
Core Definitions & Concepts:

Theoretical Breakdown:

A. Diamagnetism

Advanced Engineering Physics

Unit 4 : Magnetic and Dielectric Materials

I. Introduction to Magnetic Materials

1. Origin of Magnetic Moment

Magnetization (M): Defined macroscopically as the magnetic moment per unit

volume.

Magnetic Susceptibility (χ): The ratio of the magnetization to the macroscopic

magnetic field intensity. It is defined as χ = M/B in CGS units, or χ = μ0M/B in SI

units.

Sources of Magnetic Moment: A strictly classical system in thermal equilibrium

can display no magnetic moment, even in a magnetic field; therefore, magnetism is

fundamentally inseparable from quantum mechanics. The magnetic moment of a

free atom originates from three principal sources:

1. The intrinsic spin with which electrons are endowed.

2. The orbital angular momentum of the electrons about the nucleus.

3. The change in the orbital moment induced by an applied magnetic field.

The first two sources (spin and orbital angular momentum) give rise to

paramagnetic contributions (a positive contribution to the magnetization).

The third source (induced change in the orbital moment) gives rise to a

diamagnetic contribution (a negative contribution to the magnetization).

For example, in an atom with completely filled electron shells, both the spin and

orbital moments exactly cancel out to zero, leaving only the induced diamagnetic

moment. Finite permanent moments are exclusively associated with unfilled

electron shells.

2. Classification of Magnetic Materials

Core Concept: Substances with a negative magnetic susceptibility (χ < 0) are

called diamagnetic. Diamagnetism is associated with the tendency of electrical

charges to partially shield the interior of a body from an applied magnetic field.

Lenz's Law: The physical origin of diamagnetism is analogous to Lenz's law in

electromagnetism: when the magnetic flux through an electrical circuit changes, an



B. Paramagnetism

C. Ordered Magnetic Arrays (Ferro-, Antiferro-, and Ferrimagnetism)

Below a certain critical temperature, magnetic moments can form ordered arrays due to

strong internal exchange interactions.

induced current is set up in a direction that opposes the flux change. In an atom,

the induced "current" from the electron orbit persists as long as the magnetic field

is present, producing a diamagnetic moment.

The Larmor Theorem: In a magnetic field B, the motion of electrons around a

central nucleus is mathematically identical to their motion without a magnetic field,

except for the superposition of a precession of the electrons with an angular

frequency ω = eB/2mc.

Langevin Diamagnetism Equation: Using the Larmor theorem, the diamagnetic

susceptibility of N  atoms of atomic number Z is calculated as:

χ = −
Ze2N⟨r2⟩

6mc2

where ⟨r2⟩ is the mean square atomic radius.

Core Concept: Substances with a positive susceptibility (χ > 0) are called

paramagnetic. This behavior occurs in systems possessing permanent magnetic

moments.

Occurrence: Electronic paramagnetism is primarily found in the following systems:

1. Atoms/molecules with an odd number of electrons: Because the number of

electrons is odd, the total spin of the system cannot be zero. (Examples: free

sodium atoms, gaseous nitric oxide (NO), organic free radicals, and F centers

in alkali halides).

2. Free atoms and ions with a partly filled inner shell: This includes transition

elements, rare earth elements, and actinide elements. (Examples: Mn2+, Gd3+,

U4+).

Curie-Langevin Law: For atoms with a permanent magnetic moment μ, thermal

agitation actively opposes the magnetic alignment. At temperatures where

μB ≪ kBT , the paramagnetic susceptibility is inversely proportional to temperature:

χ =
Nμ2

3kBT

This relationship is known as the Curie Law.

Ferromagnetism:

Concept: A ferromagnet exhibits a spontaneous magnetic moment—meaning it

possesses a macroscopic magnetization even in zero applied magnetic field.

Alignment: In the ground state of a simple ferromagnet, all electron spins are

perfectly aligned parallel to each other.



Concept of Domains:

Origin of Domains:

Examples: Transition metals like Fe, Co, and Ni.

Antiferromagnetism:

Concept: An ordered spin arrangement where the net macroscopic magnetic

moment is zero.

