quantum materials originate from the development of quantum
mechanics in the early twentieth century, marked by the pioneering contributions of Max Planck, Albert
Einstein, Niels Bohr, and Werner Heisenberg. While quantum mechanics was initially focused on the
atomic and subatomic scale, it went on to provide a framework for understanding macroscopic quantum
phenomena. One of the key milestones was the discovery of superconductivity by Heike Kamerlingh
Onnes in 1911, who observed the complete disappearance of electrical resistance in mercury at cryogenic
temperatures [1]. This phenomenon was later explained on a microscopic level using the BCS theory,
developed in the 1950s and named after its authors - John Bardeen, Leon Cooper, and Robert Schrieffer,
who introduced the concept of electrons pairing into a collective quantum state [2,3].
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Figure 1. A magnet levitating above a high-temperature superconductor, cooled with liquid nitrogen.

Figure 2. The energy gap seen between the superconducting state (top) and normal state (bottom)
produces the order parameter of the system.
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Figure 3. Comparing the entropy dependence on temperature: the superconducting state, S, is more
ordered than the normal state Se,.

The 1980s and 1990s marked a pivotal period in the study of quantum materials, with the discovery of the
quantum Hall effect (Figure 4) in two-dimensional electron systems [4], which prompted extensive
theoretical and experimental research on the topological phases of matter [5,6]. These breakthroughs
revealed the existence of quantum states that are robust against perturbations, even in the presence of
defects and disorder. The subsequent discoveries of topological insulators and topological

superconductors established a new paradigm in condensed matter physics and paved the way for
applications in fault-tolerant quantum computing.
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Figure 4. (a) Simulation in monolayer graphene of the Hall magnetoconductivity. (b) Hall diagonal
magnetoresistivities, as a function of the magnetic field: The electron density at zero magnetic field used
in the simulation was no= 6 x 10> m 2 and a Gaussian width of I'=0.025 eV [7]

Entering the 21st century, the field was once again revolutionized with the isolation and characterization
of two-dimensional materials, most notably graphene (Figure 5), whose exceptional mechanical,
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electrical, and optical properties have warranted research on van der Waals layered materials and their
guantum behavior [8]. Simultaneously, the controlled fabrication of nanostructures such as quantum dots,
nanowires, and nanoparticles has enabled the manipulation of quantum effects at the nanoscale,
accelerating the development of novel quantum devices.

20 um

(a) (b)

Figure 5. (a) Two-dimensional structure of graphene. (b) Micrograph of a large multilayer graphene flake
with a thickness of ~3 nm on top of an oxidized Si wafer [9].

In recent years, the pursuit of scalable and efficient quantum computing has further encouraged interest in
guantum materials, particularly those that support qubit implementation based on superconducting
circuits, trapped ions, and topologically protected states. Such development paths highlight the key role of
guantum materials in the evolution of information technology, advanced sensing, and communication
networks.

Today, guantum materials are crucial for the progress of a wide range of scientific and engineering
disciplines, including nanoelectronics, superconductivity, spintronics, topological quantum technologies,
and quantum photonics. Understanding and engineering their properties remains a key challenge and
opportunity for the development of next-generation technologies in quantum computing.

This review aims to provide a comprehensive outline of the historical development of quantum materials,
emphasizing key milestones, current research directions, and the fundamental physical principles
underlying their remarkable properties.
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Table 1. Overview of key emergent quantum phenomena and the materials in which they arise.

Emergent quantum o . . Potential
phenomenon Description Typical materials applications
Disappearance of electrical Quantum
superconductivit resistance at low temperatures||Nb, YBa:Cus;07(YBCO),||[computing,
P Y |ldue to electron pairing (Cooper||FeSe magnetic
pairs) levitation, MRI
Materials that act as insulators Quantum
Topological in  their interior  with||Bi.Ses, SbaTes, HgTe||computing
Insulator topologically protected||quantum wells (topological
conducting surface/edge states qubits), spintronics
. . Resistance
Quantum Hall S}u;rglzsgc'[f;st:;gé rﬁ?ﬁ:&? GaAs/AlGaAs standards,
Effect strong magnetic fields heterostructures precision
metrology
A collective quantum state||Herbertsmithite -||Quantum
Quantum spin liquidi/lacking long-range magnetic||ZnCus(OH)sCl.), «-(BEDT-||computing,

order, even at 0 K

TTF)>Cus(CN)s

guantum memory

A phase transition occurring at

8222&?;2 phase zero temperature driven by|/CeCus—Auy, SrsRu20; Uun;rgtn\r/r?r(]:trli?ir::aglit
guantum fluctuations g y
Majorana Quasmartlcle_s that are. the_lr InSb nanowires + NbTIN (in Topological
uasiparticles own an_tlpartlcles, emerging in heterostructures) quantum
q topological superconductors computing

2. Historical Milestones in Quantum Materials Research

The history of quantum materials research is closely intertwined with the development of
guantum mechanics and condensed matter physics. Several key discoveries made during the first half and
mid-20th century laid the groundwork for what would later evolve into a rich and dynamic field focused
on materials whose properties are fundamentally governed by quantum effects.

2.1. Early Quantum Discoveries in Condensed Matter Physics

One of the first major quantum phenomena observed in a material on a macroscopic scale was the
discovery of superconductivity in 1911 by Heike Kamerlingh Onnes [1]. While investigating the electrical
resistance of metals at cryogenic temperatures, Kamerlingh Onnes found that mercury exhibited zero
electrical resistance below a critical temperature (approximately 4.2 K). This unexpected behavior
indicated the presence of a collective quantum state, although a theoretical explanation would not emerge
until several decades later. Superconductivity remains one of the most prominent examples of
macroscopic quantum coherence.
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Another landmark discovery occurred in 1980, when Klaus von Klitzing observed the phenomenon now
known as the quantum Hall effect [10]. In a two-dimensional electron gas subjected to a strong magnetic
field, he found that the Hall resistance becomes precisely quantized in integer multiples of fundamental
physical constants. This occurrence, which cannot be explained by classical electromagnetism,
demonstrated that quantum mechanics can govern the collective behavior of electrons in thin layers of
materials. The quantum Hall effect also paved the way for new concepts such as topological order - a
different framework for understanding phases of matter that goes beyond the traditional symmetry-
breaking theory. These early discoveries have shown that quantum effects are not restricted to individual
atoms or molecules, and can manifest themselves through collective properties of solids, creating entirely
new states of matter.

