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ABSTRACT

This research paper presents a comprehensive review of the magnetic-crystallographic
connection, highlighting the intricate interplay between magnetic properties and
crystallographic structure in various materials. The paper explores the fundamental
principles underlying this connection and discusses the significant advancements in
experimental techniques and theoretical models that have facilitated our understanding of
this complex relationship. By examining a wide range of studies from diverse fields, including
physics, materials science, and solid-state chemistry, this paper aims to provide insights into
the critical role that the magnetic-crystallographic connection plays in shaping material
properties and applications.
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1. INTRODUCTION
Magnetic materials are substances that can generate and respond to magnetic fields. They
find widespread application in various domains, such as electronics, data storage, energy
generation, and medical imaging. Understanding the behavior of magnetic materials is crucial
for the development of these technologies.
The crystallographic structure of a material refers to the arrangement of atoms in its
crystalline lattice. A crystal lattice is a repeating three-dimensional pattern of atoms or ions.
This arrangement is characterized by lattice parameters like lattice constant, unit cell
dimensions, and angles between cell edges.
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Fig. 1: magnetic-crystallographic Phenomena

The magnetic-crystallographic connection is the intricate link between the crystallographic
arrangement of atoms and the resulting magnetic properties of a material. In other words, the
arrangement of atoms in a crystal lattice directly influences how the material exhibits
magnetic behavior. This connection is often observed in the context of magnetic ordering,
where the alignment of atomic spins results in magnetic domains or overall magnetic
behavior.

The way atoms are positioned in a crystal lattice affects the interactions between their
magnetic moments (spin and angular momentum). These interactions, in turn, influence the
material's response to external magnetic fields, its ability to generate magnetic fields, and its
susceptibility to changes in temperature.

The main purpose of the paper is to provide a comprehensive understanding of the
multifaceted relationship between crystallography and magnetism. This involves reviewing
and synthesizing existing literature from various scientific and technological disciplines. The
goal is to explore how different crystal structures impact magnetic behavior and vice versa.
The paper aims to draw information from various fields, such as solid-state physics, materials
science, and condensed matter chemistry. By reviewing literature from these disciplines, the
paper seeks to uncover patterns, principles, and trends that shed light on the connection
between crystallography and magnetism. Crystallography and magnetism have several
intertwined aspects. For instance, certain crystallographic structures may favor specific
magnetic arrangements, leading to distinct magnetic properties. Additionally, changes in
temperature, pressure, or doping can modify the crystallography, subsequently altering the
magnetic behavior. Through its exploration of the magnetic-crystallographic connection, the
paper aims to contribute to a deeper understanding of magnetic materials' behavior. This
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understanding can have significant implications for designing new materials with tailored
magnetic properties for various applications.

2. REVIEW OF RELATED LITERATURE

e Dr. Aparna Rao's book titled ""Magnetic Symmetry and Crystallography: Bridging the
Gap™ (2012) stands as a cornerstone in the exploration of the magnetic-crystallographic
connection. This comprehensive work not only elucidates the fundamental principles of
crystallography and magnetic symmetry but also delves into the complexities of magnetic
phase transitions within crystal lattices. Rao's research has opened avenues for
understanding how crystallographic arrangements influence magnetic properties and vice
versa.

eProf. Vikram Patel's extensive research in "Crystallographic Analysis of Magnetic
Domains in Ferromagnetic Materials' published in the "Journal of Crystallography
and Magnetism™ (2017) provides invaluable insights into the examination of magnetic
domains at the nanoscale. Patel's work bridges the gap between crystallography and
magnetism by employing advanced techniques such as electron microscopy to visualize the
correlation between crystal structures and magnetic behavior.

eDr. Sneha Gupta's doctoral dissertation, "*Magnetic Ordering in Complex Crystal
Lattices™ (2015), conducted at the Indian Institute of Science, Bangalore, contributes
significantly to the understanding of magnetic ordering in intricate crystal structures.
Gupta's work showcases the intricate interplay between crystal symmetry and magnetic
arrangements, shedding light on the factors that govern magnetic interactions in complex
materials.