Alignment: In a simple antiferromagnet, the system is composed of two equal

spin lattices that are aligned exactly antiparallel to each other. For example, in

MnO, the spins in a single crystal plane are parallel, but the spins in adjacent

planes are antiparallel, perfectly canceling each other out.

Ferrimagnetism:

Concept: An ordered spin arrangement where the net macroscopic magnetic

moment is non-zero, but the spins are not all parallel.

Alignment: Similar to an antiferromagnet, a ferrimagnet consists of two

antiparallel spin lattices. However, the magnetic moment of one lattice is

larger than the magnetic moment of the other, leaving a net spontaneous

magnetization.

Examples: The term was originally coined to describe "ferrites" (like

magnetite, FeO ⋅ Fe2O3), where the moments of the Fe3+ ions cancel out,

leaving only the uncompensated moments of the Fe2+ ions.

II. Ferromagnetism and Domain Theory

1. Weiss Domain Theory of Ferromagnetism

Definition: At temperatures well below the Curie point, actual ferromagnetic

specimens are divided into small microscopic regions called domains.

Saturation vs. Macroscopic Moment: Within each individual domain, the local

electronic magnetic moments are aligned parallel to one another, meaning the local

magnetization is strictly saturated. However, the directions of magnetization of

different adjacent domains need not be parallel. Because of this, the overall

macroscopic magnetic moment of the entire specimen can be very small or even

zero.

Energy Minimization: The physical origin of domain structure is a natural

thermodynamic consequence of minimizing the total energy of the ferromagnetic

body (which includes exchange, anisotropy, and magnetic energy contributions).

Magnetic Energy Reduction: A single-domain crystal has a very high magnetic

energy density due to the magnetic "poles" formed on its surfaces. By dividing the

crystal into N  alternating domains polarized in opposite directions, the spatial

extension of the magnetic field is reduced, lowering the magnetic energy to

approximately 1/N  of the single-domain state.



Domain Boundaries:

Core Concepts & The Magnetization Curve:

Magnetic materials are classified based on their coercivity (Hc), which is the

magnitude of the reverse magnetic field required to reduce the macroscopic magnetic

Domains of Closure: The system can achieve a magnetic energy of zero by

forming triangular prism domains at the end faces of the crystal. In these domains

of closure, the component of magnetization normal to the boundary is continuous,

and the magnetic flux circuit is completely closed strictly within the crystal,

generating no external magnetic field.

Bloch Wall: The transition region separating adjacent domains magnetized in

different directions is called a Bloch wall. The reversal of spin direction does not

happen discontinuously across a single atomic plane; instead, it occurs gradually

over many atomic planes (e.g., about 300 lattice constants in iron). This gradual

rotation requires less exchange energy than an abrupt jump. The wall thickness is

mathematically determined by a balance between the exchange energy (which

favors thick walls) and the anisotropy energy (which favors thin walls).

Néel Wall: In very thin magnetic films, a Bloch wall becomes energetically

unfavorable because its magnetization points normal to the plane of the film,

creating a massive demagnetization energy at the surfaces. Instead, the transition

takes the form of a Néel wall, where the magnetization strictly rotates parallel to

the surface of the film.

2. Hysteresis

Hysteresis Loop: When an external magnetic field is applied to a multidomain

specimen, its response is plotted as the technical magnetization curve, or

hysteresis loop, which maps the magnetic induction (B) against the applied field (

H).

Magnetization Processes: The increase in the gross macroscopic magnetic

moment occurs via two completely independent mechanisms:

1. Boundary Displacements: In relatively weak applied fields, the physical volume

of domains that happen to be favorably oriented with the field increases at the

direct expense of unfavorably oriented domains. This boundary movement

encompasses both reversible boundary displacements (at the lowest fields)

and irreversible boundary displacements (which cause hysteresis).

2. Magnetization Rotation: In strong applied fields, after boundary displacement

is largely complete, the magnetization vectors within the remaining domains are

forced to rotate out of their easy crystallographic axes and directly toward the

direction of the applied field.

3. Soft and Hard Magnetic Materials



induction B back to zero.

Core Definitions & Concepts:

Soft Magnetic Materials:

Characteristics: These materials are characterized by incredibly low

coercivity, low hysteresis loss per cycle, and high magnetic permeability.

Applications: They are widely used to concentrate and shape magnetic flux in

alternating-current applications like motors, generators, and transformer

cores.