2.2. Theoretical Frameworks Development

Following significant experimental discoveries, new quantum theories of materials were
developed to better understand the underlying phenomena. The BCS theory of superconductivity,
formulated in 1957 [2,3], explained that electrons in superconductors form Cooper pairs via phonons,
enabling resistance-free current flow. This theory laid the foundation for understanding other quantum
collective phenomena.

Subsequently, the discovery of the quantum Hall effect led to the development of topological band theory
[11], which introduced concepts such as topological invariants - robust system properties enabling
edge/surface states resilient to defects. This theory laid the foundation for the discerning of topological
insulators, superconductors, and Weyl semimetals.

The convergence of experimental and theoretical advances significantly transformed our understanding of
phase transitions, symmetry, and quantum coherence, and initiated the quest for new quantum phases of
matter.

3. Classes of Quantum Materials

Quantum materials encompass a diverse range of systems in which quantum mechanical effects
have the dominant role, often giving rise to entirely new states of matter. They can be broadly categorized
based on the main quantum phenomena they exhibit. In this section, several major classes of quantum
materials that have gained considerable interest within the scientific community will be presented.

3.1. Superconductors

Superconductors are materials that, below a certain critical temperature (Tc), exhibit two key
characteristics: complete absence of electrical resistance and the expulsion of magnetic field from their
interior - a phenomenon known as the Meissner effect [12]. These properties stem from fundamental
guantum mechanical principles and represent macroscopic quantum phenomena (Figure 6).
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Figure 6. Meissner effect: (a) Below its critical temperature, a superconductor expels magnetic field
lines. (b) A magnet levitates above a YBa,Cus0;_, disk cooled in liquid nitrogen.

In conventional superconductors, which include many metals and alloys (e.g., niobium and lead),
superconductivity is explained by the Bardeen-Cooper-Schrieffer (BCS) theory. According to this theory,
at low temperatures, electrons form so-called Cooper pairs due to attractive interactions mediated by
phonons - collective lattice vibrations. These pairs condense into a joint quantum state that allows for
resistance-free current flow without scattering [3].

However, at the end of the 20th century, a new class of materials was discovered - unconventional
superconductors, including cuprates (copper-based oxides) and iron-based superconductors [13]. These
materials are superconductive at much higher temperatures, often above 77 K (the boiling point of liquid
nitrogen), which makes them interesting for technological applications [14]. In the case of these materials,
the BCS theory is insufficient in explaining the pairing mechanisms [15]. It is considered that spin
fluctuations, orbital instabilities, or exotic quantum excitations may mediate pairing instead of phonons
[16].

Unconventional superconductors often have complex phase diagrams, with superconductivity emerging
near other states of matter, such as antiferromagnetism or pseudogaps [17]. This points towards a deep
connection between superconductivity and electron correlations, i.e., strong electron-electron interactions
that significantly influence the electronic structure and transport properties.

Understanding superconductivity, particularly in unconventional systems, remains one of the most
challenging and active areas of research in condensed matter physics. Beyond its fundamental
importance, superconductivity holds vast technological promise in quantum computing (e.g., qubits based
on Josephson junctions), magnetic resonance imaging (MRI), magnetic levitation, and lossless energy
transmission.
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3.2. Topological Materials

Topological materials possess electronic states protected by the topology of their energetic
structure, and not only by symmetry [18]. For example, topological insulators (Figure 7) are bulk
insulators but have conducting surface/edge states that remain stable and robust due to time-reversal
symmetry. These surface states cannot be removed by small perturbations or defects, which makes them
very stable [19]. This makes them highly suitable for fault-tolerant quantum computing, as topology-
based quantum states can be inherently protected from external disturbances.

Additionally, topological superconductors as well as Weyl and Dirac semimetals are also a part of this
class of quantum materials [20]. These systems exhibit gapless surface states or show unusual transport
phenomena, such as the chiral anomaly, a quantum effect manifesting as an asymmetric particle flow
under parallel electric and magnetic fields [21].

Semiconductor/Insulator Metal Topological insulator

Figure 7. A schematic illustration of electronic band structures in various classes of solid-state materials.
In semiconductors and insulators, the valence and conduction bands are separated by a finite energy band
gap, which inhibits free charge carrier movement at low temperatures. In metals, the valence and
conduction bands overlap, enabling high electrical conductivity. In topological insulators, band inversion
leads to a band gap in the bulk electronic structure while simultaneously giving rise to conducting
topological surface states characterized by linearly dispersing Dirac cone features [22].

Topological materials merge quantum mechanics, geometry, and mathematics within materials science,
representing one of the most exciting frontiers in modern condensed-matter physics and chemistry.

