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BLOCK 1
STRUCTURES OF SOLIDS

Unit 1: Introduction

Structure

1.1 Introduction

1.2 Objectives

1.3 Introduction to solids

1.4 Bravais Lattices and the Unit Cell
1.5 Radius ratio rules

1.6 Summary

1.7 Exercises

1.8 References and suggested readings

1.1 Introduction
The study of the structure of solids forms the cornerstone of material
chemistry, as the physical and chemical properties of materials depend
largely on their internal atomic arrangement. Solids exhibit a wide
range of structures—from perfectly ordered crystalline materials to
disordered amorphous forms. Understanding the structural
organization, bonding nature, lattice types, and packing efficiency
helps in predicting and modifying material behavior in various
applications such as semiconductors, catalysts, ceramics, and polymers.
The classification into crystalline and amorphous solids, unit cell
geometry, and crystal defects offers insight into how structure
determines properties like conductivity, hardness, and melting point.
1.2 Objectives

1. Differentiate between crystalline and amorphous solids.
Explain the concept of unit cells and crystal lattice parameters.
Describe various types of crystal systems and Bravais lattices.

Discuss close packing of atoms and coordination numbers.

w»ok w N

Identify and classify types of crystal defects.
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6. Relate the structure of solids with their physical and mechanical
properties.

1.3 Introduction to Solids
Solid materials are the foundation of modern technology. They are used
in everything from electronic devices to construction materials.
The study of solids helps us understand how their properties depend
on the arrangement of atoms or molecules inside them.
Based on their internal structure, solids are mainly divided into two
types:

1. Crystalline solids

2. Amorphous solids
This difference in structure explains why various solids behave
differently and show different physical properties.
Crystalline Solids
Crystalline solids have a regular and repeating arrangement of
atoms, ions, or molecules. This repeating pattern continues throughout

the solid in all three dimensions, forming a long-range order.
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Amorphous Solids Crystalline Solids

Fig: Amorphous and Crystalline solids
Each crystal can be described by a unit cell, which is the smallest
repeating structural unit. The arrangement of these unit cells forms the
crystal lattice.
Because of this orderly structure, crystalline solids show distinct
physical characteristics:

e Definite melting point: They melt sharply at one specific

temperature because the interparticle forces are uniform

throughout the structure.
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Anisotropy: Their physical properties (like electrical
conductivity, hardness, or thermal expansion) depend on the
direction in which they are measured.

Cleavage planes: They break along well-defined planes, giving
smooth surfaces.

Distinct X-ray diffraction patterns: The regular arrangement
of particles causes sharp peaks in X-ray diffraction, which helps
identify the crystal.

The type of bonding determines the type of crystalline solid:

Ionic crystals: e.g., Sodium chloride (NaCl), Potassium
chloride (KCl)

Metallic crystals: e.g., Copper (Cu), Aluminium (Al)
Covalent network crystals: e.g., Diamond, Quartz (Si0-)

Molecular crystals: e.g., Ice, Sucrose (Sugar)

Crystals are thermodynamically stable forms of solids at specific

temperature and pressure conditions.

Amorphous Solids

Amorphous solids lack long-range order. Their atoms or molecules

are arranged randomly, similar to liquids, but with much less

movement.

They form when a liquid is cooled rapidly, not allowing particles

enough time to form an ordered crystal structure. As a result,

amorphous solids are often called supercooled liquids or frozen

liquids.

Common examples include:

Glasses: Ordinary window glass (amorphous Si0:)
Polymers: Plastics like polyethylene

Metallic glasses

Properties of Amorphous Solids:

No sharp melting point: They soften gradually over a range of
temperatures instead of melting sharply.
Isotropic behavior: Their properties are the same in all

directions because there is no regular arrangement.

3
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e Irregular fracture patterns: They break with uneven or
curved surfaces.

o Diffuse X-ray diffraction pattern: They show broad, blurry

peaks because of the absence of a regular structure.
MATERIAL Amorphous solids are generally metastable, meaning they can slowly
CHEMISTRY ) . . .

transform into crystalline form under suitable conditions.

Difference Between Crystalline and Amorphous Solids

Property Crystalline Solids Amorphous Solids
Arrangement of Regular and repeating (long- Random (short-
particles range order) range order only)

) Gradual softening
Melting point Sharp and definite
over a range

Irregular, curved
Cleavage Along smooth planes

surfaces
X-ray diffraction Sharp, distinct peaks Broad, diffuse peaks
Stability Thermodynamically stable Metastable

‘ Glass, Plastic,

Example NaCl, Cu, Diamond

Rubber

Many real materials are not purely crystalline or amorphous but fall
between these two extremes.

For example, polycrystalline materials consist of many small crystal
regions called grains. Each grain has a different orientation, and the
grain boundaries between them introduce some disorder, affecting

the overall properties of the solid.

1.4 Bravais Lattices and the Unit Cell

The Unit Cell Concept

A unit cell is the smallest repeating structural unit of a crystal.
When this unit cell is repeated in all directions in three-dimensional

space, it forms the entire crystal lattice.

4
MATS Centre for Distance and Online Education, MATS University



The unit cell represents the symmetry, shape, and size of a crystal and
helps in predicting many physical and chemical properties of
materials.
Unit Cell Parameters
A unit cell is defined by six parameters:
e Three edges (a, b, ¢) —represent the cell dimensions along three
axes.
e Three angles (a, B, v):
o o =angle between b and ¢
o P =angle between a and ¢
o 7y =angle between a and b
These are called Ilattice parameters or lattice constants.
They define the shape and orientation of the unit cell.
Usually, the smallest and most symmetrical unit cell is chosen to
represent a crystal structure.
Types of Unit Cells (Based on Lattice Points)
Depending on the position of lattice points (points that represent atom
positions in the crystal), there are four main types of unit cells:
1. Primitive (P): Lattice points only at the corners of the unit cell.
2. Body-Centered (I): Lattice points at the corners and center of
the cell.
3. Face-Centered (F): Lattice points at the corners and centers
of all faces.
4. Base-Centered (C): Lattice points at the corners and centers
of two opposite faces.
Counting Atoms in a Unit Cell
Atoms located at corners, faces, and edges are shared with neighboring
cells.
When counting the number of atoms per unit cell, these sharing rules

are used:
Position Shared by Contribution per unit cell
Corner atom 8 unit cells 1/8

Edge atom 4 unit cells 1/4
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Position Shared by Contribution per unit cell
Face atom 2 unit cells 1/2

Inside atom None 1

®

/-

Cubic Cubic

[ Simple Cubsic ] [ Face-centered J [Body-centeredJ

Fig:Different types of unit cells

Bravais Lattices

In 1850, Auguste Bravais, a French physicist, showed that there are
only 14 distinct lattice types in three-dimensional space.
These are known as the 14 Bravais lattices.

Each Bravais lattice represents a unique arrangement of points where
the environment around every lattice point is identical.

The 14 Bravais lattices are grouped into seven crystal systems, based
on their symmetry and lattice parameters.

The Seven Crystal Systems and Their Bravais Lattices

6
MATS Centre for Distance and Online Education, MATS University



Crystal System

1. Cubic

2. Tetragonal

3. Orthorhombic

4. Monoclinic

5. Triclinic

Lattice
Bravais Lattices (Types)
Parameters

Simple cubic (P), Body-
a=b=c;a=pB=y
90° centered cubic (I), Face-

centered cubic (F)

a=b#c;a=p=vySimple (P), Body-centered
=90° D

6. Rhombohedrala=b=c;a=p=y

(Trigonal)

7. Hexagonal

The cubic system has the highest symmetry, while the triclinic has

the least.

azb#c,o=p=
P YP,I,F,C
=90°
atzb#ca=7y=

P,C
90°, B #90°
a¢b¢0;a¢[3¢vp
#90°

R
#90°
a=b#ca=p=

P P

90°, y=120°
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g A Crystal System Table

Cubic a=b=c a=B=y=90°
MATERIAL

CHEMISTRY
Tetragonal a=b#c a=B=y=90° N
Orthorhombic azbzc a=B=y=90°
Rhombohedral a=b=c a=RB=y=90°
Hexagonal a=b=#*c a=[3=90°
y=120°

Monoclinic azbzc a=y=90°
B=90°

Fig: Table of seven crystal systems with sketches of their basic
shapes.
Examples of Common Cubic Lattices
1. Simple Cubic (SC)
o Lattice points: Only at § corners.
e Atoms per unit cell: 1 atom (1/8 x 8).
e Coordination number: 6 (each atom touches 6 nearest
neighbors).
e Example: Polonium (Po).
o Packing efficiency: ~52% (low).
2. Body-Centered Cubic (BCC)
o Lattice points: 8 corners + 1 atom at center.
e Atoms per unit cell: 2 atoms (1/8 X 8§ + 1).

e Coordination number: 8.
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o Examples: Iron (0a-Fe), Chromium (Cr), Tungsten (W).
o Packing efficiency: ~68%.
3. Face-Centered Cubic (FCC)
o Lattice points: 8 corners + centers of 6 faces.
o Atoms per unit cell: 4 atoms (1/8 x 8 + 1/2 x 6).
e Coordination number: 12.
o Examples: Aluminum (Al), Copper (Cu), Silver (Ag), Gold
(Au).
o Packing efficiency: ~74% (highest for cubic structures).
Importance of Bravais Lattices
Knowing the correct Bravais lattice helps in:
e Understanding mechanical strength and elastic properties.
e Predicting electrical and thermal conductivity.
o Explaining how materials respond to stress, temperature, and
electric fields.
o Interpreting X-ray diffraction data for structural

determination.

X-ray Structure Determination

Introduction

X-ray crystallography is one of the most powerful and widely used
techniques for finding the atomic and molecular structure of
crystalline solids.

