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ABSTRACT

Magnetic materials play a crucial role in modern science and technology, ranging from data
storage to biomedical applications. This paper presents a comprehensive overview of the
fundamental principles governing magnetism and provides a systematic classification of
magnetic materials based on their atomic structure and magnetic behaviour. The study
discusses the origin of magnetism, magnetic domains, and key parameters such as magnetic
susceptibility and permeability. Furthermore, materials are categorized into diamagnetic,
paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic types, with emphasis on
their properties, mechanisms, and applications. The paper aims to serve as a foundational

reference for students and researchers in physics, materials science, and engineering.

KEYWORDS: Magnetic materials, magnetism, diamagnetism, ferromagnetism,

paramagnetism, ferrimagnetism, antiferromagnetism, magnetic domains.

1. INTRODUCTION

Magnetism is a fundamental property of matter arising from the motion of electric charges
and the intrinsic magnetic moment of electrons. Magnetic materials have been extensively
studied due to their wide applications in electrical machines, sensors, memory devices, and

medical technologies.

Understanding the behaviour of these materials requires knowledge of their atomic structure
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and the interactions between magnetic moments.

2. FUNDAMENTALS OF MAGNETISM

2.1 Magnetic Dipole Moment

The magnetic dipole moment is a fundamental concept in magnetism that describes the
strength and orientation of a magnetic source. It plays a key role in determining how
magnetic materials behave when subjected to an external magnetic field.

Definition
The magnetic dipole moment is defined as the product of the current and the area enclosed
by a current loop. It represents the ability of a system to align with a magnetic field.

u=IxA

Where:
e 1 = Magnetic dipole moment
e [ = Current

e A = Area of the loop

Magnetic Dipole Moment in Atoms

In magnetic materials, the dipole moment arises mainly due to:

Electron Orbital Motion

Electrons revolving around the nucleus create a current loop, producing a magnetic moment.

Electron Spin
Electrons possess intrinsic spin, which contributes significantly to the magnetic dipole

moment.

Magnetic Dipole in External Magnetic Field
When a magnetic dipole is placed in an external magnetic field:
o It experiences a torque that tends to align it with the field

T=uxB

« Potential energy of the dipole is given by:
U=—u-B
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Relation with Magnetization

Magnetization (M) is defined as the total magnetic dipole moment per unit volume:
M :—Zﬂ

vV

Where:
e M = Magnetization
e > u = Total magnetic dipole moment

e VV = Volume

Applications

« Design of electromagnets and inductors

o Magnetic resonance techniques (MRI, NMR)
« Data storage devices

« Spintronics and advanced materials research

2.2 Magnetic Field (H);

The magnetic field is a fundamental concept in magnetism that describes the influence of
magnetic forces in a region. In magnetic materials, the magnetic field intensity (H) represents
the applied external field that influences the alignment of magnetic dipoles within the

material.

Definition
The magnetic field intensity (H) is defined as the magnetic force per unit pole strength. It

indicates the strength of the external magnetic field applied to a material.

Mathematical Expression

Magnetic field intensity is given by:

H=NI
l
Where:

e H = Magnetic field intensity (A/m)
e N = Number of turns of the coil

e [ = Current (A)

e [ = Length of the magnetic path (m)
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Relation with Magnetic Flux Density (B)
Magnetic field intensity is related to magnetic flux density by:
B = uH

Where:
e B = Magnetic flux density (Tesla)

o u = Permeability of the material

Magnetic Field in Materials
When a magnetic material is placed in an external magnetic field:

o The field H aligns the magnetic dipoles

o The material develops magnetization (M)

e The total magnetic field inside the material becomes:
B = po(H + M)

Where:

e 1o = Permeability of free space

Properties of Magnetic Field (H)

« Depends only on the external current and coil configuration
« Independent of the type of material

o Determines the magnetizing force applied to a material

o Measured using magnetic field measuring instruments

Applications

o Design of transformers and inductors
« Analysis of magnetic circuits

« Electromagnets and solenoids

o Electrical machines (motors and generators)

2.3 Magnetic Flux Density (B)

Magnetic flux density is a fundamental parameter in magnetism that describes the strength of
a magnetic field within a material. It indicates how much magnetic flux passes through a
given area and helps in understanding the behaviour of magnetic materials under an applied
field.
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Definition
Magnetic flux density (B) is defined as the amount of magnetic flux passing per unit area

placed perpendicular to the direction of the magnetic field.

g=? _
A
Where:

e B = Magnetic flux density
e ® = Magnetic flux (Weber)
e A= Area (m?