3.3. Quantum Spin Systems

Quantum Spin Systems include a variety of materials and models in which magnetic properties
are governed entirely by quantum-mechanical effects, and not by classical mechanisms such as
ferromagnetism or antiferromagnetism. One of the most intriguing examples of these systems is the
guantum spin liquid (QSL), a novel quantum phase of matter characterized by the absence of long-range
magnetic order even at absolute zero [23].
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Figure 8. Two types of quantized spin systems: (a) Schematic of a type-C spin system with an easy axis
and two degenerate ground states, each carrying a finite magnetic moment. (b) Type-Q spin system
where quantum spin tunneling (QST) leads to the formation of bonding and antibonding linear
combinations of states with opposite magnetization, separated by the QST splitting. (c) Ilustration of the
Kondo exchange interaction between a single magnetic atom and conduction electrons, which becomes
guenched as the product of the conduction electron density of states and the Kondo exchange increases.
(d) Depiction of two classically degenerate Néel states for spin chains (denoted 1]1| and |1]1), along

with the type-Q bonding and antibonding states and their associated QST splitting [24]

As opposed to classical magnets, in which electron spins align parallel (ferromagnetism) or antiparallel
(antiferromagnetism), no static spin ordering is present in QSL due to strong quantum fluctuations that

prevent it. Instead, the ground state is highly entangled: the magnetic moments remain dynamic and
disordered and never “freeze” into a regular pattern [23] (Figure 8)

81

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



Journal of Innovative Materials in Extreme | 2025
Conditions | Yo"me®

Issue 2

°%%o°

3.4. Strongly Correlated Electron Systems

Strongly correlated electron systems represent a class of materials in which electron-electron
interactions are essential in determining their physical properties, which is why electrons cannot be
treated as independent particles but rather as parts of an entangled system [25]. These materials exhibit
complex and often counterintuitive behaviors, such as Mott insulation. Mott insulation occurs when a
material expected to be a metal according to the band theory displays insulating behavior due to strong
Coulomb repulsion [26]. Other examples include strange metals without well-defined quasiparticles, and
heavy fermions with effective masses hundreds of times that of a free electron. A classic example is
shown in Figure 9.
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Figure 9. Octahedral coordination of vanadium ions, combined with strong electron correlation, couples
spin, orbital, and charge degrees of freedom, giving rise to competing ground states and diverse electronic
and optical properties [27].

Due to intense local interactions and quantum fluctuations, these systems frequently have complex phase
diagrams featuring magnetic, superconducting, and nematic phases [17], as well as quantum critical
points at zero temperature [28]. Typical examples include high-temperature superconductors (e.g.,
cuprates), nickelates [29], ruthenates [30], f-electron intermetallics (e.g., CeColns, URu2Siz) [30], and
low-dimensional organometallic materials [31]. Theoretical understanding of these materials is based on
models like the Hubbard [32] and Anderson [33] models as well as on contemporary methods such as
dynamical mean-field theory (DMFT), which joins local quantum dynamics with the system’s global
properties [34].
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3.5 Low-Dimensional and Nanostructured Quantum Systems

Quantum low-dimensional and nanostructured materials comprise unique physical systems in
which particle motion is confined to one (1D), two (2D), or even zero (OD) dimensions [35]. This
confinement leads to pronounced quantum effects that are absent in three-dimensional (3D) materials by
amplifying quantum fluctuations and interactions, resulting in specific properties such as quantum
localization, tunneling, exciton formation, and fractional excitations (Figure 10). Classic examples
include graphene [36] and other 2D materials (e.g., MoS:, h-BN) [37,38], 1D nanostructures like carbon
nanotubes [39] and quantum wires, as well as zero-dimensional quantum dots, which act as “artificial
atoms” with discrete energy levels [40]. Quantum interference [41], the Kondo effect [42], the quantum
Hall effect [43], and the quantum spin Hall effect [44] emerge in such systems, making them adequate for
fundamental quantum phenomena research as well as for usage in nanoelectronics, quantum dots for
qubits, sensors, and optoelectronic devices [45,46]. The development of heterostructures with different
2D layers further enables engineering of quantum properties through interlayer coupling, twist-angle
control (“twistronics”), and manipulation of charge, spin, and layer degrees of freedom [47].
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Figure 10. Schematic two-dimensional cross-section of a slab-like nanosystem with two distinct states,
locally differentiated by temperature. An atom or molecule in the hotter region (shown in red) can acquire
a quantum of thermal energy sufficient to cross the diffuse interface into a colder, more structurally
ordered region. Upon entering the colder region, the particle dissipates this energy, for example, through
bond formation — a quantum-mechanical process - thereby promoting the orderly growth of the colder
grain [48].

4. Fundamental Quantum Phenomena in Materials

The extraordinary properties of quantum materials stem from the manifestation of core quantum-
mechanical principles on macroscopic scales. These phenomena typically transpire from collective
behavior of electrons, spins, or lattice vibrations and are responsible for the emergence of novel phases
and functionalities. This section describes the key quantum effects that comprise the basis of quantum-
material behavior.
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4.1 Quantum Coherence and Entanglement

Quantum coherence refers to the preservation of phase relationships between gquantum states,
enabling the occurrence of phenomena such as superposition and interference [3]. In quantum materials,
coherence is essential for effects like superconductivity, where Cooper pairs condense into a macroscopic
coherent state. Quantum entanglement (Figure 11), the nonlocal correlation between particles, plays a
central role in systems such as quantum spin liquids, topological phases, and proposed qubit systems for
guantum computing [25]. Maintaining coherence and entanglement at the macroscopic scale is key to the
establishment of robust quantum technologies and providing the basis for advances in quantum
computing, communication, and sensing.

Figure 11. Quantum entanglement concept with particles and energy flow.

4.2 Topological Protection

Topological protection transpires when quantum states are stabilized by global features of the
system’s wavefunction rather than by local symmetries [5]. This concept is crucial to the robustness of
edge states in topological insulators and superconductors, where electron backscattering by nonmagnetic
impurities is forbidden.

Topological insulators are materials that behave as conventional insulators in the bulk, but their
surfaces/edges behave as special quantum electrical conductors [5,19]. Such states are resistant to
deformations or impurities, as they are stabilized by global properties of the wavefunction, such as
topological quantum number (e.g., a winding number) [6]. Electrons can therefore propagate without
energy loss from impurity scattering, making topological insulators exceptionally stable and precise in
usage for quantum technologies.