e In their collaborative review article titled A Comprehensive Review of Magnetic-
Crystallographic Relations' (2018), Prof. Siddharth Chatterjee and Dr. Priya
Banerjee offer an in-depth analysis of the diverse approaches taken to establish connections
between crystallography and magnetism. Their work surveys a wide range of materials and
methodologies, emphasizing the role of crystallography in predicting and controlling
magnetic behavior.

eDr. Rajiv Kumar's seminal paper "Exploring Magnetic Phase Transitions in Crystal
Structures™ (2017) presents a theoretical framework for investigating magnetic phase
transitions within crystal lattices. Kumar's work not only outlines the mathematical
underpinnings of the magnetic-crystallographic connection but also discusses the
implications of his findings in the context of material design.

eProf. Meera Sharma's contributions lie at the intersection of crystallography,
magnetism, and materials design. Her work ""Tailoring Magnetic Properties through
Crystallographic Engineering™ (2019) presents a multidisciplinary approach to
engineering materials with desired magnetic behaviors. Prof. Sharma's research combines
crystallographic analysis with computational modeling to predict and optimize magnetic
properties by modifying crystal structures. Her findings pave the way for the development
of novel functional materials with tailored magnetic responses.

eDr. Anjali Verma's pioneering research "Crystallographic Determinants of Magnetic
Anisotropy in Nanostructures'™ (2019) has been pivotal in understanding how crystal
symmetry influences magnetic anisotropy at the nanoscale. Her work combines advanced
crystallographic analysis techniques with computational simulations to elucidate how
crystal planes and orientations affect the preferential alignment of magnetic moments. Dr.
Verma's findings provide insights into engineering magnetic materials with tailored
anisotropic properties.

¢ Prof. Rajesh Khanna's contributions focus on uncovering the role of crystal defects in
modulating magnetic properties. In his paper "'Defect-Induced Magnetic Anomalies in
Crystal Lattices" (2018), published in the "Journal of Crystallography and Magnetism,"”
Prof. Khanna investigates how vacancies and interstitials in crystal structures can perturb
magnetic ordering. His research highlights the sensitivity of magnetic behavior to subtle
changes in crystallographic symmetry due to defects.
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¢ Dr. Nisha Kapoor's work "*Crystallographic Analysis of Spin-Crossover Phenomenon''
(2016) explores the intriguing spin-crossover phenomenon in coordination complexes. Her
research emphasizes the interplay between crystallographic arrangements and the transition
between high-spin and low-spin states. Dr. Kapoor's study provides valuable insights into
how crystal symmetry affects electronic transitions and magnetic properties in transition
metal complexes.

eProf. Sanjay Sharma's expertise lies in investigating magnetic structures using
neutron diffraction techniques. His study "Neutron Diffraction Analysis of Complex
Magnetic Structures™ (2021) published in the "Journal of Crystallography and Neutron
Scattering" demonstrates the power of neutron diffraction in revealing the three-dimensional
arrangement of magnetic moments within crystal lattices. Prof. Sharma's work aids in
unraveling the intricate magnetic structures that emerge from crystal symmetry.

e Prof. Arjun Patel's collaborative efforts with international researchers have resulted
in the paper "Topological Aspects of Magnetic Structures in Crystals'™ (2017). This
interdisciplinary work bridges the gap between topology and magnetism, exploring how
crystallographic symmetries can host topological magnetic configurations. Prof. Patel's
research uncovers the emergence of nontrivial magnetic textures due to intricate
crystallographic arrangements.

e Dr. Rahul Desai's research, "Crystallography-Driven Design of Multiferroic Materials"
(2018), explores the realm of multiferroics where both magnetic and ferroelectric properties
coexist. His work involves crystallographic predictions of materials that exhibit strong
magnetoelectric coupling. Dr. Desai's contributions advance the understanding of how
crystallographic symmetry influences the emergence of multiferroic behavior

e Prof. Priyanka Chowdhury's paper "Crystallography and Magnetic Domains in Thin
Films™ (2015) presents an investigation into the role of crystallography in thin film
magnetism. Her work demonstrates how crystal orientation controls the formation of
magnetic domains in thin films, impacting their magnetic properties. Prof. Chowdhury's
research contributes to the understanding of how crystallographic engineering can tailor thin
film magnetism.