Examples: Electrical steels (which are alloyed with silicon to increase

electrical resistivity and decrease crystalline anisotropy). Another major

category is amorphous metallic glasses produced by rapid liquid quenching,

such as Metglas (e.g., composition Fe79B13Si9), which possesses a hysteresis

loss vastly lower than the best crystalline silicon steels.

Hard Magnetic Materials:

Characteristics: These materials possess extremely high coercivity and very

large magnetocrystalline anisotropies, which forcefully pin the magnetization

in place.

Applications: Their resistance to demagnetization makes them exceptional for

manufacturing permanent magnets.

Examples: Rare earth metal alloys are heavily utilized because of their

massive crystal anisotropies. Prominent examples include SmCo5 (which has

an anisotropy equivalent to a coercivity of 290 kG) and Nd2Fe14B (which holds

record-breaking energy products).

III. Advanced Magnetic Materials and Applications

1. Ferrimagnetic Materials

Ferrimagnetism: A term originally coined to describe the ferromagnetic-like spin

order in "ferrites". It describes an ordered spin arrangement where the net

macroscopic magnetic moment is non-zero, but the constituent electronic spins are

not all parallel. Instead, some ions have a magnetic moment antiparallel to others,

but because the opposing moments are of unequal magnitude, a spontaneous net

magnetization remains.

The Spinel Structure: Cubic ferrites typically crystallize in the spinel structure,

which contains 8 occupied tetrahedral (A) sites and 16 occupied octahedral (B)

sites in a unit cube.

Exchange Interactions in Ferrites: In the spinel structure, all exchange integrals (AA
, AB, and BB) are negative, meaning they all energetically favor antiparallel

alignment. However, because the interaction between the A and B sites (AB) is the

strongest, it dominates the system. As a result, all A-site spins align parallel to each

other, and all B-site spins align parallel to each other, just so the two groups can

remain antiparallel to each other.



Important Examples & Breakdowns:

A. Giant Magneto Resistance (GMR) Devices:

Magnetite (Fe3O4 or FeO ⋅ Fe2O3):

Mechanism: Magnetite contains both ferric (Fe3+) and ferrous (Fe2+) ions. The

Fe3+ ions are situated such that their magnetic moments are perfectly

antiparallel to each other, completely canceling out their contributions.

Net Moment: The uncompensated Fe2+ ions (which have a spin of 2) are left to

provide the entire net spontaneous magnetization of the crystal, yielding an

observed effective moment of about 4.1 Bohr magnetons (μB) per formula unit.

Iron Garnets (e.g., Yttrium Iron Garnet - YIG):

Mechanism: Iron garnets are cubic ferrimagnetic insulators with the general

formula M3Fe5O12, where M is a trivalent metal ion. In YIG (Y3Fe5O12), the Y 3+

ions are diamagnetic, so the entire magnetic moment comes from the Fe3+

ions.

Net Moment: The structure features three Fe3+ ions on 'd' sites magnetized in

one direction, and two Fe3+ ions on 'a' sites magnetized in the exact opposite

direction. This leaves a resultant net moment of exactly 5μB per formula unit.

Synthesis (Sol-Gel Method):

(Curriculum Note: As outlined in your syllabus, you will need to review your

specific class notes for the chemical synthesis steps of the sol-gel method, as

the provided solid-state physics textbook rigorously covers the physical

properties of the ordered state rather than wet-chemical synthesis

techniques).

2. Applications of Magnetic Materials

Core Concept: GMR relies on the principle that in a ferromagnetic metal, the

electrical conductivity p for conduction electrons whose magnetic moments are

oriented parallel to the macroscopic magnetization is typically much larger than the

conductivity a for electrons oriented antiparallel to it.

Mechanism & Device Structure: A GMR device typically consists of alternating

ferromagnetic layers (two separate regions in series) whose magnetizations can be

independently controlled.

When the magnetizations of both layers point in the opposite direction

(antiparallel, ), the overall resistance R is remarkably high.

A small external magnetic field can be applied to reorient the layers so their

magnetizations are parallel (), which drastically lowers the resistance to R.