Topological superconductors are similar to topological insulators but have more complex properties, since
superconductivity can occur at their edges/surfaces [49]. These materials are essential for the
development of quantum computing [50], as their edges enable the manipulation of qubits with a high
degree of stability and precision.

Topological protection ensures that quantum states remain intact even in the presence of defects,
irregularities, or impurities within the material [51]. This is particularly important because, in
conventional conductors, such imperfections scatter electrons, leading to energy loss and degraded device
performance (fig. 9.
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By contrast, topological materials are inherently immune to these perturbations [51], making them
indispensable for the development of ultra-precise devices like topological quantum computers. In such
systems, qubits are used for quantum operations that are exceptionally resistant to external disturbances,
hence providing the stability required for complex quantum computations.

Figure 12. Topological protection of bound states against the hybridization. Topological origin of bulk
localization. Schematic figures showing the topological structure of the unit vectors hand dina2D
space. (a) h forms a skyrmion configuration with the unit Pontryagin number, while (b) @ makes a
topologically trivial structure. h and @ are parallel (antiparallel) at the boundary (at the centre) [52].

4.3 Quantum Fluctuations and Zero-Point Motion

Quantum fluctuations are an inevitable, fundamental aspect of all quantum systems, persisting
even at absolute zero. These fluctuations stem from the Heisenberg uncertainty principle, which limits the
precision with which one can measure parameters such as position and momentum [53]. Hence, even in
systems cooled to the lowest temperatures attainable, where classical physics would predict a complete
lack of particle movement, they still undergo quantum fluctuations related to their wavefunctions.

Quantum fluctuations can be essential for the behavior of quantum materials, especially in systems where
tendencies towards ordered structures are too weak to prevail. In such cases, fluctuations may dominate,
giving rise to exotic phases that are absent in classical materials. For example, quantum spin liquids
represent special quantum states in which microscopic spins never settle into conventional magnetic order
but remain “liquid-like” down to the lowest temperatures, which is a direct result of strong quantum
fluctuations preventing spin alignment [23].

Moreover, quantum fluctuations (Figure 13) underlie quantum critical points, which are transition points
in a phase diagram where a material is in the state right in between two distinct phases and exhibits highly
unusual, unpredictable behavior [54]. These critical points are essential for understanding quantum phase
transitions, as fluctuations at phase boundaries can significantly alter the physical properties of a material.

Zero-point motion is another aspect of quantum systems present even at absolute zero [55]. Even when
classical thermodynamics would predict the absence of particle motion, atoms or spins retain their

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



Q(f@\ @Q Journal of Innovative Materials in Extreme | 2025
Conditions | Yo"me®

Issue 2

dynamics and are in constant movement due to their wave-like nature. This effect is especially
pronounced in materials containing light elements (e.g., hydrogen) [55] or in systems with strongly
anharmonic potentials, where atoms deviate from ideal harmonic behavior [56]. In such systems, zero-
point motion can significantly affect structural stability, lattice dynamics, and phase transitions.

Figure 13. Imaging collective quantum fluctuations of the structure of a complex molecule. High-
intensity X-ray laser pulses trigger controlled explosions of molecules, making it possible to capture high-
resolution images of molecular structures [57].

For instance, in crystals with light constituents, zero-point motion can shift energy equilibria, triggering
unexpected phase changes or instabilities under certain conditions. In low-energy topological materials,
these fluctuations may help preserve or change topological properties by enabling transitions between
different phases or by stabilizing quantum states [58].

Quantum fluctuations and zero-point motion are thus pivotal to understanding quantum materials,
especially in the context of emerging technologies that utilize quantum effects, such as quantum
computing and high-precision quantum sensing, where stability and precision at the smallest scales are of
paramount importance.

4.4 Strong Electron Correlations

In many quantum materials, the Coulomb interaction between electrons is comparable to and
sometimes even exceeds their kinetic energy, leading to strong electron-electron correlations [59]. These
correlations represent a key feature of many quantum systems, separating them from traditional metals
described by Fermi liquid theory, where electrons behave as relatively independent parts of the system. In
systems with strong correlations, however, interactions become strong enough that they significantly
affect the system’s behavior, making it more complex and harder to predict when compared to classical
models [60] (Figure 14)
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Figure 14. lllustration of hopping processes between neighboring atoms together with their
corresponding energy scales [61].

One of the most significant features of strongly correlated systems is their ability to give rise to novel,
non-traditional phenomena that are absent in metals. These include Mott insulating behavior, the
emergence of heavy-fermion systems, charge-ordering transitions, and non-Fermi-liquid behavior.

a) Mott Insulating Behavior

A Mott transition is a quantum phase transition in which a material that band theory predicts to be
metallic (which is often the case with high electron density materials) becomes an insulator instead [62].
This effect occurs when strong Coulomb interactions prevent electrons from moving freely through the
material, leading to insulating behavior.

b) Heavy-Fermion Systems

In these systems with strong correlations, electrons can form so called heavy fermions that behave like
particles with effective masses hundreds of times larger than expected, leading to unusual thermal and
electric properties at low temperatures [63].

c) Charge Ordering

In systems where interactions between electrons are pronounced, they may spontaneously organize into
spatially ordered patterns, i.e., charge-ordered phases. Rather than behaving as independent particles, they
become localized and grouped, leading to periodic charge density changes that can significantly influence
electrical and magnetic properties and result in insulating behavior, unconventional phase transitions, or
complex magnetic structures that cannot be explained by free-electron models [64].

d) Non-Fermi-Liquid Behavior

In strongly correlated systems, phenomena that are difficult to explain using the traditional theory of
Fermi liquids can emerge. In these materials, electrons behave in ways that significantly differ from the
classical free fermion model. These systems exhibit non-traditional thermal and electrical properties such
as unusual variations in electrical resistivity at different temperatures [65].