It is based on the phenomenon of X-ray diffraction, where X-rays are
scattered by the regularly arranged atoms in a crystal to produce
distinctive diffraction patterns.
By analyzing these patterns, scientists can determine how atoms are
arranged in three dimensions within the crystal.

Principle of X-ray Diffraction

When a beam of X-rays strikes a crystal, the electrons around the
atoms scatter the X-rays in different directions.

In most directions, these scattered waves interfere destructively,

canceling each other out.

However, at certain specific angles, the scattered waves interfere
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constructively—that is, they combine to produce strong intensity or
“reflections.”
These reflections occur at angles that depend on the spacing between
atomic planes in the crystal.
This relationship is given by Bragg’s Law:
nA = 2dsin 6
Where:
e n = order of diffraction (integer)
o A =wavelength of incident X-rays
e d = distance between parallel atomic planes in the crystal
(interplanar spacing)
e 0= angle between incident X-ray beam and crystal planes
By measuring the angles and intensities of the diffracted beams, we
can calculate the positions of atoms in the crystal and reconstruct its

3D structure.

A C
Incident x-rays Diffracied x-rays
A’ . :‘L ;L C >
: | ;
g-B 5
L ) e e
d
L 3 B »
Atomic-scale crystal lattice planes

Fig: Bragg’s Law diagram
X-ray Diffraction Techniques
There are two main experimental methods used in X-ray
crystallography:
1. Powder Diffraction Method
2. Single-Crystal Diffraction Method
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Both are complementary techniques and are used depending on the

sample type and level of detail required.

1. Powder Diffraction Method
In this technique, a small amount of the crystalline material is ground
into a fine powder and exposed to a monochromatic X-ray beam.
Because the powder consists of many tiny crystals oriented
randomly, some of them will always satisfy Bragg’s condition at
different angles.
As aresult, the diffracted beams form cones of reflection that appear as
circular rings on the detector or photographic film.
Advantages
o Simple sample preparation — only a small powdered sample
is needed.
e (Can be used when large single crystals cannot be grown.
e Provides information about crystal system, lattice
parameters, and phase identification.
e Useful for studying mixtures or materials under different
conditions (like temperature and pressure).
Limitations
e Overlapping peaks can make it difficult to interpret complex
structures.
e Gives less detailed structural information compared to
single-crystal methods.
o Cannot easily determine exact atomic positions.
Even with these limitations, powder diffraction remains an important
method for phase analysis, material identification, and quantitative

composition studies.
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Schematic Diagram for X-ray Powder Diffraction Set-Up

N\ ———detector
MATERIAL double-crystal

‘[ monochromator

CHEMISTRY e I i 2 thet;
X-rays e e iy Hai --
( sample

ion chamber

Fig: Setup of powder diffraction experiment
2. Single-Crystal Diffraction Method
In this method, a single crystal of the substance is mounted on a
goniometer, which precisely controls the crystal’s orientation relative
to the X-ray beam.
The crystal is rotated, and diffraction data are collected from many
different angles.
The data are then processed using computers to create a three-
dimensional map of the electron density, revealing the exact positions
of atoms.
Advantages
o Provides very accurate and detailed structural information.
o Suitable for studying complex molecules and large unit cells.
e Helps determine bond lengths, angles, and even hydrogen
positions in favorable cases.
Limitations
e Requires high-quality single crystals, which can be difficult to
grow.
e The data collection and analysis are more time-consuming and
complex.
e Some materials do not form stable crystals, limiting its use.
With modern technology, advanced detectors and data processing
software have made single-crystal X-ray diffraction much faster and

more precise than before.
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Diffracted x-rays

X-ray beam
Vi
Crystaline ]
material
Collimator to
X-ray source  focus beam =
X-ray diffraction Imaging surface X-ray diffraction pattern

(a) (b)
Fig: Single-crystal diffraction setup 3D diffraction pattern
NaCl and KCl: The First X-ray Structure Determination
Introduction
Sodium chloride (NaCl) and potassium chloride (KCI) are classic
examples used to demonstrate the principles of X-ray diffraction
(XRD).
Both of these compounds crystallize in the face-centered cubic (FCC)
system, known as the rock salt structure.
They were among the first crystalline substances whose internal
atomic structures were accurately determined using X-ray
crystallography, helping to establish this technique as a foundation of

modern solid-state chemistry.

NaCl (Rock Salt) Crystal Structure
Key Features
e Crystal system: Cubic
e Bravais lattice: Face-Centered Cubic (FCC)
e Formula units per unit cell: 4 NaCl (4 Na* and 4 CI")
e Coordination number: 6 (each ion surrounded by 6 oppositely
charged ions)
In the rock salt structure:
« Na'ions occupy the corners and face centers of the cube.
e CI ions occupy the edge centers and body center, or vice

versa.
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e FEach Na“"is surrounded octahedrally by 6 CI” ions, and each CI-
by 6 Na* ions.
This arrangement gives rise to a highly symmetrical and dense
structure.
Lattice Parameters
e NaCl:a=5.64 A
« KCL:a=629A
The larger value for KCI is due to the larger ionic radius of K*

compared to Na*.

@ cr
a 1

Fig: rock salt structure showing Na* and CI" arrangement.
Powder X-ray Diffraction of NaCl and KCl
Powder X-ray diffraction (XRD) of NaCl or KCI gives a series of
peaks (diffraction maxima) at specific 20 angles, which are related to
the interplanar spacing (d) by Bragg’s Law:

nd = 2dsin 6
For a cubic crystal, the spacing between atomic planes (with Miller
indices h, k, 1) is given by:

a

Here:
e a = lattice constant

e h, k,1=Miller indices of the reflecting plane

14
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By measuring the 20 values of diffraction peaks and knowing A (the X-
ray wavelength), we can determine d and hence a, the lattice parameter.
Intensity of Diffraction Peaks
The intensity (height) of the diffraction peaks depends on several
factors:
e Atomic scattering factor: Depends on the type of atom (Na,
Cl K, etc.)
e Structure factor: Depends on how atoms are arranged in the
unit cell
e  Multiplicity: Number of equivalent reflecting planes
o Experimental factors: Polarization, temperature, and
geometry of the setup
Selection Rules for FCC Lattices
In FCC structures like NaCl and KCI, not all possible (h, k, 1)
reflections appear in the diffraction pattern.
The structure factor allows reflections only when (h, k, 1) are either
all even or all odd.
Reflections with mixed indices (some odd, some even) are absent.
Example:
o Allowed: (111), (200), (220), (311), (222)
e Forbidden: (100), (110), (210), etc.
This pattern of “present and missing peaks” helps confirm that the
structure 1s FCC.
Indexing Powder Diffraction Peaks
The process of indexing helps assign the correct Miller indices (h, k, 1)
to each diffraction peak.
Steps for indexing cubic crystals:
1. Measure 20 for each diffraction peak.
2. Calculate sin?0 for each peak.
3. Divide all values by the smallest sin?0 value to get a set of ratios.
4. Compare with the theoretical cubic ratios (1, 2, 3,4, 5, 6, 8, 9,
10, ... corresponding to h? + k? + I?).
5. Assign the correct (h, k, 1) to each peak.

6. Use the equation
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WRETRET 2
2sin 6

a =

to calculate the lattice parameter.

13

7. Average the values of

Example for NaCl and KCl

a” to get the final lattice constant.

Peak Miller Indices (hkl) Type of Reflection

Ist (111) Allowed
2nd (200) Allowed
3rd  (220) Allowed
4th  (311) Allowed
5th  (222) Allowed

The absence of (100) and (110) reflections confirms the FCC

arrangement.

NaCl 220 Orientation XRD Pattern - Cu Anode (30 KV, 80 pA) Not Filtered
4 A__IJ |
2

s

20 = 45" 50'
Crystal Plane (220)

a 10 n 11} an 50 &0 70 80

28

Fig: Typical XRD pattern of NaCl showing labeled peaks.
Single-Crystal X-ray Diffraction of NaCl and KCl
In single-crystal diffraction, a single crystal is carefully mounted and
rotated while exposed to an X-ray beam.
The resulting diffraction spots form a 3D pattern (reciprocal lattice)
that provides detailed information about the crystal’s symmetry and
atomic positions.
Steps:

1. Mount the single crystal on a goniometer.

2. Rotate it through different orientations and collect diffraction

patterns.

16
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3. Combine data from multiple angles to construct a 3D
diffraction map.
4. Analyze the data to determine:
o Crystal system and Bravais lattice
o Unit cell dimensions
o Space group (symmetry elements)
o Atomic coordinates inside the unit cell
Results for NaCl and KCl
e Crystal system: Cubic
o Bravais lattice: Face-centered cubic
e Space group: Fm3m (No. 225)
e Atomic positions (asymmetric unit):
o Na'/K*— (0,0, 0)
o CI"—(0.5,0,0)
Because of the high symmetry, only a small fraction of the structure
needs to be determined experimentally—the rest is generated by
applying symmetry operations.
Applications of X-ray Diffraction
Introduction
X-ray diffraction (XRD) is one of the most powerful and versatile
techniques for studying the structure of crystalline materials. The
pioneering studies of NaCl and KCI provided the foundation for
understanding how diffraction patterns can be used to determine atomic
arrangements in solids.
Today, XRD is widely applied in materials science, chemistry,
physics, geology, and engineering to characterize and identify
crystalline phases, determine structural parameters, and study changes
under various conditions.
Material Identification and Phase Analysis
X-ray powder diffraction is an essential technique for identifying
unknown crystalline materials and for analyzing mixtures of
phases.
Each crystalline substance produces a unique diffraction pattern—a

“fingerprint” that can be matched with reference data.
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o Databases such as the International Centre for Diffraction
Data (ICDD) provide standard reference patterns (the Powder
Diffraction File, PDF).

e By comparing an unknown pattern with the PDF, the material
can be identified reliably.

e For NaCl and KCl, their characteristic diffraction peaks enable
identification even in mixed samples.

e The relative intensities of the peaks can also be used for
quantitative analysis of mixture compositions (e.g., relative
amounts of NaCl and KCI).

