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The exploration of innovative condensed matter physics techniques, as well as their most current innovations
and N2-V magnetometry scenarios, are covered in this paper. Nitrogen-vacancy (N2-V) cores in diamond are
incorporated in the N2-V magnetometry method, which allows for highly sensitive and precise measurements of
magnetic fields (B). With a particular emphasis on three areas such as ferromagnetic materials/Anti
ferromagnetic materials, Superconducting materials and Metals/Semiconductors. We highlight the rapidly
expanding interest in employing N2-V magnetometry to investigate condensed matter physics in this study. The
behavior of specific magnetic domains, domain barriers, and other nanoscale structures could be studied using
the high sensitivity and spatial resolution of N2-V magnetometry. The utilization of N2-V magnetometry in
numerous disciplines, including biology and materials science, are additionally explored. Future applications of
N2-V magnetometry in the study of innovative condensed matter physics processes provide a wealth of
fascinating possibilities which includes the creation of novel diamond materials, the integration of N2-V
magnetometry with other methodologies.
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1. INTRODUCTION

In physics, the term "novel processes" refers to novel and
previously unrecognized occurrences or behaviors that take
place in physical systems. These processes might have
something to do with fundamental particles, how they
interact, or how materials behave. Understanding the
fundamental mechanics of the natural world requires
research into novel physics processes, which can also result
in the creation of new technologies and applications.
Quantum entanglement, high-energy particle collisions, dark
matter, topological materials, and quantum computing are a
few examples of novel physics processes. Researching
innovative physics processes is essential for expanding our
knowledge of nature and can result in a variety of useful
applications and technological improvements.

Condensed matter (CM) was a state of matter that
develops when a great deal of atoms, molecules, or
electrons join together and interact with one another to
produce a solid or liquid. The study of these materials'
electrical, magnetic, thermal, and optical properties as
well as other physical characteristics is known as CM
physics [1]. Metals, semiconductors, superconductors,
polymers, and biological materials are just a few of the
diverse types of materials that fall under the purview of
CM physics [2]. The field was quite broad and
encompasses a wide range of topics, including topological
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materials, optical properties of materials, thermal
properties of materials, mechanical properties of
materials, and electronic properties of materials. CM
physics was a crucial field of study that has produced
numerous technological advances, such as the creation of
novel materials for electronics, energy storage, and other
uses [3]. Studying the behavior of electrons within
materials, including their interactions with other particles
and their movement in reaction to applied fields, allows
scientists to better understand phenomena like electrical
conductivity, magnetism, and superconductivity [4]. The
study of a material's thermal conductivity, specific heat,
phase transitions, and other low-temperature critical
events are all included in the research of a material's
thermal characteristics. Studying a material's mechanical
characteristics, including their elasticity, strength, and
deformation patterns under stress, is known as
mechanical property analysis [5].

A new family of materials called topological materials
have distinctive electrical properties that are shielded by
their topology [6]. For the creation of new electronic and
computational technologies, research into these materials is
crucial [7]. Quantum materials are substances that, on a
macroscopic  level, display quantum = mechanical
characteristics like superposition and entanglement. For the
development of quantum computers, quantum sensors, and
other technologies, research into these materials is crucial [8].

The results were presented at the 34 International Conference on Innovative Research in Renewable Energy Technologies (IRRET-2023)
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The study of using an electron's spin rather than its charge to
store and process information is known as spintronics. For
the creation of novel electronic devices, such as spin-based
transistors and memory, spintronic research is crucial [9].
The behavior of materials that are not in thermodynamic
equilibrium is referred to as non-equilibrium phenomena.
Understanding the dynamics of complex systems, such as
glasses and polymers, requires research into these
phenomena. Topological phases of matter, such as topological
insulators, which have special electronic properties that are
protected by their topology, are examples of phases of matter
with topological features [10].

This paper discusses the principles, sensitivity, and
spatial resolution of N2-V magnetometry in section 2 along
with its applications in studying spin textures, magnetic
excitations in Section 3, and the properties of
superconductors in section 4, metals and semiconductors
in section 5. The paper also explores the use of N2-V
magnetometry in AFM/FM materials evaluation and
concludes by highlighting the potential of N2-V
magnetometry as a powerful tool for studying magnetic
materials at the nanoscale in section 6.

2. N2-V MAGNETOMETRY PRINCIPLES

In the model, Marangoni convection, recoil pressure
and surface tension were used as unique interface
captured techniques. Considering that surface tension is a
million times more powerful than gravity, it was found
that fused powders might create a continuous cladding
layer under its influence rather than gravity [11].