Due to strong correlations among electrons, these properties can lead to the development of novel and
unconventional quantum phenomena, such as non-traditional superconductivity and magnetism [16]. For
example, the superconductivity observed in cuprates (such as YBCO or BSCCO), where electrons form
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Cooper pairs, can only be understood by taking these interactions into account [17]. This is reminiscent of
f-electron compounds (such as those involving actinides and lanthanides), which give rise to
antiferromagnetism and other complex quantum states [65].

Strong correlations also drive the formation of complex phase diagrams that may include various phases
such as superconductivity, magnetism, and metal-insulator transitions [66]. These phases often emerge
under specific conditions, when interactions become sufficiently strong to enable the appearance of new
guantum phases that are absent in conventional materials.

Ultimately, these strong correlations offer a remarkable opportunity for the development of next-
generation technologies based on quantum materials, including quantum computing, quantum sensors,
and other applications that utilize emerging quantum effects.

4.5 Quantum Phase Transitions and Criticality

Quantum phase transitions refer to changes in the state of a material that occur at absolute zero (0
K) that are not driven by thermal fluctuations, but by non-thermal parameters such as pressure, magnetic
field, chemical doping, or mechanical strain [53]. Unlike classical phase transitions (such as ice melting),
guantum phase transitions are led by quantum fluctuations, which are dominant in this regime.

Near the so-called quantum critical point (QCP) (Figure 15), quantum fluctuations become scale-
invariant, meaning they do not depend on temporal or spatiotemporal scales, and can significantly modify
the material’s physical properties [67]. Quantum criticality is believed to be a key mechanism underlying
the emergence of many exotic phases of matter, including high-temperature superconductivity,
nonmagnetic metallic phases with strong fluctuations, and unstable quantum states found in heavy-
fermion systems and spin liquids [68].

T 5

quantum
critical

classical
critical

ordered disordered
state state
QCP D

Figure 15. Diagram of temperature (T) and pressure (p) showing the quantum critical point (QCP) and
guantum phase transitions [69].
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5. Experimental Techniques for Quantum Materials Characterization

The study of quantum materials requires advanced experimental techniques capable of probing
quantum effects at atomic, electronic, and mesoscopic scales. These methods provide insight into the
structural, electronic, magnetic, and dynamic properties of materials, and are essential for understanding
the nature of fundamental quantum phenomena. This section highlights key experimental approaches that
are widely used in the characterization of quantum materials.

5.1 X-ray and Neutron Scattering

X-ray diffraction (XRD) remains a fundamental technique for determining crystal structures,
identifying phase composition, and detecting subtle lattice distortions associated with quantum phase
transitions. Beyond conventional XRD, synchrotron radiation enables high-resolution investigations of
lattice strain, orbital ordering, and charge density waves [70].

Neutron scattering is an especially powerful technique for testing magnetic structures and excitations due
to neutrons’ intrinsic magnetic moment [71]. Techniques such as elastic neutron scattering reveal static
spin arrangements, while inelastic neutron scattering can capture spin dynamics, lattice vibrations
(phonons), and even the emergence of quasiparticles such as magnons and rotons. Neutron scattering is
particularly valuable for studying zero-point fluctuations and the behavior of quantum spin liquids [72].

5.2 Scanning Probe Microscopy (SPM)

Scanning probe microscopy encompasses techniques such as scanning tunneling microscopy
(STM) and atomic force microscopy (AFM), which enable real-space imaging of surfaces with atomic-
scale resolution. STM is particularly important for mapping the local electronic density, revealing traces
of superconducting gaps, topological edge modes, and other quantum phenomena. The spin-polarized
variant of the technique allows the examination of magnetic properties at the atomic level, paving the way
for the study of spin textures and quantum magnetic states at the nanoscale [73]. These methods are
essential for understanding local quantum effects such as quasidegenerate electronic states, Majorana
quasiparticles, or defect localized modes, that cannot be detected through bulk measurements [74].

AFM, in contrast, utilizes the mechanical interaction between the probe and the sample surface in order to
map both topography and local forces (e.g., van der Waals, electrostatic, magnetic). Special AFM
modalities, including Kelvin probe force microscopy (KPFM) and magnetic force microscopy (MFM),
enable additional functional characterizations of electrical and magnetic properties of quantum materials
[75].

Thanks to their spatial resolution and sensitivity, SPM techniques have become indispensable tools for
studying quantum phenomena such as quantum interference, local symmetry breaking, and electronic
nematicity in a wide range of advanced materials.

5.3 Spectroscopic Techniques

Angle-resolved photoemission spectroscopy (ARPES) is a key tool for mapping the electronic
band structure of materials while preserving information about the electron’s momentum. ARPES has
played an essential role in identifying topological surface states, Dirac cones, and Fermi-surface
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instabilities in gquantum materials. This technique enables the direct observation of the quantum-
mechanical properties of electronic states and provides invaluable insight into the complex electronic
behavior of high-temperature superconductors and topological insulators [76].

Raman spectroscopy and infrared (IR) spectroscopy examine vibrational modes and electronic
excitations, delivering information on electron-phonon coupling, structural phase transitions, and
collective excitations associated with quantum criticality [77]. Raman spectroscopy, in particular, is
particularly useful for detecting symmetry changes and local ordering that accompany quantum phase
transitions.

Electron spin resonance (ESR) and nuclear magnetic resonance (NMR) are also widely used to investigate
spin dynamics, local magnetic fields, and low-energy excitations, especially in strongly correlated
electron systems [78]. These methods enable detailed characterization of quantum states, such as spin
liquids and nematic order, through precise measurements of relaxation times and local interactions.