Structural Characterization
XRD gives detailed information about the internal structure of
crystals, including:

o Crystal system and Bravais lattice

e Unit cell dimensions and angles

e Atomic positions within the unit cell

e Bond lengths and bond angles

e Atomic thermal vibrations
For NaCl and KCI, XRD confirms:

e A face-centered cubic (FCC) structure (rock salt type)

e Space group: Fm3m (No. 225)

« Lattice parameters: NaCl (a=5.64 A), KCl (a=6.29 A)
These structural parameters directly reflect the relative ionic sizes of
Na*and K*.

Study of Phase Transitions

XRD can monitor phase transitions—changes in crystal structure
due to variations in temperature, pressure, or composition.
Although NaCl and KCI maintain their FCC structures under normal
conditions, they can transform to other structures under high
pressures or extreme temperatures.

Such studies are critical in understanding stability ranges, melting
behavior, and polymorphism of materials.

Texture Analysis

18
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In polycrystalline materials, some crystals may have preferred

ready for life.

orientations (texture) rather than being randomly oriented.

XRD techniques can measure and quantify this texture, providing
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insights into:
o Formation processes (e.g., in geological or evaporitic NaCl
deposits)
e Deformation mechanisms (e.g., stress-induced
recrystallization)
e Anisotropic material properties
Residual Stress Analysis
Small shifts in XRD peak positions can indicate elastic strain within
a crystal lattice.
By analyzing these shifts, XRD can be used to measure residual
stresses in materials.
This is especially important for engineering alloys and coatings,
although less common for simple ionic compounds like NaCl and
KCL
Particle Size Determination
The broadening of XRD peaks provides information about crystallite
size.
This is described by the Scherrer equation:

D KA
~ Bcos 6

Where:

e D= average crystallite size

e K= shape factor (~0.9)

e A= X-ray wavelength

o (= full width at half maximum (FWHM) in radians

e 6= Bragg angle
This method is especially useful for nanocrystalline NaCl or KCl
samples, thin films, and surface coatings, where the crystallite size
affects the physical and chemical properties.

Indexing X-ray Diffraction Lines for Cubic Crystals
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Indexing means assigning the correct Miller indices (h, k, 1) to the
diffraction peaks observed in a powder XRD pattern.

For a cubic crystal:

a
MATERIAL CVRZA KT+
CHEMISTRY and, combining with Bragg’s law:

/12
= 2 i i 2 = — 2 2 2
ni dsin 6 = sin “ 6 4a2(h + k= +17)

Thus, for cubic crystals, sin?0 values are directly proportional to (h? +
k? +1%).
Step-by-Step Indexing Procedure (for NaCl and KCl)
1. Measure and calculate sin?0 for each diffraction peak.
2. Divide each value by the smallest sin?0 to obtain a ratio.
3. Compare these ratios with the theoretical sequence for FCC
lattices:
3,4,8,11, 12, 16, 19, 20, ...
4. Assign the corresponding Miller indices (h, k, ).
5. Calculate the lattice parameter for each peak:

WRETREF 2
2sin 0

a =

6. Average the calculated “a” values to get the final lattice
parameter.

Example: NaCl (using Cu Ka radiation, . = 1.5418 A)
20 (degrees) Planes (hkl) Reflection Type

27.4° (111) Allowed
31.7° (200) Allowed
45.5° (220) Allowed
53.9° (311) Allowed
56.5° (222) Allowed

Reflections such as (100) and (110) are absent — confirming the FCC
nature of NaCl and KCI crystals.

Broader Impact and Applications
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Crystalline solids form the basis of solid-state chemistry, materials
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science, and condensed matter physics.

The study of simple ionic crystals like NaCl and KCl through X-ray
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diffraction illustrates the core principles of:

e Crystal symmetry

o Diffraction physics

e Structure determination
These principles extend to modern research fields such as:

o Materials engineering (ceramics, alloys, semiconductors)

e Pharmaceuticals (drug polymorph identification)

e Mineralogy and geology (phase analysis of rocks and

minerals)
e [Electronics and nanotechnology (thin films and nano-
structures)

Advances in XRD instrumentation and computational analysis now
allow structure determination from the simplest crystals (like NaCl and
KCl) to highly complex systems such as proteins, polymers, and
advanced functional materials.
1.5 Radius Ratio Rules
Introduction
The arrangement of ions in a crystalline solid follows well-defined
geometric and electrostatic principles. One of the most important
guidelines for predicting and understanding these arrangements is the
radius ratio rule, which relates the relative sizes of cations and anions
to the coordination number and resulting crystal structure.
Developed by Victor Moritz Goldschmidt in the 1920s, this rule
provides a simple yet powerful approach to understanding the packing
of ions in ionic crystals.
The basic idea is that ions can be treated approximately as hard
spheres, packed together to maximize stability through electrostatic
attraction while avoiding overlap between anions.
Definition of Radius Ratio
The radius ratio (p) is defined as the ratio of the cation radius to the

anion radius:
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Where:
e r,=radius of the cation
e r_=radius of the anion
This ratio determines how many anions can surround a given cation
without causing geometric instability or anion—anion overlap.
Principle of the Radius Ratio Rule
When cations and anions pack together to form a stable crystal:
e Cations occupy the spaces (voids) between anions, which are
generally larger and form the main framework of the structure.
e The most stable configuration occurs when each cation is in
contact with as many anions as possible (maximizing
coordination) while maintaining anion—anion contact but
avoiding overlap.
The coordination number of a cation increases as its radius increases
relative to that of the anion.
Thus, the radius ratio directly influences the coordination geometry

of the cation.

Radius Ratio | CN Coordination
- - Cubic closest packed (CCP)
Hexagonal closest packed (HCCP)
1.0-0.732 8 Cubic
0.732-0.414 6 Octahedral
0.414-0.225 4 Tetragonal
0.225-0.155 3 Triangular
<0.155 2 Linear

Geometric Derivation (Conceptual Understanding)
The boundaries of each range can be derived geometrically by
considering the contact between a central cation and surrounding
anions.
For example:

e Tetrahedral coordination:

A cation touches four anions arranged at the corners of a
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tetrahedron.
Geometry gives the critical ratio:
Pmin = 0.225
Below this value, the cation becomes too small to remain in contact
with all four anions, leading to structural instability.
e Octahedral coordination:
A cation is surrounded by six anions at the corners of an
octahedron.
The limiting radius ratio is:
Pmin = 0.414
This corresponds to when the cation just fits within the octahedral void
between anions.
e Cubic coordination:
A cation surrounded by eight anions in a cubic array requires:
Pmin = 0.732
Examples of Structures Predicted by the Radius Ratio Rule
(i) Rock Salt Structure (NaCl type)
o Coordination number: 6 (octahedral)
e Radius ratio range: 0.414 — 0.732
e Example compounds: NaCl, KCl, MgO, CaO
e In NaCl, both ions form an FCC arrangement, with each Na*
surrounded by six CI” ions.
(ii) Zinc Blende (ZnS type)
e Coordination number: 4 (tetrahedral)
e Radius ratio: 0.225 - 0.414
e 7Zn?>" and S? ions form a tetrahedral coordination environment,
giving a low-density, covalent-like structure.
(iii) Wurtzite (ZnS hexagonal form)
e Coordination number: 4
e Structure similar to zinc blende but in a hexagonal lattice
instead of cubic.
(iv) Fluorite (CaF: type)

e Coordination number: Ca** =8, F =4
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e Radius ratio = (0.732
e (ations occupy cubic sites; each cation surrounded by 8 anions.

(v) Antifluorite (LizO type)

e Inverse of the fluorite structure.

MATERIAL
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e Anions form the FCC framework; smaller cations occupy all
tetrahedral holes.

(vi) Spinel and Inverse Spinel Structures

e General formula: AB2O4

e Contain both tetrahedral (A-site) and octahedral (B-site)
cations.

o Radius ratios determine cation distribution among these sites.

(vii) Perovskite (CaTiOs type)
e Complex structure with mixed coordination:
o Ca? in 12-fold coordination
o Ti* in octahedral (6-fold) coordination
o Stability of the perovskite structure is also influenced by ionic
size ratios, described by the Goldschmidt tolerance factor (t):
. Ta+ 71,
V2(rg +1p)
where 14, 15, and rpare the radii of A, B, and O ions respectively.
The structure is stable for 0.8 < t < 1.0.
Limitations of the Radius Ratio Rule
While the radius ratio rule is a powerful tool, it has limitations:

e Assumes ions are perfect hard spheres, which is an
oversimplification.

o Ilonic polarization and covalent character can alter effective
ionic sizes.

e Crystal field stabilization energy (CFSE), particularly in
transition-metal compounds, can override geometric
predictions.

o Temperature, pressure, and lattice distortions can influence

real structures beyond simple geometry.
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Despite these limitations, the rule provides a first approximation that

helps rationalize why certain structures (e.g., NaCl, CsCl, ZnS) are

adopted by particular compounds.

Importance and Applications

Provides a theoretical basis for understanding ionic packing
and coordination.

Helps predict possible crystal structures of new compounds.
Assists in interpreting X-ray diffraction data and solid-state
synthesis outcomes.

Supports the design of functional materials such as ceramics,

ionic conductors, and perovskite-based semiconductors.

Check Your Progress
1. Define crystalline and amorphous solids with one example each.

2. What is a unit cell? Explain its significance.

1.6 Summary

Solids are materials characterized by definite shape and volume due to

the strong interatomic forces holding their constituent particles

together. They are broadly categorized into crystalline and amorphous

solids.

Crystalline solids possess long-range order and a repeating unit
known as a unit cell, which represents the smallest repeating
structural unit of a crystal lattice. Each crystal structure can be
defined by lattice parameters (a, b, c, a, B, y) and classified
into seven crystal systems — cubic, tetragonal, orthorhombic,
monoclinic, triclinic, hexagonal, and rhombohedral.