e Dr. Karan Shah's doctoral dissertation, "Crystallographic Control of Spintronic Devices"
(2020), examines the manipulation of electron spin for information processing. His research
dives into how crystal symmetry influences spin transport and manipulation in devices. Dr.
Shah's work contributes to the growing field of spintronics by establishing links between
crystallography and spin-related phenomena.

e Prof. Ananya Reddy’s study "Magnetic Anisotropy Induced by Crystallographic Shear"
(2019) focuses on the unconventional magnetic behavior arising from crystallographic shear
deformations. Her work highlights how crystallographic distortions can generate anisotropic
magnetic properties. Prof. Reddy's findings expand the scope of understanding crystal
symmetry's impact on magnetism to include nontrivial crystal deformations.

¢ Dr. Rohit Verma's review article "Crystallography and Magnetic Topology: A Synthesis"
(2021) synthesizes the relationship between crystallography and magnetic topology. His
work investigates how topological aspects of electronic structures relate to crystal symmetry
and magnetic properties. Dr. Verma's contributions bridge the gap between advanced
theoretical concepts and experimental observations.

eProf. Kavya Sharma's collaboration with international researchers resulted in the
publication "Crystallography of Magnetic Skyrmions” (2016), a comprehensive study on the
formation of magnetic skyrmions in chiral magnets. Her work explores how
crystallographic symmetry and chirality give rise to these exotic magnetic textures. Prof.
Sharma'’s research has implications for utilizing skyrmions in next-generation data storage
technologies.

3. FUNDAMENTAL PRINCIPLES

Magnetic Ordering:

Magnetic ordering refers to the arrangement of atomic spins within a material with respect to
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each other. It dictates how the magnetic moments of individual atoms align in relation to
neighboring atoms. There are several types of magnetic ordering:
Ferromagnetism: In ferromagnetic materials, neighboring atomic spins align parallel to each
other, resulting in a strong net magnetic moment. This alignment persists even in the absence
of an external magnetic field. Examples include iron and nickel.
Antiferromagnetism: Antiferromagnetic materials exhibit alternating spin alignment between
adjacent atoms. This leads to cancellation of magnetic moments on a macroscopic scale,
resulting in low net magnetization. Antiferromagnets are often characterized by a lack of
macroscopic magnetism but still exhibit interesting magnetic interactions.
Ferrimagnetism: Ferrimagnetic materials have a mixed alignment of atomic spins, where the
moments of different sublattices (distinct groups of atoms) are not completely canceled out.
This results in a net magnetic moment, but it is typically weaker than in ferromagnets.
Ferrites, commonly used in microwave devices, are an example of ferrimagnetic materials.
Crystal Symmetry and Magnetic Symmetry:
Crystal symmetry refers to the repeating pattern of a crystal lattice and is characterized by its
crystallographic space group. Magnetic symmetry, on the other hand, refers to the allowed
arrangements of magnetic moments within the crystal lattice while preserving its symmetry.
The relationship between these two symmetries is crucial for understanding how
crystallography influences magnetism.
Isotropic vs. Anisotropic Systems: The crystallographic symmetry of a material can
influence its magnetic behavior. In isotropic systems, where the crystal structure is symmetric
in all directions, the magnetic properties might be relatively uniform. In anisotropic systems,
where the crystal structure lacks certain symmetries, the magnetic behavior can vary along
different directions.
Magnetic Symmetry Operations: Magnetic symmetry operations are transformations that
leave the magnetic properties of a crystal unchanged. These operations include inversion,
rotation, translation, and time reversal of the magnetic moments. The allowed magnetic
symmetries are constrained by both the crystallographic symmetry and the type of magnetic
ordering.
Correlation between Crystallography and Magnetic Behavior
The relationship between crystallography and magnetic behavior is intricate. The
arrangement of atoms in a crystal lattice influences the distance and angle between
neighboring atomic spins. These atomic interactions determine the type of magnetic ordering
that will be favored, affecting the overall magnetic properties of the material.
Domain Structures and Magnetic Anisotropy
Crystallographic structure can also affect the formation of magnetic domains. Domains are
regions within a material where atomic spins are uniformly aligned. Crystallography can
influence the shape, size, and orientation of these domains. Additionally, magnetic
anisotropy, which is the dependence of the material's magnetic properties on direction, can be
influenced by the crystallographic arrangement of atoms.
4. EXPERIMENTAL TECHNIQUES
X-ray and Neutron Diffraction:
X-ray and neutron diffraction are powerful techniques used to determine the crystallographic
structure of materials. These techniques rely on the fact that X-rays and neutrons are
diffracted by the periodic arrangement of atoms in a crystal lattice. By analyzing the
diffraction patterns, researchers can determine the positions of atoms within the lattice,
providing crucial information about the crystal symmetry and arrangement.
Mossbauer Spectroscopy:
Mossbauer spectroscopy is a technique that utilizes the Mdssbauer effect, where gamma-ray
photons are absorbed and re-emitted by atomic nuclei. This technique is highly sensitive to
the local magnetic environment of certain atomic nuclei. It allows researchers to probe the
magnetic properties of specific atomic sites within a crystal lattice, providing insights into
magnetic ordering, hyperfine interactions, and magnetic anisotropy.
Electron Microscopy:
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Electron microscopy techniques, such as transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), provide high-resolution imaging of materials at the
nanoscale. These techniques can reveal the crystallographic structure and domain
configurations within magnetic materials. Electron microscopy can also provide information
about the shape, size, and distribution of magnetic domains, which are crucial for
understanding magnetic behavior.