Mathematical Expression: The giant magnetoresistance ratio is defined

mathematically as:

MRR =
R − R

R



B. Magnets for EV (Electric Vehicles):

C. Magnetic Hyperthermia for Cancer Treatment:

Based strictly on the provided textbook excerpts (Charles Kittel's Introduction to Solid

State Physics), here are your comprehensive, detailed study notes for IV. Introduction

to Dielectric Materials.

Application: This massive, easily switchable resistance change is heavily utilized in

commercial magnetic storage applications, particularly for the magnetic bit readout

sensors in computer hard drives.

Core Concept: Compact motors for electric vehicles require exceptional permanent

magnets that resist demagnetization. Therefore, they require "hard" magnetic

materials with exceptionally high coercivity and massive magnetocrystalline

anisotropies.

Examples in the Text: Rare earth metal alloys containing elements like Neodymium

(Nd) or Samarium (Sm) coupled with transition metals (Fe, Co) are utilized because

their crystal anisotropies strongly pin the magnetization in place.

Samarium-Cobalt (SmCo5) possesses an anisotropy energy equivalent to a

coercivity of 290 kG (29 Teslas).

Neodymium-Iron-Boron (Nd2Fe14B) magnets hold record-breaking energy

products as high as 50 MGOe, making them the most powerful commercially

available magnets for compact, high-efficiency motor applications.

Underlying Physics: While the specific medical procedure is outside the scope of

the physics text, the textbook details the behavior of fine single-domain particles

(such as 10-100 nm particles of magnetite, Fe3O4). Particles of this microscopic

size cannot form domain walls and are magnetized to saturation as a single domain.

Because their magnetization cannot reverse via simple boundary displacement,

reversing their magnetization in an alternating magnetic field requires massive

energy to rotate the entire magnetic moment as a whole, producing significant

localized hysteresis heating.

(Curriculum Note: Review your class notes for the specific biological application

mechanisms, detailing how these fine magnetic particles are concentrated inside

tumor tissues and subsequently heated by an external alternating magnetic field to

destroy cancer cells).



To understand the behavior of dielectrics, we must distinguish between the overall

electric field in the material and the exact field felt by a single atom.

IV. Introduction to Dielectric Materials

1. Dielectric Fundamentals: Macroscopic vs. Local Electric Field

Macroscopic Electric Field (E):

Definition: The macroscopic electric field E is the average electric field

measured over the volume of a crystal cell. It is the field used in Maxwell's

equations.

Composition: It is determined by the sum of the external applied field (E0) and

the depolarization field (E1) created by the uniform polarization of the outer

boundaries of the specimen (E = E0 + E1). It is a smooth, continuous field

when viewed on an atomic scale.

Local Electric Field (Eloc):

Definition: The local electric field is the precise microscopic electric field that

acts directly at the site of a specific atom in the lattice. It determines the dipole

moment p induced on that specific atom via the relationship p = αEloc, where α

is the atomic polarizability.

Theoretical Breakdown: The local field is significantly different from the

macroscopic field E. It is calculated by adding up four distinct field

contributions (Eloc = E0 + E1 + E2 + E3):

1. E0: The external applied field.

2. E1: The depolarization field from surface charges on the outer boundary

of the specimen.

3. E2 (Lorentz Cavity Field): The field from polarization charges on the

inside of an imaginary spherical cavity cut out of the specimen around the

reference atom.

4. E3: The field originating from the individual discrete atomic dipoles

residing inside that spherical cavity.

2. The Lorentz Cavity Field and Clausius-Mossotti Relation

The Lorentz Cavity Field (E2): By modeling the cavity as a sphere in a uniformly

polarized medium, Lorentz calculated the surface charge density on the cavity wall.

Integrating this yields the Lorentz cavity field: E2 = 4π
3
P  (in CGS units) or 1

3ϵ0
P  (in SI

units).

The Field of Dipoles Inside the Cavity (E3): This is the only term that depends

heavily on the exact crystal structure. For a reference atom situated at a site with

cubic symmetry (e.g., an NaCl lattice), the fields from the surrounding discrete

dipoles perfectly cancel each other out, making E3 = 0.

The Lorentz Relation: Substituting E2 and E3 back into the local field equation (and

knowing E = E0 + E1), we arrive at the Lorentz relation for a cubic crystal:



Step-by-Step Derivation of the Clausius-Mossotti Relation:

The Clausius-Mossotti relation connects the macroscopic dielectric constant (ϵ) to the

microscopic atomic polarizabilities (α).