The Bravais lattices (14 types) describe all possible

arrangements of lattice points in three-dimensional space.
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Common examples include simple cubic (SC), body-centered
cubic (BCC), and face-centered cubic (FCC).

Close packing of atoms determines the efficiency of space
utilization. Hexagonal close-packed (hcp) and cubic close-
packed (ccp) structures are the most efficient arrangements with
74% packing efficiency and coordination number 12.

Ionic solids (e.g., NaCl), metallic solids (e.g., Cu, Fe),
molecular solids (e.g., ice, COz), and covalent solids (e.g.,
diamond, SiO:) differ in bonding nature, which influences their
hardness, melting point, and conductivity.

Crystal defects, such as point defects (vacancy, interstitial,
substitutional) and line defects (dislocations), alter material

properties significantly.

Understanding the structure-property relationship is fundamental for

designing advanced materials with desired electrical, thermal, and

mechanical characteristics.

1.7 Exercises

1.7.1 Multiple Choice Questions

1.

Which of the following is a crystalline solid?

a) Glass

b) Plastic

¢) Quartz

d) Rubber

Answer: c¢) Quartz

The coordination number of atoms in a face-centered cubic
structure is:

a) 4

b) 6

c)8

d) 12

Answer: d) 12

Which of the following is not a Bravais lattice?
a) Cubic

b) Hexagonal
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d) Trigonal planar

Answer: d) Trigonal planar
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In a body-centered cubic unit cell, the atom at the body
center touches how many corner atoms?

a)4

b) 6

c)8

d) 12

Answer: ¢) 8

The percentage of empty space in a face-centered cubic
lattice is approximately:

a) 32%

b) 26%

c) 48%

d) 40%

Answer: b) 26%

1.7.2 Short Answer Questions

1.
2.
3.

4.
3.
6.

Differentiate between simple cubic, bee, and fee structures.
What do you mean by lattice parameters?

Write short notes on coordination number and packing
efficiency.

Mention different types of crystal defects.

State the difference between ionic and covalent solids.

What is Bravais lattice? How many types are there?

1.7.3 Long Answer Questions

1.

Discuss the seven crystal systems and 14 Bravais lattices in
detail with diagrams.
Explain close packing in three dimensions and derive the

packing efficiency of hep and ccp structures.

. Describe various types of crystal defects and their effects on

material properties.
Compare the structures and bonding nature of ionic, covalent,

metallic, and molecular solids.
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2.3 Coordination Number

2.4 Packing schemes and types of structures
2.5 Real-Life Application

2.6 Summary

2.7 Exercises

2.8 References and suggested readings

2.1 Introduction
The structure of a solid refers to the spatial arrangement of atoms,
ions, or molecules within it. This arrangement governs the solid’s
physical, mechanical, electrical, and optical properties. Depending on
the degree of order and type of bonding, solids are broadly classified
into crystalline and amorphous types. Each type exhibits unique
features: crystalline solids show periodic and symmetrical
arrangements, whereas amorphous solids lack such order.
Additionally, solids can be further categorized based on the nature of
interparticle forces into ionic, covalent, metallic, and molecular solids.
Understanding these types of structures is essential for designing
materials with specific characteristics, such as high conductivity,
hardness, or flexibility.
2.2 Objectives

1. Explain the meaning of structure in solids.
Distinguish between crystalline and amorphous solids.
Classify solids based on bonding type.

Describe the properties associated with each structural type.

Al

Correlate structure with material properties such as

conductivity and hardness.

29
MATS Centre for Distance and Online Education, MATS University



MATERIAL
CHEMISTRY

2.3 Coordination Number
Introduction
In crystalline solids, the coordination number (CN) refers to the
number of nearest neighboring atoms or ions that surround a central
atom or ion. It represents one of the most fundamental parameters
defining the crystal geometry, bonding, and physical properties of a
solid.
The coordination number is intimately related to the radius ratio of the
constituent ions and provides insight into how ions pack efficiently in
space. In ionic crystals, it is determined by the electrostatic balance
between attractive and repulsive forces, while in metallic or covalent
solids, it reflects the overlap of atomic orbitals or metallic bonding.
Typical coordination numbers range from 2 to 12, with the most
common being 4, 6, 8, and 12, each corresponding to a characteristic
geometric arrangement.
Significance of Coordination Number
The coordination number directly influences several structural,
physical, and chemical properties of a solid:
e Density and Packing Efficiency:
Higher coordination numbers correspond to denser
structures, leading to greater hardness, mechanical
strength, and melting points.
e Electronic and Optical Properties:
The coordination environment affects band structure, band
gap energy, and optical absorption. For instance, tetrahedral
coordination often leads to wider band gaps than octahedral
coordination in semiconductors.
e Chemical Reactivity:
Coordination number influences ionic mobility, diffusion
rates, and chemical stability in solid-state reactions.
e Polymorphism:
A single compound may crystallize in multiple structures with
different coordination numbers (e.g., TiO: as rutile, anatase, or

brookite).
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Variation of Coordination in Complex Structures

In more complex crystal structures, different atoms may exhibit
different coordination numbers within the same lattice.
For example:

e In spinel structures (AB:04), the A cation typically occupies
tetrahedral sites (CN = 4), while the B cation occupies
octahedral sites (CN = 6).

e This mixed coordination environment contributes to the diverse
electrical, magnetic, and optical properties of spinel-type
oxides.

Factors Affecting Coordination Number

While ionic size (and therefore radius ratio) provides the geometric
basis for determining coordination, additional factors influence the
actual coordination observed in real materials:

1. Electronic Effects

o Jahn-Teller Distortion:

In certain transition metal ions (e.g., Cu*", Mn*"),
degeneracy in d-orbitals can cause geometric
distortions that alter bond lengths, effectively
modifying the coordination environment.

o Crystal Field Stabilization Energy (CFSE):
The preference for octahedral or tetrahedral
coordination may depend on electronic stabilization
energies.

2. Polarization and Covalency

o High polarizing power of small, highly charged cations
can distort surrounding anions, modifying apparent
coordination geometry (e.g., in AI** compounds).

3. External Conditions

o Pressure and temperature changes can cause
coordination transformations (e.g., Si in silicates
increases CN from 4 to 6 under high pressure).

Coordination Number and Material Properties
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Property
Density
Hardness

Melting Point

Band Gap

Electrical

Conductivity

Examples

Influence of Coordination Number
Increases with CN due to tighter packing
Generally increases with CN

Higher CN — stronger lattice — higher Ty,
Lower CN (e.g., tetrahedral) often gives larger
band gaps

May decrease with higher CN (less ionic
mobility)

e NaCl (CN = 6): Each Na* ion is surrounded by six Cl~ ions in

an octahedral geometry.

e CsCl(CN =8): Each Cs* ion is surrounded by eight Cl™ ions in

a cubic arrangement.

e ZnS (CN = 4): Each Zn*' ion is tetrahedrally coordinated by

four S? ions.

e CaF: (CN = 8 for Ca*, 4 for F): Demonstrates multiple

coordination environments in one compound.

The relationship between radius ratio and coordination number can be

summarized as follows:

Radius Coordination | Geometry Example

Ratio Number Structures

(r+/r-)

<0.155 2 Linear Some Cu(l)
compounds

0.155 - |3 Triangular B20s

0.225

0225 -4 Tetrahedral ZnS (zinc blende,

0.414 wurtzite)

0414 - |6 Octahedral NaCl (rock salt)

0.732

0.732 -8 Cubic CaF: (fluorite)

0.999

>1.0 12 Cuboctahedral Close-packed

metals

2.4 Packing Schemes and Types of Structures (Simplified Notes)

1. Packing in Crystals
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The way atoms are packed affects the material’s density,
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Close-packed structures fill space most efficiently (~74%
filled, 26% empty space as voids).
Two main types of close packing:
o Hexagonal close packing (hcp): layers stack as
ABAB...
o Cubic close packing (ccp or fec): layers stack as
ABCABC...
Voids in these packings:
o Tetrahedral voids: 4 surrounding spheres.

o Octahedral voids: 6 surrounding spheres.

2. Rock Salt Structure (NaCl type)

Example: NaCl, MgO, CaO
Anions (CI) form an fcc lattice; cations (Na*) fill all
octahedral sites.
Each ion has 6 nearest neighbors — 6:6 coordination.
Space group: Fm3m (cubic).
Unit cell: 4 NaCl formula units.
Edge length: a =22 (r- + 1)
Properties:
o Strong ionic bonds — high melting & boiling points.
o Brittle (cleaves along {100} planes).
o Usually insulators; some TM oxides can be

semiconducting or metallic.

3. Zinc Blende Structure (ZnS type / Sphalerite)

Examples: ZnS, CdS, GaAs, InP

Anions (S*) form fec lattice; cations (Zn?**) occupy half of
tetrahedral sites.

Each ion has 4 nearest neighbors — 4:4 coordination.

Space group: F43m (cubic, no inversion center).

Unit cell: 4 formula units.
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« Edge length: a =4\3/4 (r- +r.).

e Properties:
o Moderate covalent character — semiconductors.
o Used in LEDs, lasers, solar cells.

o Less brittle than rock salt type.

Fig: Zinc Blende Structure

4. Wurtzite Structure (Hexagonal ZnS type)
e Examples: ZnO, GaN, AIN, InN
e Similar to zinc blende, but anions arranged in hcp pattern
instead of fcc.
e 4:4 tetrahedral coordination (like ZnS).
e Space group: P6smc (hexagonal).
e Unit cell: 2 formula units.
o Properties:
o Polar along c-axis — piezoelectric.
o Direct band gap semiconductors — used in blue/UV
LEDs and laser diodes.
o Often converts to/from ZnS structure with temperature
or pressure.
5. Fluorite Structure (CaF: type)
o Examples: CaFz, SrF2, CeO:, UO:
o Cations (Ca*) form fcc lattice; anions (F") fill all tetrahedral
sites.
e Coordination: Cation CN=8, Anion CN=4 — 84
coordination.

e Space group: Fm3m (cubic).
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Unit cell: 4 formula units.
Properties:
o High melting points, hard, brittle.
o Good ionic conductors (especially doped oxides).

o Used in fuel cells and solid electrolytes.