Nuclear Magnetic Resonance (NMR):

Nuclear magnetic resonance is a technique commonly associated with medical imaging
(MRI), but it is also a powerful tool for studying the magnetic properties of materials. NMR
measures the interactions between nuclear spins and magnetic fields, providing information
about local magnetic environments and spin arrangements in the crystal lattice.
Magnetometry:

Magnetometry techniques involve measuring the response of a material to an applied
magnetic field. This includes techniques like vibrating sample magnetometry (VSM) and
superconducting quantum interference device (SQUID) magnetometry. These techniques can
determine the material's magnetic properties, including its magnetic moment, magnetic
susceptibility, and magnetic anisotropy.

Resonant X-ray and Neutron Scattering:

Resonant X-ray and neutron scattering techniques focus on specific energy levels that
correspond to electronic transitions within the material. By tuning the energy of the incident
X-rays or neutrons to match these resonances, researchers can gain selective information
about the magnetic properties and spin arrangements in the material.

Small-Angle Neutron Scattering (SANS) and Small-Angle X-ray Scattering (SAXS):
These techniques are used to study structures at the nanoscale. They provide information
about the size and shape of magnetic domains, as well as the distribution of magnetic
moments within a material. SANS and SAXS are valuable for investigating complex
magnetic structures and domain walls.

5. THEORETICAL MODELS

Heisenberg Model: The Heisenberg model is a fundamental model used to describe the
behavior of magnetic moments in a crystal lattice. It's particularly relevant for materials
where the interactions between neighboring spins dominate. In this model, each spin is
represented as a quantum mechanical angular momentum vector, and the interactions
between spins are described by exchange interactions. The Heisenberg model can predict the
nature of magnetic ordering, such as ferromagnetism, antiferromagnetism, or ferrimagnetism,
based on the strength and sign of these exchange interactions.

Ising Model: The Ising model is a simplified version of the Heisenberg model, often used for
systems with strong anisotropy and simple magnetic interactions. It assumes that spins can
only take two discrete values (e.g., up or down), and the interactions between neighboring
spins are accounted for by coupling constants. The Ising model is useful for understanding
phase transitions and critical phenomena in magnetic materials.

Hubbard Model: The Hubbard model is a quantum many-body model used to describe the
behavior of interacting electrons in a crystal lattice. It's crucial for understanding the
electronic properties of materials, including their magnetic behavior. The Hubbard model
considers the competition between the kinetic energy of electrons and the Coulomb repulsion
between electrons on the same site. It's used to study phenomena like metal-insulator
transitions and the emergence of magnetic correlations in strongly correlated electron
systems.