Nitrogen-vacancy (N2-V) centers in diamond are used as
the sensing component in N2-V magnetometry [12]. The
measuring of the spin state of the N2-V centers in response
to Magnetic Field (B) is one of the fundamental tenets of
N2-V magnetometry. The nitrogen atom and vacancy
(a carbon atom lacking) in the diamond lattice make up the
N2-V centers [13]. The N2-V centers can function as B
sensors due to their electronic spin states' sensitivity to B.
Laser light and fluorescence detection can be used to control
and measure the N2-V centers' spin states [14]. The N2-V
magnetometry concepts entail monitoring variations in the
N2-V centers' fluorescence in response to B. It may be
measured with extremely high sensitivity and spatial
resolution using N2-V-magnetometers [15]. They are very
helpful for capturing nanoscale B images, such as those seen
in biological systems or magnetic data storage devices. They
can also be used to gauge a molecule's or nanoparticle's
magnetic characteristics [16,17]. The N2-V magnetometry
method relies on the electronic spin states of diamond N2-V
centers to identify and quantify B. Numerous fields, including
biology, magnetic data storage, and materials research, could
benefit from the use of this technique [18, 19].

2.1 N2-V Magnetometry's Sensitivity

The extreme sensitivity of N2-V magnetometry, which
makes it a useful instrument for determining B at the
nanoscale, is well recognized [20]. The characteristics of
the diamond sample, the stimulation intensity and
duration, and the detecting technique all affect the
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N2-V magnetometry's sensitivity. It is possible to measure
both dc and ac magnetic responses using the N2-V center,
by implementing various magnetic-sensing methods. One
equation generalizes the NV dc and ac magnetometry's
sensitivity. It includes the following four contributions:
overhead time, readout, spin dephasing, and spin
projection limit. A particular type of point defect in the
diamond lattice is the N2-V center that shown in Fig. 1.
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Fig. 1 — Nitrogen-Vacancy Center illustration and diamond lattice
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Taylor et al. brought up the restricted sensitivity due to
spin-projection.

Where, y = Gyromagnetic ratio of electrons

N = number of NV centers in the ensemble

T = free precession for each unit of measurement

a = Diff between ac and dc signals in terms of effective field
value

a = 1 for (Dc Ramsey magnetometry), and a = % for (ideal

Ac Hahn)

The obtainable sensitivity is nonetheless compromised
by experimental nonidealities, spin dephasing such poor
reading and overhead time. First, spin dephasing during
precession reduces the sensitivity 5 for higher values of 7.

1
e=(@/T)p @

Where, T =T,
P = Stretched Exponential parameter

The spin bath encircling the N2-V center is related to
P. Second, the spin projection limit, which is taken into
account by the readout factor in Equation 1, significantly
reduces sensitivity by prohibiting SSD of the NV spin state
with the typical NV optical readout technique.

Third, when particular readout methods, like SCC or
SRM methods, are used. Compared with interrogation
period 7, t; and t; can be significant. The amount of time
that is spent in spin precession can be used to measure this

nonideality.
ti+T+tR
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The diamond quality, the excitation power, the
duration, the detection method, and the gradient of the B
are some of the wvariables that affect the NV
magnetometer's sensitivity.

The quality of the diamond sample affects N2-V
magnetometry's sensitivity. Higher sensitivity may result
from the diamond's higher purity and reduced flaw
density. By raising the stimulation power and duration,
which increases the number of N2-V centers that can be
detected, the sensitivity of N2-V magnetometry can be
enhanced. More sensitive detection techniques, including
time-resolved detection or lock-in detection, can increase
the NV magnetometer's sensitivity. The gradient of the B
being measured affects the sensitivity of N2-V
magnetometry. A greater gradient produces a greater
sensitivity.

2.2 N2-V Magnetometry's Spatial Resolution

The spatial resolution of N2-V magnetometry depends
on a number of variables, including the B gradient, size
and density of the N2-V centers being measured, and the
type of detection technique being utilized. A useful
instrument for capturing B at the nanoscale is N2-V
magnetometry, which has exhibited spatial resolutions in
the nanometer range.

The excellent spatial resolution of N2-V magnetometry
was one of its main benefits. An example of this is the
realization of a spatial resolution of 10 nm utilizing
scanning probe N2-V magnetometry. Sensitivity and
spatial resolution, however, are always trade-offs. Since it
is widely known that poor coherence qualities, or
alternatively, shorter dephasing times T, and T, occur
close to the diamond surface (10 nm). Number of NV faults
used in the investigation is another restriction. The best
spatial resolution and coherence are provided by a single
NV defect, but in comparison to ensemble detection, the
sensitivity of the photon shot-noise-limited system would
be significantly damaged.