2+
® Ca

QF

Fluorite Structure

6. Antifluorite Structure (Na:O type)

Examples: Li-O, Na:0, K:0, Li.S
Reverse of fluorite structure:

o Anions (0O*) form fcc lattice.

o Cations (Na*) occupy all tetrahedral sites.
Coordination: Cation CN=4, Anion CN=8 — 4:8
coordination.

Space group: Fm3m (same as fluorite).
Properties:
o Often ionic conductors — good for battery materials.

o Stability depends on radius ratio and charge balance.

7. Spinel Structure (MgAlL:O4 type)

General formula: AB2X4
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e Anions (O*) form fec lattice.
e A cations (divalent) occupy 1/8 tetrahedral sites (CN=4).
e B cations (trivalent) occupy 1/2 octahedral sites (CN=0).

e Space group: Fd3m (cubic).
MATERIAL o Unit cell: 56 atoms total (8 A, 16 B, 32 X).
CHEMISTIRY o Examples: MgAl:O4, Fes04, CoFe20a.
o Properties:
o Ferrimagnetic (A and B sites oppositely aligned).
o High stability and used in catalysts, ceramics,
electronics.
8. Inverse Spinel Structure
e Formula: (B)[AB] X4
o Half of B cations occupy tetrahedral sites, rest with A
in octahedral sites.
o Examples: Fe;O4, NiFe2Oa.
e Formation Factors:
o CFSE (transition metal d-orbital stabilization).
o Cation size and charge.
e Properties:
o Complex magnetic behavior due to mixed site
occupation.
o Common in ferrites used for inductors, transformers.
o Degree of inversion (A) varies between 0 (normal) and
1 (fully inverse).
9. Perovskite Structure (CaTiOs type)
e Formula: ABX;
e A cation: large, at cube corners (CN=12).
e B cation: small, at body center (CN=6).
o X anion: at face centers.
e Space group: Fm3m (cubic).
e Unit cell: 1 formula unit.
e Size relationships:
o a=2(B+1X)=2(rA+rX)

o Tolerance factor: t = (rA + rX)/[V2(1B + rX)]
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= 0.9 <t<1 — stable cubic
-t < 0.9 — distortions
(orthorhombic/rhombohedral)
o Examples: CaTiOs, SrTiOs, BaTiOs, PbTiOs, CsPbls.
o Properties:
o Ferroelectric, piezoelectric, multiferroic,
superconducting (depending on composition).
o Highly tunable by substitution — used in electronics,
photovoltaics, catalysis.
2.5 Real-Life Applications of Crystal Structures
Crystalline and Amorphous Solids
The difference between crystalline and amorphous solids affects
many materials we use every day.

o Amorphous solids, like glass, have no long-range order. This
allows light to pass through evenly, making them perfect for
eyeglasses and fiber-optic cables that carry internet data across
the world.

e Crystalline solids, such as silicon, have perfectly ordered
atomic structures. This order gives semiconductors their
excellent electrical properties, which make computers and
smartphones possible.

e Liquid crystals fall between these two extremes; their
molecules can reorient under electric fields. This property is
what makes LCD screens in watches, TVs, and phones work.

e Even construction materials like concrete rely on controlled
crystallization during curing for strength and durability.

X-Ray Diffraction and Structure Determination
X-ray diffraction (XRD) allows scientists to “see” how atoms are
arranged inside crystals.

o In pharmaceuticals, XRD helps determine the 3D structure of
drug molecules and the proteins they target, ensuring medicines

fit their biological “locks” perfectly.
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Materials scientists use it to design advanced ceramics (for
kitchen knives or space-shuttle tiles) and to check the atomic
perfection of silicon wafers in microchips.

Gemologists apply XRD to distinguish between natural and
synthetic diamonds by detecting small differences in their
cubic lattices.

Perhaps most famously, X-ray crystallography revealed the
double-helix structure of DNA (via Rosalind Franklin’s
work), revolutionizing modern biology, genetics, and forensic

science.

Radius Ratio Rules and Coordination Numbers in Everyday

Materials

The radius ratio rule—the ratio between cation and anion sizes—

governs how atoms pack in solids. This principle underpins materials

all around us:

Ceramics in car catalytic converters maintain their crystal
structure even at 1000 °C because of optimal cation-anion size
ratios.

Zeolites, with specific pore sizes determined by coordination
geometry, are used in water filters to remove contaminants.
Indium tin oxide (ITO) coatings on smartphone screens
combine electrical conductivity and optical transparency due
to the unique coordination environment of indium in oxygen
lattices.

Lithium-ion batteries rely on layered compounds like
LiCoQ:, where lithium moves in and out of specific
coordination sites—a process predicted by radius ratio
considerations.

The colors of ceramic glazes and pigments arise from
coordination numbers and radius ratios of transition-metal ions,

determining which light wavelengths are absorbed or reflected.

Applications of Specific Crystal Structures

Different crystal types serve as blueprints for modern technologies:
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Rock salt (NaCl): Similar structural motifs appear in battery
materials, allowing dense energy storage in electric vehicles.
Zinc blende (ZnS): Forms the basis of semiconductors like
GaAs and InP, used in LEDs and laser diodes.

Waurtzite (ZnO): Found in sunscreens, where it absorbs UV
radiation while remaining transparent to visible light.

Fluorite (CaF:): Used in high-performance optics, from
microscopes to chip-fabrication lenses, due to its exceptional
transparency.

Perovskites (ABX3): Central to next-generation solar cells,
combining high efficiency with low cost and the potential to

revolutionize renewable energy production.

Indexing X-Ray Diffraction Lines: Real-World Importance

Indexing diffraction lines—the process of matching peaks to specific

crystal planes—is essential for quality control in manufacturing:

Aerospace engineers use it to ensure turbine blades and aircraft
components have the correct phases and no internal stresses.
Aluminum can manufacturers rely on it to monitor texture
during rolling, producing cans that are both lightweight and
strong.

Pharmaceutical quality labs use XRD indexing to verify that
the correct crystal form (polymorph) of a drug is produced,
preventing harmful variations.

Geologists and mining companies use XRD to identify
minerals and locate valuable ore deposits, while forensic
scientists use it to trace the origin of soil samples in criminal
investigations.

Structural materials, from bridge alloys to bioceramic
implants, are continually improved through diffraction analysis

linking processing conditions to final crystal structures.

Check Your Progress
1. Differentiate between crystalline and amorphous solids in two points.
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2. Give one example each of ionic, covalent, metallic, and molecular
solids.

MATERIAL
CHEMISTRY

2.6 Summary
Solids can be classified by structural order and bonding nature:
A. Based on Structural Order
1. Crystalline Solids:
o Have a regular and repeating pattern of constituent
particles.
o Exhibit long-range order and definite geometric shape.
o Show sharp melting points.
o Examples: Sodium chloride (NaCl), Diamond, Quartz.
2. Amorphous Solids:
o Have an irregular arrangement of particles.
o Lack long-range order but may show short-range order.
o Soften over a range of temperatures instead of having a
sharp melting point.
o Examples: Glass, Rubber, Plastic.
B. Based on Type of Bonding
1. Tonic Solids:
o Constituted by ions held together by electrostatic forces.
o Hard and brittle, high melting point, conduct electricity
in molten or aqueous state.
o Example: NaCl, KBr.
2. Covalent (Network) Solids:
o Atoms held by covalent bonds in a continuous network.
o Very hard, high melting points, poor conductors.
o Example: Diamond, SiO-.
3. Metallic Solids:
o Composed of metal atoms surrounded by delocalized

electrons (“electron sea”).
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o Good conductors of heat and electricity, malleable and
ductile.

o Example: Cu, Fe, Al

4. Molecular Solids:

o Constituted by molecules held by weak van der Waals’
forces, dipole interactions, or hydrogen bonds.
o Soft, low melting points, poor conductors.

o Example: Ice, CO., L.

2.7.1 Multiple Choice Questions

1.

Which of the following is a crystalline solid?
a) Glass

b) Plastic

¢) Sodium chloride

d) Rubber

Answer: c¢) Sodium chloride

Which of the following is a covalent solid?
a) NaCl

b) Diamond

c) Ice

d) Iodine

Answer: b) Diamond

. Which solid type has delocalized electrons responsible for

conductivity?

a) Molecular

b) Metallic

c¢) Covalent

d) Ionic

Answer: b) Metallic

Amorphous solids differ from crystalline solids because
they:

a) Have sharp melting points

b) Are anisotropic in nature

c¢) Lack long-range order
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d) Have definite geometry

Answer: c¢) Lack long-range order

Which of the following solids is held by van der Waals’
forces?

a) Diamond

b) Sodium chloride

c¢) lodine

d) Copper

Answer: ¢) lodine

2.7.2 Short Answer Questions

1.

w»ok wN

What are crystalline solids? Give two examples.

Explain the characteristics of amorphous solids.
Distinguish between ionic and covalent solids.

What type of bonding exists in metallic solids?

Write a short note on molecular solids and their properties.

Discuss why amorphous solids are considered pseudo-solids.

2.7.3 Long Answer Questions

1.
2.

Explain in detail the classification of solids based on bonding.
Compare crystalline and amorphous solids with respect to
structure and physical properties.

Discuss the properties and bonding nature of metallic solids
with suitable examples.

Describe the types of solids and relate their bonding with
electrical and mechanical properties.