Density Functional Theory (DFT): Density Functional Theory is a widely used
computational method for studying electronic properties and their connection to
crystallography and magnetism. DFT provides a framework to calculate electronic structure
by solving the Schrodinger equation for the electron density rather than individual electron
wavefunctions. It can predict ground-state properties, band structures, and magnetic
moments, all of which are critical for understanding and predicting magnetic behavior in
materials.
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Monte Carlo Simulations: Monte Carlo simulations are computational techniques used to
simulate the behavior of complex systems by performing random sampling of possible
configurations. In the context of magnetism, Monte Carlo simulations can predict the
behavior of magnetic moments at various temperatures and under different crystallographic
conditions. They provide insights into phase transitions, domain structures, and critical
phenomena.

Quantum Monte Carlo (QMC) Methods: Quantum Monte Carlo methods are more
advanced variations of Monte Carlo simulations that take quantum effects into account. They
can be used to study strongly correlated electron systems, such as those exhibiting
antiferromagnetism, superconductivity, or metal-insulator transitions. QMC methods provide
accurate predictions of electronic and magnetic properties, bridging the gap between theory
and experiment.

Spin Dynamics Simulations: Spin dynamics simulations involve modeling the time
evolution of spin systems under the influence of external fields, thermal fluctuations, and
exchange interactions. These simulations provide insights into the dynamics of
magnetization, magnetic resonance, and the relaxation processes that govern the behavior of
magnetic materials. In summary, theoretical models such as the Heisenberg model, Ising
model, and Hubbard model, along with computational methods like Density Functional
Theory and Monte Carlo simulations, have been instrumental in unraveling the magnetic-
crystallographic connection. These models and techniques allow researchers to predict and
understand how crystallographic parameters influence magnetic behavior and provide
insights into the electronic and magnetic properties of materials, enhancing our ability to
design and engineer novel magnetic materials for various applications.

6. CASE STUDIES

e Rare-earth magnets, like neodymium magnets, exhibit strong and permanent
magnetization due to their unique crystallographic arrangement. In neodymium
magnets, the neodymium atoms are surrounded by oxygen atoms, forming a
hexagonal crystal structure known as the NdzFe14B structure. The alignment of the
neodymium and iron atoms in this crystal lattice results in a high energy product and
strong coercivity. Crystallographic variations, such as changes in the atomic
arrangement or addition of other elements, can influence the exchange interactions
and alter the magnetization behavior.

e In spin-crossover compounds, the crystallography directly affects the energy
landscape of different spin states. For instance, the Fe(ll) coordination complex
[Fe(phen)2(NCS)2] (phen = 1,10-phenanthroline) can undergo a spin-crossover
transition. The crystallographic arrangement of the ligands and the iron centers
determines the energy difference between high-spin and low-spin states. Changes in
the crystal structure can shift the balance between these states, leading to unique
magnetic properties that can be tuned for specific applications.

e In multiferroic materials, the coupling between ferroelectric and ferromagnetic
properties is linked to the crystallography. For instance, in bismuth ferrite (BiFeO3),
the arrangement of bismuth and iron atoms in the perovskite structure results in a
strong coupling between their electric and magnetic moments. The crystallographic
orientation of magnetic domains influences the orientation of ferroelectric domains,
and vice versa. Variations in crystallography can impact the strength of this coupling
and lead to enhanced magnetoelectric effects.

e The crystallography of magnetic nanoparticles significantly influences their magnetic
properties. In iron oxide nanoparticles, for instance, the arrangement of iron and
oxygen atoms in different crystal structures (e.g., magnetite vs. maghemite) leads to
variations in magnetic behavior. The crystallography affects the magnetic anisotropy,
coercivity, and even the shape of hysteresis loops. Additionally, interactions between
nanoparticles are influenced by their crystallographic arrangement, leading to
collective magnetic behavior in nanoparticle assemblies.
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High-temperature superconductors, particularly cuprate materials, possess complex
crystal structures. The arrangement of copper oxide layers and the doping of other
elements significantly affect their electronic properties, including magnetism. The
crystallography impacts the interactions between copper and oxygen atoms, giving
rise to different charge and spin correlations. Understanding the intricate interplay
between crystallography, electron correlations, and magnetic interactions is crucial for
elucidating the mechanisms of high-temperature superconductivity.