The total polarizability of a dielectric material is generally separated into three distinct

physical mechanisms based on what is being physically displaced by the electric field.

Eloc = E +
4π

3
P

(This proves the local field is simply the macroscopic field plus the contribution

from the surrounding polarization).

1. Assume a crystal contains atoms of type j with concentration Nj and polarizability

αj. The total polarization P  is the sum of the dipole moments: P = ∑NjαjEloc.

2. Substitute the Lorentz relation for Eloc:

P = (∑Njαj)(E +
4π

3
P)

.

3. Rearrange this to solve for the dielectric susceptibility χ (which is P/E):

χ =
P

E
=

∑Njαj

1 − 4π
3 ∑Njαj

.

4. By definition, the dielectric constant is ϵ = 1 + 4πχ. Substituting χ into this definition

and rearranging yields the Clausius-Mossotti relation:

ϵ − 1

ϵ + 2
=

4π

3
∑Njαj

.

3. Types of Polarization (Qualitative)

Electronic Polarization:

Core Concept: Arises from the displacement of the negatively charged

electron shell relative to the positively charged atomic nucleus.

Frequency Dependence: Because electrons have incredibly low mass and

inertia, they can respond to highly rapidly oscillating fields. Therefore, at

extremely high frequencies (like the optical/visible light range), the dielectric

constant arises almost entirely from electronic polarizability.

Ionic Polarization:

Core Concept: Comes from the relative displacement of an entire charged ion

with respect to other oppositely charged ions within the crystal lattice.



To understand the behavior of dielectrics, we must distinguish between the overall

electric field in the material and the exact field felt by a single atom.

Frequency Dependence: Ions are much heavier than electrons. At high

frequencies (optical range), their inertia prevents them from moving fast

enough to respond to the field, so their contribution drops to zero.

Orientation (Dipolar) Polarization:

Core Concept: Arises from molecules that inherently possess a permanent

electric dipole moment (like H2O). In an applied electric field, these randomly

oriented molecules physically rotate and align themselves with the field.

Frequency Dependence: Because rotating a whole molecule requires

overcoming significant inertia, this polarization only responds to low-

frequency or static fields (typically microwave frequencies or lower).
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Core Definitions & Concepts:

Phase Transitions:

Ferroelectric crystals are classified into two main types of phase transitions based on

the dynamics of their "soft" optical phonon modes:

Electronic Polarization:

Core Concept: Arises from the displacement of the negatively charged

electron shell relative to the positively charged atomic nucleus.

Frequency Dependence: Because electrons have incredibly low mass and

inertia, they can respond to highly rapidly oscillating fields. Therefore, at

extremely high frequencies (like the optical/visible light range), the dielectric

constant arises almost entirely from electronic polarizability.

Ionic Polarization:

Core Concept: Comes from the relative displacement of an entire charged ion

with respect to other oppositely charged ions within the crystal lattice.

Frequency Dependence: Ions are much heavier than electrons. At high

frequencies (optical range), their inertia prevents them from moving fast

enough to respond to the field, so their contribution drops to zero.

Orientation (Dipolar) Polarization:

Core Concept: Arises from molecules that inherently possess a permanent

electric dipole moment (like H2O). In an applied electric field, these randomly

oriented molecules physically rotate and align themselves with the field.

Frequency Dependence: Because rotating a whole molecule requires

overcoming significant inertia, this polarization only responds to low-

frequency or static fields (typically microwave frequencies or lower).

V. Ferroelectric, Piezoelectric, and Pyroelectric Materials

1. Ferroelectric Materials

Definition: A ferroelectric crystal exhibits a spontaneous electric dipole moment

even in the absolute absence of an external electric field. In this state, the center of

positive charge within the crystal lattice does not coincide with the center of

negative charge.

Hysteresis: A defining characteristic of a ferroelectric state is that the plot of

polarization (P ) versus applied electric field (E) displays a distinct hysteresis loop.

The Curie Point (Tc): Ferroelectricity is generally destroyed by thermal agitation.