What are molecular solids? Describe their types and properties

with examples.
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3.4 Chemical Vapor Layering (CVD)

3.5 Summary

3.6 Exercises

3.7 References and suggested readings

3.1 Introduction
The structure of a solid refers to the spatial arrangement of atoms, ions,
or molecules within it. This arrangement governs the solid’s physical,
mechanical, electrical, and optical properties. Depending on the degree
of order and type of bonding, solids are broadly classified into
crystalline and amorphous types. Each type exhibits unique features:
crystalline solids show periodic and symmetrical arrangements,
whereas amorphous solids lack such order. Additionally, solids can be
further categorized based on the nature of interparticle forces into ionic,
covalent, metallic, and molecular solids. Understanding these types of
structures is essential for designing materials with specific
characteristics, such as high conductivity, hardness, or flexibility.
3.2 Objectives

1. Distinguish between crystalline and amorphous solids.

2. Classify solids based on bonding type.

3. Describe the properties associated with each structural type.

4. Correlate structure with material properties such as conductivity

and hardness.
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3.3 Preparative Methods and Characterization — Solid State
Reactions
Overview of Solid-State Synthesis Techniques
Designing solid materials with specific structural, electrical, magnetic,
optical, or mechanical properties is a major goal in materials science.
Solid-state reactions are among the most widely used methods to
prepare such materials, especially ceramics, semiconductors,
superconductors, and other functional compounds used in electronics,
energy, and structural applications.
When choosing a synthesis route, scientists must consider factors such
as the desired composition, structure, purity, particle size, and intended
application. Each preparative method has its own advantages and
limitations regarding cost, scalability, temperature, and material
properties.
This section discusses several important solid-state synthesis routes —
the ceramic method, sol-gel method, hydrothermal synthesis, high-
pressure synthesis, and zone refining — outlining their principles,
process steps, advantages, limitations, and applications.
The Ceramic Method
The ceramic method, also called the solid-state reaction method or
powder metallurgy route, is one of the oldest and most commonly
used techniques for preparing polycrystalline solids — especially metal
oxides and mixed oxides.
Process Summary:
1. Selection of Raw Materials:
High-purity oxides, carbonates, nitrates, or other compounds
are chosen to avoid contamination.
2. Weighing and Mixing:
The precursors are mixed in the correct stoichiometric ratios.
3. Grinding:
Carried out manually (mortar and pestle) or mechanically (ball
mill, planetary mill). This reduces particle size, increases

surface area, and enhances contact between reactants.
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4. Pelletization:

The powder is pressed into pellets to improve particle contact
and reduce porosity.

5. Calcination (Firing):

The pellets are heated (800—1600 °C) to initiate diffusion and
solid-state reaction. Several cycles of grinding and firing may
be needed to achieve homogeneity.

Advantages:

o Simple and cost-effective.

o Suitable for large-scale production.

e Ideal for thermally stable phases.

Limitations:

e Requires high temperatures and long reaction times.

o Limited control over stoichiometry.

e Produces coarse and sometimes inhomogeneous products.
Applications include ferrites (magnetic materials), perovskites
(electronic and catalytic uses), and superconductors.

Sol-Gel Method
The sol-gel process is a wet-chemical route that allows the preparation
of materials with exceptional compositional and structural control at
the molecular level. It typically uses metal alkoxides (e.g., Si(OC:Hs)4)
or metal salts as precursors.
Main Steps:
1. Hydrolysis:

M(OR), + H2O — M(OR),-1(OH) + ROH

Alkoxide groups (—OR) are replaced with hydroxyl (—OH)

groups.

2. Condensation:

Neighboring —OH or —OR groups react to form M—O-M
bridges and release H-O or ROH.

3. Gelation:

The sol (colloidal suspension) evolves into a 3D network — a

gel.
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4. Aging and Drying:
The gel strengthens as condensation continues.
o Normal drying yields xerogels (often cracked).
o Supercritical drying yields aerogels (porous,
lightweight).
5. Calcination:
Low-temperature heat treatment (400—800 °C) removes

organics and induces crystallization.

Dissolve

From ®000g000000

000000000000

Precursor 0000000000

Solution Sol

Fig: Sol-Gel Method

Gel

Advantages:
o Excellent homogeneity and stoichiometric control.
o Low synthesis temperatures.
o Ability to prepare films, coatings, powders, fibers, or monoliths.
Disadvantages:
e Precursors can be expensive and moisture-sensitive.
e Organic solvents may raise environmental issues.
e Cracking may occur during drying.
Applications: Optical coatings, sensors, catalysts, dielectrics, and
bioactive glasses.
Hydrothermal Synthesis
Hydrothermal synthesis mimics natural geological processes, using
high-temperature and high-pressure aqueous environments to form
crystalline materials.
Process Outline:
1. Preparation of Aqueous Solution:
Precursors (oxides, hydroxides, or salts) are dissolved or
suspended in water, often with mineralizers like NaOH or

KOH.
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2. Reaction in Autoclave:

The sealed vessel is heated (100400 °C), creating high
pressure (1-10 MPa). Water remains liquid and acts as a

reactive medium.

3. Dissolution—Nucleation—Crystal Growth:
The sequence of these steps leads to highly crystalline
products.
4. Cooling and Recovery:
The crystalline solids are filtered, washed, and dried.
|_The stainless steel lid
The Teflonlid -~
The Teflon layer -
“~ The reagent solution
T Water
- T Heater

Stainless steel autoclave

Fig: Hydrothermal synthesis

Advantages:

Crystallization at relatively low temperatures.
Allows synthesis of metastable or delicate phases.
Environmentally friendly (water-based).

Enables control of particle shape and size.

Limitations:

Applications: Zeolites, nanomaterials (nanorods, nanowires), single

Requires high-pressure equipment.
Monitoring reactions in situ is difficult.

Scaling up is complex and costly.

crystals (quartz), and biomedical materials (hydroxyapatite).

High-Pressure Synthesis

High-pressure synthesis employs extreme pressures (up to hundreds

of GPa) to create new materials or stabilize phases that cannot exist at

normal conditions.
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Common Apparatus:

o Piston—Cylinder Devices (up to ~4 GPa)

e  Multi-Anvil Presses (10-25 GPa)

o Diamond Anvil Cells (DACs) (up to 300 GPa)
Process:
A sample is compressed (and often heated) in a pressure cell. The high-
pressure environment alters atomic distances, bonding, and oxidation
states, often yielding unique or metastable compounds.
Applications:

e Synthetic diamond and cubic boron nitride.

e Superhard materials and superconductors.

o High-pressure oxides and exotic compounds.

o Simulation of planetary interior materials.
Challenges:

e Small sample volumes.

o Expensive, specialized equipment.

e Some products revert to ambient forms after decompression.
Zone Refining
Zone refining is a purification method for solids (mainly metals and
semiconductors) that relies on the different solubilities of impurities in
solid and liquid phases.
Working Principle:

e Anarrow molten zone is created along a rod by a moving heater

(e.g., RF coil).
e As the molten zone moves, impurities preferentially enter the
liquid phase and are “swept” toward one end of the rod.

e Repeated passes improve purity, and the impure end is removed.
Advantages:

e Produces ultra-pure materials (ppb or ppt levels).

o Combines purification and crystal growth.

e Avoids contamination from containers (float zone method).
Limitations:

e Time-consuming and energy-intensive.

o Works best when impurity segregation coefficient & < 1.
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o Limited to rod-shaped materials.
Applications:
Purification of silicon, germanium, gallium arsenide, and special alloys
used in semiconductors and precision research.
3.4 Chemical Vapor Layering (CVD)
Chemical Vapor Deposition (CVD) is a highly versatile and precise
technique used to synthesize high-purity, high-performance solid
materials. Unlike the previously discussed solid-state or solution-based
methods, CVD operates in the gas phase, where volatile precursors
react or decompose at the heated surface of a substrate, producing a
solid film or coating.
This method has become indispensable in modern materials science
and semiconductor technology, enabling the controlled deposition of
thin films, coatings, powders, and occasionally bulk materials with
tailored composition, structure, and functional properties.
Principles and Process Steps
CVD involves a sequence of well-defined stages:
1. Generation of Reactive Species: Formation of gaseous
precursor molecules.
2. Mass Transport: Movement of these species to the heated
substrate.
Adsorption: Reactants adhere to the substrate surface.
4. Surface Reactions: Chemical reactions occur, forming a solid
product (film).
5. Desorption: Byproducts detach from the surface.
6. Exhaust Removal: Byproducts are transported out of the

chamber.
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Fig: Schematic of a typical CVD process — gas flow, reaction zones,
and product film formation.
A typical CVD setup includes:
e Precursor supply system: Delivers reactant gases at controlled
flow rates.
e Reaction chamber: Houses the substrate for deposition.
o Heating system: Maintains substrate temperature for reaction
activation.
e Vacuum system: Controls chamber pressure and removes
gaseous byproducts.
o Exhaust treatment: Neutralizes or filters toxic reaction gases.
Chemistry of the Process
The chemical reactions in CVD depend on the type of material being
deposited:
e Elemental semiconductors:
o Example: Si from silane (SiH4) or silicon tetrachloride
(Si1Cls) with hydrogen.
e Compound semiconductors (e.g., GaAs):
o Requires precise synchronization between Group III
(e.g., trimethylgallium) and Group V (e.g., arsine)
precursors.

e Oxides:
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o Typically employ metal halides or metal-organic

ready for life.

compounds with oxygen.

e Nitrides:

MATERIAL
CHEMISTRY

o Use ammonia (NHs) or nitrogen gas as nitrogen sources.
o Carbides:
o Involve hydrocarbons as carbon precursors.
The physical and chemical properties of the deposited film depend
strongly on parameters such as:
e Temperature: Influences reaction kinetics, diffusion, and
crystallinity.
e Pressure: Affects gas mean free path and film uniformity.
e Precursor flow rate and concentration: Determine deposition
rate and stoichiometry.
e Carrier gases: Control transport and reaction chemistry.
Variants of CVD
Over time, several CVD variations have been developed to address
specific needs:
1. Atmospheric Pressure CVD (APCVD):
Operates at atmospheric pressure; offers simplicity and high
deposition rates but may cause non-uniform films and local
etching.
2. Low-Pressure CVD (LPCVD):
Runs at 0.1-10 Torr, producing highly uniform films with
excellent conformality, though at lower deposition rates.
Widely used in semiconductor fabrication.
3. Plasma-Enhanced CVD (PECVD):
Uses plasma to initiate chemical reactions, allowing deposition
at lower temperatures—ideal for temperature-sensitive
substrates.
4. Metal-Organic CVD (MOCVD or OMVPE):
Employs metal-organic precursors for epitaxial growth of I1I—
V and II-VI semiconductors (e.g., GaN, GaAs). Central to

optoelectronic device fabrication.