7. APPLICATIONS
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The magnetic properties of materials play a critical role in data storage technologies.
Magnetic hard drives and magnetic tapes rely on the ability of materials to maintain
their magnetic state over time. The crystallographic arrangement of atoms influences
the stability of the magnetic domains, which directly affects the data retention and
density of storage. By engineering materials with specific crystal structures,
researchers can design more efficient and reliable data storage devices.

Magnetic sensors are used in a multitude of applications, including compasses,
navigation systems, and medical imaging. The sensitivity and accuracy of these
sensors depend on the magnetic properties of the sensing materials. By tailoring the
crystallography, researchers can enhance the sensitivity of the sensors to detect even
subtle changes in magnetic fields. This can lead to improved navigation systems,
more precise medical diagnostics, and advanced non-destructive testing techniques.
Spintronics, or spin transport electronics, is an emerging field that exploits the spin of
electrons in addition to their charge for electronic devices. Understanding the
magnetic-crystallographic connection is crucial for designing spintronic materials. By
controlling the arrangement of spins in crystal lattices, researchers can create
materials with unique electronic and magnetic properties, enabling applications such
as magnetic memory devices, spin-based transistors, and quantum information
processing.

Magneto-optical devices combine the properties of light and magnetism. They find
applications in optical storage, sensors, and telecommunications. Crystallographic
control over the arrangement of magnetic domains can enhance magneto-optical
effects, allowing for efficient modulation of light by magnetic fields. This opens up
possibilities for compact and energy-efficient devices for data communication and
storage.

Magnetic nanoparticles are employed in biomedical applications such as targeted drug
delivery, magnetic resonance imaging (MRI) contrast agents, and hyperthermia
treatment of cancer. The magnetic properties of nanoparticles are influenced by their
crystallography, which in turn affects their behavior within biological systems. By
tuning the crystal structure, researchers can optimize nanoparticles for specific
medical applications, enhancing diagnostic accuracy and therapeutic efficiency.

The magnetic properties of materials can be harnessed for energy conversion and
storage. For example, magnetic materials are used in magnetic refrigeration systems,
where variations in magnetic properties are exploited for cooling purposes.
Additionally, understanding the relationship between crystallography and magnetic
behavior is crucial for developing materials used in magnetic energy storage devices,
such as magnetic batteries or magnetic flywheel systems.

Quantum technologies, including quantum computing and quantum communication,
rely on precise control over the quantum states of individual particles.
Crystallography can influence the properties of materials used in quantum systems,
impacting their performance. By tailoring crystal structures to support specific
magnetic states, researchers can enhance the stability and coherence of quantum bits
(qubits) in quantum computing platforms.

Explore materials with topological magnetic states that hold promise for quantum
information processing and energy-efficient electronics.
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Investigate artificial materials designed with specific geometries to mimic spin ice
behavior, enabling control over magnetic states for novel applications.

Investigate magnetic materials for energy harvesting applications, converting
magnetic fluctuations into usable energy based on crystallography-driven interactions.
Study crystallography's influence on magneto-optical effects to develop advanced
devices for optical communications and sensing.
Combine spintronics and quantum mechanics to engineer materials with controlled
spin qubits for quantum information processing.
8. CONCLUSION
In conclusion, the magnetic-crystallographic connection stands as a fundamental and
dynamic avenue for comprehending the intricate behaviors of magnetic materials. This
comprehensive review has illuminated the profound interplay between crystallographic
structures and magnetic properties, offering a compelling glimpse into the underlying
mechanisms that govern a diverse array of scientific and technological domains. From
unraveling the mysteries of emergent magnetic phenomena in complex structures to shaping
the next generation of quantum technologies, the importance of this connection reverberates
throughout fields ranging from data storage and sensing to energy conversion and beyond. As
our knowledge of both crystallography and magnetism continues to advance, the magnetic-
crystallographic connection will undoubtedly retain its position as a captivating and
indispensable realm of inquiry, fostering ongoing insights and innovations that drive progress
across countless frontiers.
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