Relation with Magnetic Field Intensity (H)
Magnetic flux density is related to magnetic field intensity by:
B = uH

Where:

e u = Permeability of the material

e H = Magnetic field intensity For free space:
B = uoH

Magnetic Flux Density in Materials
When a magnetic material is placed in a magnetic field:
B =puo(H + M)

Where:
e M = Magnetization of the material

e uo = Permeability of free space

This shows that flux density depends on both the applied field and the material’s response.

Properties of Magnetic Flux Density

« Represents the actual magnetic field inside a material
o Depends on the nature of the material

« Increases with magnetization

« Direction is the same as the magnetic field direction
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Applications

 Electrical machines (motors, generators)
o Magnetic storage devices

« Electromagnetic devices

« Sensors and measuring instruments

2.4 Magnetization (M);
Magnetization is an important concept in the study of magnetic materials. It describes how
strongly a material becomes magnetized when subjected to an external magnetic field. It

reflects the internal alignment of magnetic dipoles within the material.

Definition
Magnetization (M) is defined as the magnetic dipole moment per unit volume of a
material.

M=%pu

|4

Where:
e M = Magnetization (A/m)
e Y u = Total magnetic dipole moment

e V = Volume of the material

Relation with Magnetic Field
Magnetization is related to magnetic field intensity by:
M= yH

Where:
e x = Magnetic susceptibility
e H = Magnetic field intensity

Physical Interpretation

o Magnetization represents the degree of alignment of atomic magnetic moments

« In the absence of an external field, magnetization is usually zero (except in ferromagnetic
materials)

« In strong magnetic fields, magnetization may reach a maximum value called saturation

magnetization
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Behaviour in Different Materials
« Diamagnetic materials: Very small negative magnetization
o Paramagnetic materials: Small positive magnetization

o Ferromagnetic materials: Large magnetization due to domain alignment

Properties of Magnetization

o Depends on the nature of the material

« Increases with applied magnetic field

« Can exhibit hysteresis in ferromagnetic materials

o Temperature affects magnetization

Applications

e Magnetic storage devices

e Transformers and inductors

« MRI and other medical imaging techniques

o Electromagnetic systems

2.5 Magnetic Susceptibility (y);

Magnetic susceptibility is a fundamental property that indicates how a material responds to
an external magnetic field. It helps in understanding whether a material is attracted or repelled
by a magnetic field and to what extent.

Definition
Magnetic susceptibility (y) is defined as the ratio of magnetization (M) to the applied
magnetic field intensity (H):

Where:

e x = Magnetic susceptibility

e M = Magnetization (A/m)

e H = Magnetic field intensity (A/m)

Physical Meaning

« It indicates the degree of magnetization of a material in response to an applied magnetic
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field

o Determines the nature of magnetic behaviour of materials

Types Based on Susceptibility

Magnetic materials can be classified based on the value of y:

Diamagnetic Materials
e x Iisnegative and very small

o Weakly repelled by magnetic fields

Paramagnetic Materials
e x Iis positive and small

o Weakly attracted by magnetic fields

Ferromagnetic Materials
e x islarge and positive

« Strongly attracted and can retain magnetization

Relation with Permeability
Magnetic susceptibility is related to permeability by:

p=po(d+y)

Where:
e u = Permeability of the material

e uo = Permeability of free space

Properties of Magnetic Susceptibility
o Depends on the type of material

e Can vary with temperature

o Determines magnetic classification

o Usually very small except in ferromagnetic materials

Applications
« Designing magnetic and electronic devices
« Magnetic material selection in engineering

e Research in solid-state physics and magnetism
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2.6 Permeability (n)

Permeability is a fundamental property of magnetic materials that determines how easily a
magnetic field can pass through a material. It plays a crucial role in analyzing magnetic
circuits and designing electromagnetic devices.

Definition
Permeability (p) is defined as the ability of a material to support the formation of a magnetic

field within it. It is the ratio of magnetic flux density (B) to magnetic field intensity (H):

l’l:
H

Where:

e 1 = Permeability

e B = Magnetic flux density (Tesla)
e H = Magnetic field intensity (A/m)

Types of Permeability
Absolute Permeability (w)
e The actual permeability of a material

o Depends on the nature of the material

Permeability of Free Space (po)
« Constant value:
uo =4m x 107 H/m

Relative Permeability (u)

« Ratio of material permeability to free space permeability:

ur

uno
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Relation with Magnetic Susceptibility

Permeability is related to magnetic susceptibility by:

p=po(1+y)

Where:
e x = Magnetic susceptibility

Behaviour in Different Materials

o Diamagnetic materials: pyr <1
o Paramagnetic materials: - > 1 (slightly)

« Ferromagnetic materials: ;- > 1 (very high)

Properties of Permeability

« Depends on material composition

o Varies with temperature and magnetic field strength
e High in soft magnetic materials

« Nonlinear in ferromagnetic materials

Applications

e Transformers and inductors

« Electric motors and generators
o Magnetic shielding

o Electromagnets

3. CLASSIFICATION OF MAGNETIC MATERIALS
Magnetic materials are classified based on their magnetic susceptibility and response to

external magnetic fields.