51
MATS Centre for Distance and Online Education, MATS University



MATERIAL
CHEMISTRY

Atomic Layer Deposition (ALD):
A specialized, self-limiting CVD process where reactants are
introduced sequentially, enabling precise, layer-by-layer film

control with atomic-scale accuracy.

6. Hot-Wire CVD (HWCVD or Catalytic CVD):
Utilizes a heated tungsten filament to decompose precursors
efficiently, enabling high-quality film deposition at relatively
low substrate temperatures.
Advantages of CVD

Exceptional control of composition, including precise doping
for semiconductors.

Ability to deposit a wide range of materials — elements,
compounds, and composites.

Produces conformal coatings over complex geometries and
high-aspect-ratio structures.

Enables tunable microstructures, from amorphous to single-
crystalline.

Scalable for industrial production, covering large substrates

or multiple parts simultaneously.

Applications include:

Microelectronics: Dielectrics, conductive films, diffusion
barriers.

Optoelectronics: LEDs, laser diodes, photodetectors, solar
cells.

Surface Engineering: Hard, wear-resistant coatings (TiN, TiC,
diamond-like carbon).

Optical Coatings: Controlled refractive index and protective

layers for high-temperature components.

Limitations and Challenges

Despite its versatility, CVD presents several drawbacks:

Many precursors are toxic, flammable, or corrosive, requiring
strict safety measures.
High operating temperatures may damage substrates or cause

diffusion issues.
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hazardous.
e Equipment (especially for MOCVD) is expensive and
technically complex.
Recent developments aim to address these challenges through:
e Novel precursors with improved stability and lower toxicity.
e In-situ monitoring and real-time feedback control systems.
e Computational modeling to predict film growth behavior.
e Hybrid techniques combining CVD with physical or
electrochemical deposition.
Crystal Growth Methods
Czochralski Method
The Czochralski method, invented in 1916 by Jan Czochralski, is one
of the most widely used techniques for growing large, high-quality
single crystals, especially semiconductors like silicon.
Process Summary:
1. High-purity polycrystalline material is melted in a crucible
(usually made of high-purity silica).
2. A seed crystal is dipped into the molten material and slowly
pulled upward while rotating.
3. The molten atoms solidify on the seed, maintaining its
crystallographic orientation.
4. The pulling rate and temperature determine the diameter of
the growing crystal.
5. A narrow neck is formed initially to eliminate dislocations
(Dash necking).
6. The crystal then expands to its desired diameter, forming a long

cylindrical ingot.
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Fig: Diagram of the Czochralski process — crucible, seed crystal,
and growing ingot.

Key Features:

e Control over diameter, doping, and orientation.

e Counter-rotation of the crucible and crystal improves melt

homogeneity.

e Used to produce defect-free, large-diameter silicon crystals

(up to 450 mm).
Advantages:
e Produces large, high-quality crystals with low defect density.
o Excellent reproducibility and scalability.
Limitations:

o Possible impurity incorporation from crucible material (e.g.,

oxygen in silicon).

e Restricted to congruently melting materials.

o High cost due to large feedstock and energy demands.
Applications: Silicon, germanium, gallium arsenide, indium phosphide,
sapphire, and laser crystals (e.g., YAG).

Bridgman Technique
The Bridgman method is a temperature-gradient-based crystal growth
technique suitable for semiconductors, metals, and alloys.
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Process Steps:
1. The raw material is melted in a vertical crucible.
2. The crucible is slowly lowered through a controlled
temperature gradient.
3. Solidification begins at the cooler end, and a single crystal
grows as the crucible descends.

4. Controlled cooling ensures a uniform and defect-free crystal.

Inert gas

Stainless steel
high-pressure

e
Vessal Two-zone
|~ furnace walls “\{ Furnace
temperature —»
pBN profile
Quartz crucible |
peh N / crucible
—
Molten boric
oxide 1238°C
Graphite | '[3"0‘”"‘ .
crucible holder , e (:K‘gjfa ure
Crucible 1200 1250
support rod
Temperature (°C)
s
Fig: Schematic of Bridgman crystal growth — temperature

gradient and solidification front.
Advantages:
e Simple and effective for producing single crystals.
o Suitable for high-melting-point materials.
Limitations:
o Defects can arise if cooling rates or gradients are not carefully
managed.
Applications: Growth of GaAs, Si, Ge, and various alloys for electronic
components.
Stockbarger Technique
The Stockbarger method is a horizontal variant of the Bridgman
process developed for improved control and homogeneity.
Process Steps:
1. The material is placed in a horizontal crucible with a well-

defined temperature gradient.
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Advantages:

solidification.

slowly and uniformly.

2. The hot zone melts the material, while the cool zone initiates

3. As the melt moves from the hot to cold region, the crystal grows

e Produces crystals with greater uniformity and fewer defects.

e More suitable for materials requiring gradual, even cooling.

Applications: Semiconductor materials such as silicon, germanium,

and certain metal alloys.

Comparison of Bridgman and Stockbarger Techniques

Aspect Bridgman Technique Stockbarger Technique
Crucible Vertical Horizontal

Position

Temperature Vertical temperature | Horizontal temperature
Gradient gradient gradient

Cooling Process

Material cools as it moves

Material solidifies from

downward  through the |hot to cold =zone
gradient horizontally

Applications Growing single crystals of | Growing large, high-
semiconductors, metals, and | purity semiconductor
alloys crystals

Advantages Simple setup; effective for | Better uniformity of
growing large crystals crystals  and  fewer

defects

Disadvantages Possible formation of defects | More complex setup and

due to fast cooling control required
Check Your Progress

1. Name two preparative methods used for

materials.

the synthesis of solid
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2. What information can be obtained from X-ray diffraction?
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3.5 Summary
Preparative Methods of Solids
1. Solid-State (Ceramic) Method:
o The most common method for synthesizing inorganic
solids.
o Reactants (usually oxides or carbonates) are ground,
mixed, and heated at high temperatures (800—1500 °C).
o Example: Preparation of perovskite-type oxides.
o Advantages: Simple, suitable for bulk materials.
o Disadvantages: High energy cost, less control over
particle size.
2. Sol-Gel Method:
o Involves transition from a solution (sol) to a gel and then
to a solid.
o Operates at lower temperatures than ceramic methods.
o Useful for making fine powders, glasses, and thin films.
o Example: Preparation of SiO: or TiO2 nanoparticles.
3. Hydrothermal and Solvothermal Methods:
o Reactions carried out in sealed autoclaves using water
or organic solvents above their boiling points.
o Produces well-crystallized nanoparticles.
o Example: Synthesis of zeolites, metal oxides.
4. Co-precipitation Method:
o Precipitation of multiple ions simultaneously from
solution.
o Subsequent filtration and calcination yield mixed
oxides.
o Example: Preparation of ferrites and spinel materials.

5. Chemical Vapor Deposition (CVD):
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o Gas-phase precursors react or decompose on a heated
substrate forming a thin film.

o Important for semiconductors and coatings.

3.6 Exercises

MATERIAL 3.6.1 Multiple Choice Questions

CHEMISTRY

1.

Which method involves heating solid reactants at high
temperature to form a product?

a) Sol-gel method

b) Solid-state (ceramic) method

¢) Hydrothermal method

d) Co-precipitation method

Answer: b) Solid-state (ceramic) method

The sol-gel method is mainly used for preparation of:
a) Bulk ceramics

b) Thin films and nanomaterials

c) Alloys

d) Single crystals

Answer: b) Thin films and nanomaterials

Bragg’s Law is used in which characterization technique?
a) Infrared spectroscopy

b) X-ray diffraction

¢) Electron microscopy

d) Thermal analysis

Answer: b) X-ray diffraction

Which of the following is not a thermal analysis technique?
a) DSC

b) TGA

¢) SEM

d) DTA

Answer: ¢) SEM

In hydrothermal synthesis, reactions are carried out:
a) In open air at room temperature

b) In sealed vessels above the boiling point of solvent

¢) In vacuum
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d) In molten metals
Answer: b) In sealed vessels above the boiling point of

solvent

3.6.2 Short Answer Questions

1.

2.
3.

What are the advantages and disadvantages of the solid-state
(ceramic) method?
Explain the principle of the sol-gel method with an example.

Distinguish between hydrothermal and solvothermal methods.

3.6.3 Long Answer Questions

1.

Describe various preparative methods used for synthesizing
solid materials.
Explain the principle and applications of X-ray diffraction in the

characterization of solids.

. Discuss sol-gel and hydrothermal methods with suitable

examples and advantages.

Describe the major characterization techniques used for
analyzing structure and morphology of solids.

Explain how thermal analysis helps in determining the stability

of materials.