From these factors in mind, Table 1 provides a
summary of sensitivity and the spatial resolution
currently accessible to the investigation of CM. In order to
extend the spatial resolution of atomic force microscopy
past the scanning probe technique and optical diffraction
limit was either employed or putting a nano diamond. To
attain a spatial resolution of 10 nm in both situations, the
distance between the diamond surface and N2-V center
should be about 10 nm or less. SRM techniques can be used
to achieve N2-V magnetometry spatial resolution at the
nanometer scale without the need for scanning probes.

3. AFM/FM MATERIALS EVALUATION

Probing AFM/FM materials involves measuring the
magnetic and structural properties of materials that have
both AFM (AFM) and ferromagnetic (FM) phases. These
materials have unique magnetic and electronic properties
that make them of interest for a range of applications,
including spintronics and magnetic data storage.

Table 1 — Condensed Matter Systems Research: Typical Spatial
Resolution and Sensitivity of N2-V Magnetometry

Types Ac Dec
Magnetometry Magnetometry

Atomic  Force | 50-100 nT/Hz2 | 3-10 uT/Hz!2

Microscope

Confocal 4-100 nT/Hz!2 0.03-3 uT/Hz!/2

15 T/Hz!2

Large Ensemble | 1 pT/Hz!/2

Some of the technique used to probe AFM/FM materials
are as follows: X-ray diffraction, Scanning tunneling
microscopy (STM), Magnetic force microscopy (MFM),
Magnetometry, Scanning transmission electron microscopy
(STEM), X-ray magnetic circular dichroism (XMCD) and
Polarized neutron scattering. One method for figuring out a
material's crystal structure is X-ray diffraction. This can
reveal details on how the atoms are arranged in the
substance, including where and how their magnetic moments
are arranged. The technical advancements for the
investigation of magnetic excitations and spin texturing will
be covered in this subsection.

3.1 Spin Texture Features

Spin texture characterization refers to the process of
quantitatively describing the distribution and orientation
of electron spins in a material. It is an important area of
research in CM physics, as it 1is essential for
understanding the properties of materials with magnetic
or spin-dependent behavior. Spin texture can be
characterized by several features, including, Spin
polarization, Spin density, Spin texture symmetry,
Topological spin texture, and Magnetic ordering.

For the creation of new materials with specialized
magnetic and spin-dependent behavior, an understanding
of the characteristics of spin texture is essential. It is also
crucial for creating new spintronics-based technologies
that store and process information using the spin of
electrons rather than their charge. Numerous methods,
such as angle-resolved photoemission spin-polarized
scanning tunneling microscopy (SP-STM), spectroscopy
(ARPES), X-ray magnetic circular dichroism (XMCD),
spin-resolved electron energy loss spectroscopy (SREELS),
and magneto-optical Kerr effect (MOKE)can be used to
determine the characteristics of the spin texture. These
methods are crucial for comprehending the characteristics
of materials with magnetic or spin-dependent behavior
because they offer useful information on the distribution
and orientation of electron spins in materials.

In an NV center-based diamond microscope, the
sample of interest is put on a diamond nanocrystal that
contains NV centers, and the NV centers are optically
excited by a laser. A sensitive camera uses the light
emitted by the NV centers to build an image of the sample
with a resolution of a few nanometers. Applications for this
kind of microscope include biological imaging, materials
science, and quantum sensing. The NV center-based
diamond microscope, for instance, can be utilized to
examine individual cells or even subcellular structures
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with high spatial resolution in biological imaging which
shown in Fig. 2.
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Fig. 2 - High spatial resolution in biological imaging with
subcellular structure

3.2 Magnetic Excitations

Through neutron scattering studies, magnetic
excitations, which are the collective behavior of magnetic
moments in a material, can be seen. Unpaired electrons
with spin are found in atoms or ions within the material,
which causes these magnetic moments to form. Numerous
magnetic  phenomena, including ferromagnetism,
antiferromagnetism, and paramagnetism, can result from
the interactions between these magnetic moments.

In materials research and CM physics, N2-V
magnetometry has a wide range of potential applications.
N2-V magnetometry, for instance, can be used to examine
the magnetic characteristics of novel substances like
topological insulators or magnetic skyrmions. The
behavior of magnetic materials under severe
circumstances, such as high temperatures or strong B, can
also be studied using N2-V magnetometry. Along with
coherent transport of spin waves, unique magnon
condensate produced by the interactions of magnons has
garnered a lot of interest in recent years.

4. EXAMINING SUPERCONDUCTORS

At low temperatures, superconductors are substances
that can conduct electricity with no resistance. Many
fascinating phenomena, including topological
superconductivity and high-temperature
superconductivity, have been discovered as a result of
decades of active research in the field of superconductivity.
It has become clear that N2-V magnetometry is an
effective instrument for researching superconductors. It
can be used, for example, to find a B generated by
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superconducting vortices. A lattice of vortices, or areas
where the superconducting current flows in a circular
pattern, can form when a superconductor is exposed to a
B. The N2-V center in a diamond substrate can pick up B
created by the vortices.