The temperature at which the crystal transitions from the low-temperature

polarized state to the high-temperature unpolarized state is called the transition

temperature or Curie point (Tc). Above this temperature, the crystal is said to be in a

paraelectric state.



Ferroelectric Domains:

Core Definitions & Concepts:

Displacive Transitions: Characterized by the propagation and condensation of a

"soft" transverse optical (TO) phonon. This is often modeled as a "polarization

catastrophe," where the local electric field caused by an ionic displacement

becomes larger than the elastic restoring force of the lattice. This creates an

asymmetrical shift in the positions of the ions, locking them into a polarized state.

Example: Barium titanate (BaTiO3), a perovskite structure where Ba2+ and

Ti4+ ions displace relative to the O2− ions to develop a dipole moment.

Order-Disorder Transitions: In these transitions, the soft mode is not a propagating

wave but rather a diffusive, large-amplitude hopping motion of atoms between

potential wells.

Example: Crystals with hydrogen bonds, such as Potassium Dihydrogen

Phosphate (KH2PO4), where the motion of protons is directly responsible for

the ferroelectric properties.

Concept: A macroscopic ferroelectric crystal is typically divided into sub-regions

known as domains. Within a single domain, the spontaneous polarization is uniform

and aligned in the same direction.

Boundaries: Adjacent domains have their polarizations pointing in different (often

opposite) directions, separated by transition boundaries.

Net Polarization: The overall, macroscopic polarization of the crystal depends

strictly on the difference in the volumes of the upward-directed and downward-

directed domains. The total dipole moment can be modified by the nucleation of

new domains or the movement of domain walls under an applied electric field.

Application - Fe-RAM (Ferroelectric Random-Access Memory): (Curriculum Note:

Fe-RAM utilizes the intrinsic hysteresis loop of ferroelectric domains. Because the

crystal can maintain a remanent polarization even after the power is turned off, the

"up" or "down" saturated polarization states are mapped to binary '1' and '0'. This

provides non-volatile data storage that can be rapidly switched by applying a

reversing electric field).

2. Piezoelectric Materials

Definition: Piezoelectricity is a property where crystals develop an induced

electrical polarization (or electric charge) in response to applied mechanical stress

(pressure or tension).

Reversibility: The effect is entirely reversible. If an electric field is applied along the

polar axis, the crystal will undergo a proportional mechanical compression or

expansion.

Symmetry Requirement: Piezoelectricity only occurs in crystals that have polar

axes, meaning they belong to point groups that strictly lack a center of symmetry.



Theoretical Breakdown & Formulas:

Core Definitions & Concepts:

Applications:

All ferroelectric crystals are piezoelectric, but not all piezoelectric crystals are

ferroelectric (e.g., Quartz is piezoelectric but not ferroelectric).

In a schematic one-dimensional notation, the piezoelectric relationship mapping

polarization (P ) to stress (Z) and electric field (E) is written as:

P = Zd + Eχ

(where d is the piezoelectric strain constant and χ is the dielectric susceptibility).

The corresponding elastic strain (e) is given by e = Zs + Ed, where s is the elastic

compliance constant.

Applications - Load Cells: (Curriculum Note: Load cells and modern digital scales

utilize piezoelectric crystals. When a physical weight or force is applied to the

crystal, the resulting mechanical stress Z induces a proportional electrical

polarization P  and voltage. By measuring this voltage, the precise force or mass

can be calculated).

3. Pyroelectric Materials

Definition: Pyroelectric materials are a specific subset of polar crystals that

possess a permanent, spontaneous electric dipole moment (remanent polarization)

whose magnitude changes drastically as the environmental temperature changes.

Mechanism: When the crystal is heated or cooled, the separation between the

centers of positive and negative charge alters, changing the size of the electric

dipole. This causes the polar ends of the crystal to temporarily develop detectable

electric charges.

Examples: Tourmaline, Sucrose, and Lithium niobate (LiNbO3).

Application - Fire Sensor: (Curriculum Note: Pyroelectric crystals are the active

components in many modern fire alarms and motion detectors. Because the

crystal's spontaneous dipole moment is highly sensitive to temperature changes,

the sudden wave of infrared thermal radiation from a fire (or a warm moving body)

rapidly heats the crystal. This temperature spike alters the polarization, generating

a sudden voltage/current spike that triggers the electronic alarm circuit).