5.4 Quantum Transport Measurements

Measurements of electrical conductivity, the Hall effect, and magnetoresistance as functions of
temperature, magnetic field, and pressure offer fundamental insights into the quantum behavior of charge
carriers. These techniques elucidate basic transport processes, electron localization, and the transitions
between metallic and insulating states.

Quantum oscillations, such as the Shubnikov-de Haas and de Haas-van Alphen effects, reveal the
geometry of the Fermi surface and the renormalization of electron effective mass, indicating the presence
of strong particle correlations and topological characteristics of the system [79]. Accurate analyses of
these oscillations can identify discrete Landau levels and quantum coherence in complex materials [80].

In topological materials, quantized conductance and the anomalous Hall effect serve as direct evidence of
nontrivial topological order, which is often protected by symmetry and robust against defects [81]. These
phenomena are of particular importance for the development of quantum electronics and spintronics,
where quantum properties are harnessed for information transfer and processing [82].

In superconductors, transport measurements determine critical fields, critical currents, and the nature of
the pairing mechanism (singlet vs. triplet, conventional vs. unconventional). They can also reveal
guantum vortex states and coherence limits, which are crucial for understanding quantum phase
transitions and designing new materials for quantum computing applications.

5.5 Time-Resolved and Ultrafast Techniques

Recent advances in pump-probe spectroscopy and ultrafast electron diffraction have enabled the
study of quantum materials on femtosecond (10™°s) timescales, opening a new dimension in our
understanding of the ultrafast processes underlying quantum phenomena [83]. These techniques rely on
initiating a response in the material using an ultrashort “pump” pulse, followed by a “probe” pulse that
measures the system’s response, thus providing time-dependent insights into quantum transitions [84].

By employing these techniques, it is possible to directly observe nonequilibrium processes such as
photoinduced phase transitions, transient quantum states, and collective excitations that cannot be
detected in stationary conditions [85]. The ability to identify and track transient material states with
unique electronic, structural, or magnetic properties, some of which may be stabilized in quantum regimes
through careful tuning of experimental parameters, is of particular importance.

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



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

Issue 2

Time-resolved measurements are of great importance for investigating the dynamics of quantum
coherence, the onset and decay of superconductivity under non-equilibrium conditions, and the evolution
of topological states in real time. They also enable insight into femtosecond spin dynamics, charge
redistribution, and phonon-electron interactions that are key to understanding and controlling the
functional properties of quantum materials [86].

The development of these techniques represents a crucial step towards the discovery and manipulation of
quantum phenomena that can have fundamental importance for quantum technologies, including ultrafast
memory devices, quantum switches, and photoinduced quantum phases [87].

6. Quantum Materials in Contemporary Technologies

Quantum materials are not only a subject of fundamental scientific interest but are also at the heart of
revolutionary technological innovations. Their unique properties, which stem from quantum coherence,
topological protection, and strong correlations, are increasingly exploited for next-generation technologies
in information processing, sensing, and energy applications. The following section examines some of the
most promising technological directions enabled by quantum materials.

6.1 Quantum Computing

Quantum computing utilizes the principles of superposition and entanglement to perform calculations
that are unachievable for classical computers. Certain quantum materials provide the physical platforms
necessary for building qubits. For example:

- Topological superconductors are proposed hosts for Majorana zero modes [74], quasiparticles
that are intrinsically protected against local perturbations and offer a pathway to error-resilient
guantum computing. Non-Abelian statistics make them optimal for so-called topological qubits.

- Spin qubits can be realized in quantum dots and defect centers (e.g., nitrogen-vacancy (NV)
centers in diamonds), where quantum coherence is maintained in solid state and at relatively high
temperatures compared to other systems [88].

- Superconducting circuits made from low-loss materials such as aluminum and niobium are at
the base of many state-of-the-art quantum processors, including those being developed by leading
companies like Google, IBM, and Rigetti.

The development of materials with longer coherence times, higher operating temperatures, and scalable
fabrication techniques remains one of the major challenges in advancing quantum computing [89]. In this
context, new classes of quantum materials, such as quantum spin liquids, topological insulators, and high-
entropy solid solutions, are being actively investigated [90].

Furthermore, the merging of quantum materials and conventional semiconductor technologies presents
both a challenge and an opportunity for hybrid devices that could represent a transition between classical
and quantum computing systems [91].
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6.2 Quantum Sensing and Metrology

Quantum materials enable the development of sensors with unprecedented sensitivity and precision,
opening new possibilities in both scientific and technological applications. Some of the most prominent
examples include:

- Superconducting quantum interference devices (SQUIDs) can detect extremely weak magnetic
fields in the femtotesla range with high accuracy [92]. Such devices are indispensable in
neurobiology (e.g., brainwave measurement), geophysics, and fundamental research.

- Topological insulators and Dirac/Weyl semimetals, where surface or bulk electronic
configurations are extremely sensitive and responsive to external perturbations (such as magnetic
or electric fields) [93]. These properties make them strong candidates for high-resolution sensors
capable of detecting weak electromagnetic signals or even subtle quantum—gravitational effects.

- Quantum defects in materials like diamond (e.g., nitrogen-vacancy (NV) centers) can be
employed for nanoscale magnetometry, thermometry, and even visualization of single molecules
[94]. Their ability to preserve quantum coherence at room temperature makes them particularly
useful for portable and biocompatible devices.

Quantum sensors based on these materials promise a revolution across numerous fields, from medical
diagnostics (e.g., precise measurement of electrical signals in cells) and materials research to the detection
of dark matter, gravitational waves, and other aspects of fundamental physics [95]. A particularly active
area of research involves the integration of quantum sensors with micro/nanoelectronic platforms in the
development of compact quantum devices. Such integration would enable widespread real-world
applications ranging from precision navigation without GPS to next-generation medical equipment and
quantum communication networks [96].