N2-V magnetometry can be used to detect the magnetic
characteristics of a superconductor as well as map out the
distribution of vortices within it. N2-V magnetometry, for
instance, can be used to gauge the dimensions, densities,
and movements of vortices. The behavior of
superconductors in various situations, such as at various
temperatures or in the presence of external B, can be
understood wusing this information. The study of
superconductivity at high pressure is another novel
application of NV sensors. Type 1 superconductors are
made of basic materials, have a small critical magnetic
field, complete Meissner effect, and a limited temperature
range. Type 2 superconductors are made of complex
materials with a higher capacity to trap magnetic flux and
have high critical magnetic fields, partial Meissner effects,
a wider temperature range, and partial Meissner effects.

These findings show that nanoscale B imaging using
scanning probe N2-V magnetometry is an effective method
for studying intricate electrical systems.

5. CONCLUSION

In this review, we have covered how N2-V
magnetometry can be used to examine CM materials. The
right sensors with the high B sensitivity and high spatial
resolution needed to assess materials in various working
environments are N2-V centers, because they are point-
like defects with exceptional coherent features in diamond.
In the study of spin texturing, magnetic excitation, and the
non-invasive characterization of electron transport, N2-V
magnetometry has developed into a flexible and potent
technique. N2-V magnetometry has been a potent tool for
analyzing innovative CM physics phenomena in recent
years. In the study of novel processes in the physics of CM,
N2-V magnetometry has made a substantial contribution
and opened up new directions for study. It is expected that
N2-V magnetometry will continue to play a significant role
in the development of new materials with novel properties
as well as in our understanding of CM physics with
continued advancements in this technology. Future
applications of N2-V magnetometry in the study of
innovative CM physics processes provide a wealth of
fascinating possibilities. These include the creation of
novel diamond materials, the integration of N2-V
magnetometry with other methodologies, the study of
unusual or difficult materials, and the nanoscale analysis
of magnetic materials. The development of new materials
with unique features and several new insights into the
behavior of materials are predicted to result from
continued improvements in this technology.
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B nmawiit po6oTi posrIIsTHYTI pe3ysIbTaTh JOCTKeHb 1HHOBAIIIMHUX MEeTOIB (PI3WKH KOHIEHCOBAHOIO CTAHY, a
TAKOK IHHOBAIIIl Ta cy4acHi ciieHapii maraitomerpii N2-V. dnpa 3 sakancisvu asory (N2-V) B anmasi BRIOUeH]
B MeTo Mar"iromeTpii N2-V, axuii 103B0JIsie TPOBOAUTH BUCOKOYYT/INBI T4 TOYHI BUMIPIOBAHHSA MATHITHUX TIOJIIB
(B). OcobimBHil aKIleHT Ha TPHOX TPyHax MaTepiajliB, TAKAX SK (PepoMAarHiTHI MeTasn/aHTHdepOMAaTHITHI
MeTaJIn, HaAIIPOBIIHI MaTepiaan Ta MeTaJIN/ HAMIBIPOBIAHUKA. Y IILOMY JOCIIMKEeHH] MU IIIKPECII0EMO CTPIMKO
3pOCTaYni 1HTEepec J0 BUKOpUCTAHHS MardiTomeTpil N2-V st mociireHHs DISUKA KOH/IEHCOBAHUX PEYOBHUH.
TloBemiHKy KOHKpPETHMX MATHITHHX IOMEHIB, JOMEHHHUX 0ap’epiB Ta IHIINX HAHOPO3MIPHUX CTPYKTYP MOXKHA
BUBYATH 32 JIOIIOMOTOI0 BICOKOI UyTJIMBOCTI Ta IPOCTOPOBOI PO3IbHOI 3faTHoCcTI Maraitomerpii N2-V, mogarkoso
JIOCJTTKY€eThbCA 11 BUKOPUCTAHHS B PISHUX TaJIy3sX, BEJIIOYAIOYM O10JIOTI0 Ta MaTepiasio3HaBcTBO. MaibyTre
3acrocyBaHHs MarHiTomerpil N2-V y BuBUYeHH] 1HHOBAI[IMHHX IIPOIECiB (PI3MKM KOHIEHCOBAHOTO CTAHy HAaJae
6araTo MOKJIMBOCTEH, BKJIIOUAOUN (POPMYBAHHS HOBHUX aJIMA3HHX MATEpPIlasiB Ta IHTErpariio JaHOTO METOAy 3

1HIITA M,

Kmouori ciosa: Konnerncosana peuosuna, Bakamncis asory (N2-V), Maruitae moste, Hanounayka, ®epomaraiTi

Marepiaiau, AHTH(epOMAarHiTHI MaTepiam.
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