3.1 Diamagnetic Materials
Diamagnetic materials are one of the basic classes of magnetic materials. They exhibit the
weakest form of magnetism and are characterized by their tendency to oppose an externally

applied magnetic field.

Definition

Diamagnetic materials are substances that are weakly repelled by a magnetic field. When
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placed in a magnetic field, they develop an induced magnetic moment in the opposite

direction of the applied field.

Origin of Diamagnetism
Diamagnetism arises due to:

e The orbital motion of electrons
« Induced currents generated when an external magnetic field is applied

« Cancellation of electron magnetic moments (all electrons are paired)

Properties of Diamagnetic Materials

o Weakly repelled by magnetic fields

o Magnetic susceptibility is negative (y < 0)

« Relative permeability is slightly less than 1 (p. < 1)

« No permanent magnetic dipole moment

o Magnetization is induced only in the presence of an external field

« Independent of temperature

Behaviour in Magnetic Field
When placed in a non-uniform magnetic field:
« Diamagnetic materials move from strong magnetic field regions to weak field regions

o They create a magnetic field opposite to the applied field

Applications

o Magpnetic levitation experiments (e.g., graphite levitation)
o Magnetic shielding in sensitive instruments

e Research in superconductivity (perfect diamagnetism)

e Precision measurement devices

3.2 Paramagnetic Materials;
Paramagnetic materials are a class of magnetic materials that exhibit a weak attraction toward
an externally applied magnetic field. Their magnetic behavior is due to the presence of

unpaired electrons in their atomic or molecular structure.

Definition
Paramagnetic materials are substances that are weakly attracted by a magnetic field and

become magnetized in the direction of the applied field when exposed to it.

Copyright@ Page 11



International Journal Research Publication Analysis

Origin of Paramagnetism

Paramagnetism arises due to:

e Presence of unpaired electrons in atoms or ions

« Alignment of magnetic dipole moments with an external magnetic field

o Thermal agitation that prevents permanent alignment

Properties of Paramagnetic Materials

o Weakly attracted by magnetic fields

o Magnetic susceptibility is small and positive (> 0)

« Relative permeability is slightly greater than 1 (p. > 1)

« Magnetization exists only in the presence of an external field
o Magnetization decreases with increase in temperature

« No permanent magnetism after removal of field

Behaviour in Magnetic Field

When placed in a magnetic field:

« Paramagnetic materials move toward stronger magnetic field regions

« Their atomic dipoles align partially along the direction of the applied field

o The effect disappears once the field is removed

Temperature Dependence
Paramagnetism follows Curie’s Law:

_C
xX=

T

Where:
e x = magnetic susceptibility
e ( = Curie constant

e T = absolute temperature
This shows that susceptibility decreases with increasing temperature.

Applications
e Magnetic resonance imaging (MRI contrast agents)

« Oxygen sensing in medical and industrial systems

Copyright@ Page 12



International Journal Research Publication Analysis

o Research in solid-state physics

« Magnetic cooling systems (cryogenics)

3.3 Ferromagnetic Materials;

Ferromagnetic materials are a major class of magnetic materials that exhibit very strong
attraction to external magnetic fields. These materials are widely used in electrical and
electronic devices due to their ability to retain magnetization even after the external field is

removed.

Definition
Ferromagnetic materials are substances that are strongly attracted by a magnetic field and

can retain a significant amount of magnetization in the absence of an external field.

Origin of Ferromagnetism

Ferromagnetism arises due to:

Presence of unpaired electrons

Strong exchange interaction between neighboring atomic magnetic moments

Formation of regions called magnetic domains

Alignment of these domains in the presence of an external magnetic field

Magnetic Domains

o Ferromagnetic materials consist of tiny regions called domains

« Each domain acts like a small magnet

« In an unmagnetized state, domains are randomly oriented

e When a magnetic field is applied, domains align in the direction of the field, producing

strong magnetization

Properties of Ferromagnetic Materials

o Very strongly attracted by magnetic fields

« Magnetic susceptibility is very large and positive (y >> 1)
« Relative permeability is very high (u. >> 1)

o Exhibit hysteresis (lag between magnetization and field)
« Can retain magnetization (show remanence)

e Can be permanently magnetized
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Behaviour in Magnetic Field

When placed in a magnetic field:

« Domains align strongly along the field direction
o Material becomes highly magnetized