6.3 Spintronics and Quantum Information Storage

Spintronics (spin-electronics) exploits the electron’s spin, in addition to its charge, to store and
manipulate information, paving the way for a new generation of energy-efficient, faster computing
devices [97]. Quantum materials offer a rich spectrum of opportunities for this technology due to their
unique spin architectures and quantum effects. Some of the key classes of materials include:

- Magnetic topological insulators, which combine spin-orbit coupling with magnetic order, enable
dissipationless spin transport along surfaces.

- Two-dimensional magnetic materials (e.g., Crls, FesGeTez) allow control of magnetism at the
atomic level, which is crucial for ultra-compact memory units and quantum logic circuits [98].

- Antiferromagnetic spintronic systems, which offer advantages such as high-frequency dynamics,
robustness against external magnetic fields, and ultrafast spin dynamics, enable stable and fast
manipulation of spin states.

For the development of functional spintronic and quantum-information devices, materials with long spin-
coherence times and efficient spin-to-charge (and charge-to-spin) conversion are critical. A major
challenge, as well as an opportunity, lies in the integration of these materials onto CMOS-compatible
platforms and maintenance of their stability at room temperature. Using quantum materials in spintronics
paves the way for the development of quantum memories that could replace conventional DRAM and
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flash storage, as well as spin-based neural networks that mimic the human brain’s functionality in
hardware form [99].

6.4 Energy Applications

Quantum materials also hold enormous potential in the field of energy technology, offering solutions
that can significantly improve the efficiency, reliability, and sustainability of energy systems. Their
unique quantum properties enable functionalities that surpass the limits of conventional materials. Some
of the most important research directions include:

- High-temperature superconductors, which allow lossless electrical power transmission and the
development of ultra-efficient electromagnets for use in power grids, medical imaging (e.g.,
MRI), and energy storage systems (such as flywheel storage) [100].

- Strongly correlated oxides with tunable metal-insulator transitions [101], which are being
explored for neuromorphic computing and adaptive energy devices that can autonomously change
their functionality in response to external conditions (e.g., temperature, voltage, illumination).

- Photocatalytic quantum materials (e.g., doped CeO: (ceria) and layered oxides), which are
promising candidates for solar-to-chemical energy conversion (e.g., hydrogen production from
water) due to enhanced electron-hole separation and quantum-controlled reaction dynamics
[102].

Additionally, quantum materials are being increasingly investigated for thermoelectric applications,
where quantum confinement and phonon scattering can boost the efficiency of converting heat into
electricity [103]. Exploiting the quantum properties of materials for energy efficiency and sustainability is
a groundbreaking field at the interface of fundamental science and technological solutions to global
challenges such as decarbonization, renewable energy, and smart energy grids. In this context, synthesis,
characterization, and engineering of quantum materials with precisely controlled properties is becoming
essential for a future in energy based on sustainable resources.

7. Current Challenges and Future Perspectives in Quantum Materials Research

Despite significant progress, the field of quantum materials research faces numerous challenges
that must be overcome to fully use their potential. Understanding the complex interplay of quantum
effects, developing scalable synthesis methods, and achieving reliable technological implementations
remain highly demanding tasks. This section examines the key obstacles and outlines directions for future
investigation.

7.1 Materials Synthesis and Control

Producing quantum materials of required purity, stoichiometry, and structural precision remains
one of the greatest challenges in this field. Even minimal deviations in composition or crystal structure
can significantly alter a material’s quantum properties, including superconductivity, topological order,
and spin-liquid behavior [104]. Thus, achieving reproducible and optimized synthesis is a prerequisite for
advancing quantum technologies.
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Advances in thin-film growth techniques, such as molecular beam epitaxy (MBE) [105], pulsed laser
deposition (PLD) [106], and chemical vapor deposition (CVD) [107], permit atomic-scale control over
material layers, which is crucial for stabilizing desired quantum phases. Meanwhile, self-assembly
methods [108] and sol-gel synthesis [109] provide cost-effective routes for producing quantum materials
on larger scales.

A particular challenge lies in designing heterostructures and artificially engineered composites where
multiple quantum phenomena can coexist or compete - for example, the coexistence of superconductivity
and magnetism [110], or the interplay between spin—orbit coupling and topological states [111]. In such
systems, precise control of interfaces between layers becomes critical, since an interface may either give
rise to new quantum behavior or act as a site of functional degradation.

Beyond experimental hurdles, combining theoretical modeling with Al-driven materials design is
increasingly used to predict stable phases and guide the synthesis of compositions with targeted quantum
effects [112]. However, the successful realization of these data-driven predictions still depends on
advanced experimental control.

7.2 Theoretical Modeling and Simulation

Modeling quantum materials accurately is an extraordinarily complex task due to strong electron-
electron correlations, topological characteristics, and quantum fluctuations - features that often exceed the
capabilities of standard numerical methods. Classical approximations, such as density functional theory
(DFT), frequently fail to capture collective quantum states, pointing towards a need for more
computationally intensive, advanced approaches.

In this context, several advanced theoretical methods are being developed and applied:

- Dynamical Mean-Field Theory (DMFT): Captures local correlations in strongly interacting
systems, such as Mott insulators and complex oxides [34]

- Density Matrix Renormalization Group (DMRG) [113]: Especially well-suited for one-
dimensional systems and low-entropy systems, as it can highly accurately track quantum-
entanglement structures

- Quantum Monte Carlo (QMC) Simulations: Offer statistically exact results for thermodynamic
properties, but often suffer from the “sign problem” in fermionic systems [114]

- Machine Learning (ML) Methods: Increasingly used to predict phase diagrams, generate efficient
Hamiltonians, and classify quantum states from experimental data [115]

Aside from developing new algorithms, connecting microscopic theoretical models with macroscopic
experiments, such as transport measurements, spectroscopic signals, and quantum criticality, remains a
major challenge. For example, understanding how collective excitons, spinons, or quasiparticles emerge
from the underlying lattice and interact requires multiscale modeling and a deep synergy between theory
and experiments. Moreover, simulating quantum systems with multiple degrees of freedom (spin, charge,
orbital degeneracy) under external parameters (e.g., pressure, temperature, magnetic field) demands
enormous computational resources. In this context, quantum-computer—based simulation of gquantum
materials becomes one of the most exciting frontiers of the future and leads to the point at which quantum
materials themselves are used to study other quantum materials.
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7.3 Characterization in Extreme Conditions

Many guantum phenomena manifest only under extreme conditions such as ultralow temperatures
(millikelvin range), ultrahigh magnetic fields (exceeding 30-40 T), and high pressures (multiple GPa
range) [116]. Such regimes present big experimental challenges that require sophisticated and precise
equipment (e.g., dilution refrigerators, superconducting magnets, and diamond-anvil cells).

Developing in situ and operando characterization techniques that enable real-time measurements under
variable conditions is crucial for studying quantum phase transitions, metastable equilibrium states, and
guantum-coherence dynamics [117]. Such measurements are essential for understanding quantum
criticality, spin-liquid states, and topological transitions, as well as for discovering new forms of matter.
Achieving these goals requires close collaboration between condensed-matter physicists, engineers, and
experimental scientists in order to expand the boundaries of testing conditions.

7.4 Integration into Devices

The transition from fundamental discoveries to functional quantum devices is a particularly
challenging step. Quantum coherence, a key property for quantum technologies, can be easily disrupted
by environmental influences, including thermal fluctuations, material defects, mechanical strain, and
electronic noise [118]. Consequently, engineering of robust, scalable, and reproducible components based
on quantum materials is still at an early stage of development.

Key requirements for successful integration include:

- Protecting quantum states through topological mechanisms [119]: For example, isolating
Majorana quasiparticles that are inherently immune to local perturbations

- Implementing quantum error correction in logical circuits [120]

- Integrating quantum materials with classical technologies, including CMOS compatibility, to
facilitate hybrid devices and easier adoption within existing industrial infrastructure [121]

Designing interfaces between different quantum phases within a single device (e.g., coupling a
superconductor to spintronic layers) also opens up possibilities for multifunctional quantum components,
but it demands atomically precise control during manufacturing.

Progress in this field necessitates an interdisciplinary approach combining theoretical physics, materials
science, nanofabrication techniques, and quantum engineering. Stable quantum platforms that operate
reliably under realistic conditions and move towards commercial viability can only be developed through
such synergy.

7.5 Future Perspectives

Looking ahead, numerous exciting research directions in quantum materials are coming to the
forefront. These avenues not only deepen our understanding of quantum phenomena but also open
pathways to innovations with far-reaching technological impact. Some key future directions include:

- Symmetry- and topology-driven materials design: Utilizing group-theoretical tools and
topological quantum chemistry to systematically identify materials with desired quantum
properties such as topological insulators, quantum spin liquids, or multi-component
superconductors
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- Discovering new quantum phases at interfaces and in “twisted” layered structures: For example,
moiré superlattices [122] in graphene and related materials can host fractional quasiparticles,
unconventional excitations, and collective effects absent from conventional phases

- Exploring quantum entanglement as a fundamental material property: This could lead to a new
classification of quantum matter based on entanglement patterns rather than classical symmetry
considerations, potentially enabling novel functionalities in quantum technology.

- Quantum materials for sustainable technologies, including quantum-enhanced energy harvesting,
high-efficiency catalysis, and low-power information processing. These applications have the
potential to address global challenges such as energy efficiency, decarbonization, and resource
conservation.

The inherently interdisciplinary nature of quantum materials research, spanning condensed-matter
physics, materials chemistry, computational science, and quantum information theory, ensures that this
field will remain dynamic, challenging, and transformative for decades to come. With ever-improving
experimental and theoretical tools, and as quantum computers are increasingly used to simulate complex
guantum systems, quantum materials are bound to be the foundation of future technologies.

8. Conclusion

Quantum materials represent one of the most exciting and promising frontiers in modern
condensed-matter physics and materials science. In these systems, quantum-mechanical principles such as
coherence, entanglement, topological protection, and strong electron correlations manifest themselves on
macroscopic scales, giving rise to extraordinary phenomena that defy the laws of classical physics.
Examples include superconductivity, topological phases, quantum spin liquids, and unconventional
electronic behavior, all of which hold the potential for revolutionary technological applications.

Historically, the development of quantum materials has been tightly connected with theoretical
breakthroughs such as Bardeen—Cooper—Schrieffer (BCS) theory of superconductivity and the band
topology framework, as well as with experimental advances that have allowed direct observation and
control of quantum states in materials. Today, quantum properties of these systems are already the basis
of the development of quantum computers, ultra-sensitive sensors, spintronic devices, and novel energy
solutions.

Despite this remarkable progress, many challenges remain. Researchers must achieve exceptionally
precise control over material composition and structure, develop predictive theoretical models that
account for strong correlations and quantum fluctuations, perform experiments under extreme conditions
(e.g., millikelvin temperatures or gigapascal pressures), and successfully integrate quantum materials into
scalable devices. Meeting these goals calls for coordinated, interdisciplinary efforts that bring together
physics, chemistry, computational science, and engineering.

New paradigms, such as designed quantum materials, machine-learning—guided discoveries, and real-time
tracking of quantum dynamics, promise to accelerate the pace of novel advancements. In the years ahead,
guantum materials will unquestionably play a central role in the development of advanced technologies,
not only by deepening our fundamental understanding but also by delivering concrete solutions to global
challenges in computing, communication, energy, and environmental protection.

Continued exploration of these materials will enable the discovery of new quantum states, unexpected
functionalities, and previously unseen physical principles, further solidifying their importance in the
future of science and technology.
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