« Even after removal of the field, some magnetization remains

Hysteresis Loop

Ferromagnetic materials exhibit a hysteresis loop, which shows:
o Retentivity (residual magnetism)

« Coercivity (resistance to demagnetization)

« Energy loss during magnetization cycle

Temperature Effect (Curie Temperature)
« Ferromagnetism decreases with increase in temperature
e Above a specific temperature called Curie temperature, the material becomes

paramagnetic

Applications

« Electric motors and generators

o Transformers (core materials)

« Permanent magnets (speakers, magnetic locks)
o Magnetic storage devices (hard disks)

o Electromagnets and relays

3.4 Antiferromagnetic Materials
Antiferromagnetic materials are an important class of magnetic materials in which the
magnetic moments of adjacent atoms or ions align in opposite directions. This results in

cancellation of net magnetization, making the material appear non-magnetic externally.

Definition
Antiferromagnetic materials are substances in which adjacent magnetic dipoles align in
opposite (antiparallel) directions with equal magnitude, resulting in zero net

magnetization.
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Origin of Antiferromagnetism

Antiferromagnetism arises due to:

« Strong exchange interaction between neighbouring spins

« Preference for antiparallel alignment of magnetic moments

o Equal magnitude of opposing magnetic moments leading to cancellation

Magnetic Structure

o Atomic magnetic moments are arranged in an ordered but opposite pattern
e Commonly occurs in a two-sublattice structure

« Net magnetic moment:

Mpet =0

Properties of Antiferromagnetic Materials

« Net magnetization is zero or nearly zero

o Weak response to external magnetic field

o Magnetic susceptibility is small and positive
« No permanent magnetism

« Magnetic ordering depends on temperature

Temperature Effect (Néel Temperature)

« Antiferromagnetism exists below a specific temperature called Néel temperature (T,)

o Above this temperature, the material behaves like a paramagnetic material Behaviour in
Magnetic Field

« In an external magnetic field, moments slightly distort

o However, strong antiparallel alignment remains dominant

e Hence, overall magnetization remains very small

9. Applications

e Magnetic sensors and spintronic devices

« High-density magnetic storage technologies
« Exchange bias systems in magnetic memory

e Research in solid-state physics and material science
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3.5 Ferrimagnetic Materials;

Ferrimagnetic materials are an important class of magnetic materials that exhibit strong
magnetic behaviour similar to ferromagnetic materials. However, unlike ferromagnetism, the
magnetic moments in ferrimagnetic materials are aligned in opposite directions with unequal

magnitudes, resulting in a net magnetization.

Definition
Ferrimagnetic materials are substances in which magnetic moments of atoms on different
sublattices align in opposite directions but are unequal in magnitude, leading to a non-

zero net magnetic moment.

Origin of Ferrimagnetism

Ferrimagnetism arises due to:

Presence of two or more magnetic sublattices

Antiparallel alignment of magnetic moments between sublattices

Unequal magnetic strengths in opposite directions

Exchange interactions between ions in different lattice sites

Magnetic Structure
« Magnetic moments are arranged in an antiparallel fashion
« One set of moments is stronger than the other

o Net magnetization is given by:

Mnpet = M1 — M2

Where;

M1 # M2

Properties of Ferrimagnetic Materials

« Exhibit moderate to strong magnetization
o Net magnetic moment is non-zero

o Magnetic susceptibility is large and positive
« Show hysteresis behavior

« Can retain magnetization (like ferromagnets)

o Electrical resistivity is relatively high
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Temperature Effect (Curie Temperature)

o Ferrimagnetic materials lose their magnetic order above the Curie temperature (T ;)

« Above this temperature, they behave as paramagnetic materials Behaviour in Magnetic
Field

« Strong alignment of unequal opposing moments occurs

« Results in significant net magnetization

o Can be easily magnetized and demagnetized depending on material type

Applications

« Transformer cores (high-frequency applications)
« Inductors and microwave devices

o Magnetic recording and storage systems

« Ferrite magnets in speakers and antennas

o Electromagnetic shielding

4. Comparison of Magnetic Materials;

Property Diamagnetic Paramagnetic Ferromagnetic
Antiferromagnetic Ferrimagnetic Susceptibility Negative
Small +ve  Large +ve Small Moderate +ve Magnetization
Very weak Weak Strong Zero Moderate Retentivity
None None High None Moderate
Examples Cu, Bi Al, Pt Fe, Ni MnO Fe;0,

5. CONCLUSION

Understanding the fundamentals and classification of magnetic materials is crucial for their
effective use in engineering and scientific applications. Each type of magnetic material
exhibits unique properties that make it suitable for specific technological uses. Continued

research in magnetism is expected to further enhance material performance and innovation.
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