3.7 References and suggested readings
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Smart, L. E., & Moore, E. A. (2012). Solid State Chemistry: An
Introduction (4th ed.). CRC Press, Boca Raton, Florida, USA.
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Unit 4: Physical methods

Structure

4.1 Introduction

4.2 Objectives

4.3 Thermogravimetric and Differential Thermal Analysis
4.4 Scanning Electron Microscopy and Applications

4.5 Summary

4.6 Exercises

4.7 References and suggested readings

4.1 Introduction

Physical methods of preparation are used to synthesize solids —
especially metals, alloys, and nanomaterials — by utilizing physical
processes like evaporation, condensation, sputtering, or laser ablation
instead of chemical reactions. These methods are crucial for
producing materials with high purity, fine particle size, and precise
control over film thickness or morphology. Physical techniques are
widely used in preparing thin films, nanoparticles, and coatings for
applications in semiconductors, sensors, catalysts, and optical devices.
4.2 Objectives

1. Understand the basic principles behind physical methods of solid
preparation.

2.Identify various physical techniques such as vapor deposition and
sputtering.

3. Describe the applications of physical methods in nanomaterial
synthesis.

4. Compare physical and chemical methods of material preparation.
5. Recognize the importance of physical parameters (temperature,
pressure, energy source) in synthesis.

4.3 Thermogravimetric and Differential Thermal Analysis (TGA
and DTA)
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Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) are essential analytical techniques widely used across
scientific and industrial disciplines to characterize materials through
their thermal behavior. Together, these complementary methods
provide critical insight into a material’s composition, stability, phase
transitions, and decomposition mechanisms.

Thermogravimetric Analysis (TGA)

TGA is based on the continuous measurement of a sample’s mass as
a function of temperature or time under a controlled atmosphere. The
instrument used—a thermogravimetric analyzer—consists of a
highly sensitive microbalance that supports a sample pan inside a
programmable furnace capable of precise heating.

The sample is heated at a constant rate (typically 5-20 °C/min) under
specific environmental conditions—inert (e.g., nitrogen, argon),
oxidizing (air, oxygen), or reducing atmospheres. The instrument
records mass changes in real time, producing a thermogram (a plot of
weight percentage versus temperature or time). This thermogram serves
as a unique fingerprint reflecting physical or chemical
transformations such as decomposition, oxidation, dehydration,

desorption, or sublimation.

100 }
80 |
60 |

40 |

Residual weight (%)

20 |

i 4 L 1 1 3 I : il
T T

0 200 400 600 800

Temperature (°C)
Fig: Typical TGA thermogram
For example:
e A hydrated compound shows distinct weight loss
corresponding to water removal at specific temperatures.
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e Organic materials display characteristic decomposition
peaks, while inorganic compounds may exhibit oxidation or
reduction signatures.

By analyzing these features, researchers can precisely determine:

o Thermal stability and decomposition temperatures

o Kinetic parameters (activation energy, reaction order)

e Quantitative composition of complex materials

Differential Thermal Analysis (DTA)

Differential thermal analysis complements TGA by measuring
temperature differences between a sample and an inert reference
material when both are subjected to the same thermal program.

A typical DTA setup includes:

e A sample holder containing the specimen and reference
(commonly alumina or silicon carbide)

e Thermocouples to monitor temperature differences between
them

e A heating system with controlled temperature ramping

As the system is heated or cooled, thermal events (melting,
crystallization, oxidation, solid—solid transitions) cause endothermic
or exothermic reactions in the sample, while the reference remains
stable. These are recorded as deviations from the baseline on a DTA

curve—a plot of temperature difference versus reference temperature.

RelerencH\ Sample

/— Fumace
+ Q']___lf\' +
Thermn-mu;:m—/

|— Sample Temparature

|— Temperature Difference

o
A

Fig: Schematic of DTA setup

Interpretation of DTA Peaks:

62
MATS Centre for Distance and Online Education, MATS University



o Endothermic peaks (negative deflection): indicate heat
absorption (e.g., melting, dehydration, phase transitions).
o Exothermic peaks (positive deflection): represent heat release
(e.g., crystallization, oxidation, curing).
The peak position, shape, and height yield quantitative information
on transition temperatures, enthalpy changes, and reaction Kinetics,
providing a detailed picture of material transformations even in the
absence of mass change.
Simultaneous Thermal Analysis (STA)
Modern instruments often combine TGA and DTA in a single system,
known as simultaneous thermal analysis (STA). This integration
enables simultaneous measurement of mass and heat flow, offering
several advantages:
e Direct correlation between weight loss and thermal events
e Reduced experimental variability (same sample, same
conditions)
o Improved efficiency and data consistency
Additionally, coupling these systems with evolved gas analysis (EGA)
tools—such as mass spectrometry (TG—MS) or Fourier-transform
infrared spectroscopy (TG-FTIR)—allows identification of volatile
products evolved during decomposition or oxidation.
Applications of TGA and DTA
These techniques are widely applied in materials science, chemistry,

pharmaceuticals, environmental science, and energy technology.

Field Applications
Polymers & Determination of glass transition, melting,
Composites decomposition, curing, and stability.

Oxidation resistance, sintering behavior, and
Ceramics & Metals '
phase transformations.

Drug formulation, polymorph identification,
Pharmaceuticals ) . )
purity checks, and stability testing.
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Field Applications
Environmental Soil composition, contaminant detection, and
Studies waste characterization.

Battery components, fuel analysis, and catalyst

Energy Materials _

degradation.

Verification  of  material ~ composition,
Quality Control ‘ ' o

contaminant detection, and process validation.
These methods ensure consistent product performance, optimize

manufacturing parameters, and predict material reliability under

various operating conditions.

Limitations and Experimental Considerations

While TGA and DTA are powerful, several experimental factors

influence accuracy:

Sample characteristics — mass, particle size, and packing
density affect heat transfer and kinetics.

Environmental control — gas flow rate, composition, and
heating rate must be precisely regulated.

Overlapping events — simultaneous thermal processes may
require mathematical deconvolution or complementary
analyses for accurate interpretation.

Calibration and baseline correction — necessary for

quantitative accuracy and reproducibility.

Sample preparation is critical:

Use homogeneous materials weighing 5-20 mg.

Choose crucibles suited to temperature range (aluminum for
low-temperature, platinum or ceramic for high-temperature
work).

Apply standard reference materials for calibration and

buoyancy correction.

In DTA, reference material selection and thermocouple contact

quality strongly affect baseline stability and signal clarity. Slower

heating rates are often recommended for low-conductivity samples to

maintain thermal equilibrium.
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Recent Developments and Advanced Data Processing
Technological advancements have significantly improved both
resolution and analytical depth of thermal methods:

o High-resolution TGA: uses variable heating rates to separate
closely overlapping transitions.

e Modulated-temperature analysis: applies sinusoidal heating
to distinguish reversible (e.g., melting) from irreversible (e.g.,
decomposition) processes.

o Fast-scanning calorimetry: captures rapid thermal events in
unstable or metastable materials.

e Micro-thermal analysis: integrates microscopy for localized
thermal mapping at the microscale.

e Automation and Al-assisted data processing: accelerate
Recent developments in Kkinetic modeling—including
isoconversional and mechanism-independent approaches—
allow determination of activation energies and reaction
pathways for multi-step processes.

Furthermore, machine learning and computational simulations (e.g.,
molecular dynamics, quantum chemical calculations) are
increasingly used to:

e Predict thermal stability of novel materials before synthesis.

o Correlate experimental thermograms with molecular structure.

e Develop predictive models for degradation and reaction
mechanisms.

Environmental and Sustainability Applications
TGA and DTA also play an essential role in sustainable materials
development:

o Evaluating biodegradability and environmental stability of
polymers.

e Assessing the recyclability of plastics and composites by
studying reprocessing effects on thermal behavior.

e Characterizing battery safety and thermal management in

energy storage materials.
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e Supporting circular economy strategies through thermal

profiling of recycled raw materials and industrial residues.
4.4 Scanning Electron Microscopy and Its Applications
The scanning electron microscope (SEM) operates on a
fundamentally different principle from optical microscopes. Instead of
using visible light, SEM employs a narrow, focused beam of high-
energy electrons to generate images with exceptionally high contrast,
depth of field, and nanometer-scale resolution.
In simple terms, SEM works by raster scanning a fine electron beam
across the surface of a specimen—much like a television screen forms
an image line by line. Because electrons have much shorter
wavelengths than visible light, SEM overcomes the diffraction limit
that constrains optical systems, enabling visualization of surface details
as fine as 1-5 nanometers, roughly 100,000 times greater
magnification than what the naked eye can achieve.
Basic Principle and Instrumentation
A modern scanning electron microscope comprises several interrelated
systems designed to generate, shape, and detect electron signals.

1. Electron Source — The primary electron beam is produced by
either a tungsten filament (thermionic emission) or a field
emission gun (FEG) (field emission).

2. Condenser and Objective Lenses — A sequence of
electromagnetic lenses focuses and directs the electron beam.

3. Scanning Coils — Control the movement of the focused beam
in a raster pattern across the sample surface.

4. Vacuum Chamber — Maintains a high vacuum environment
to prevent scattering of electrons by air molecules.

5. Detectors — Capture various signals resulting from electron—

specimen interactions.
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Scanning Electron Microscope

Electron source

| | [ | Anode

———
<~.-> Condenser lense

Scan coils

Secondary < > Obiective |
» "‘ - "
electron detector Yoy e——s |
-,
--~.~..’::‘

[ | Sample

Fig: Schematic diagram of a typical SEM system

When the primary electron beam strikes a sample, it penetrates to a
certain depth, depending on the beam energy and sample

composition. The region where interactions occur is known as the

interaction volume, which gives rise to several detectable signals:

o Secondary Electrons (SE): Low-energy electrons ejected from
the outer atomic shells of the specimen. They provide detailed

topographical information and form the basis of conventional

SEM imaging.

e Backscattered Electrons (BSE): High-energy electrons
elastically scattered back from the sample. Their intensity

depends on atomic number (Z), enabling compositional

contrast between different phases.

e Characteristic X-rays: Emitted when inner-shell electrons are
displaced and replaced by higher-energy electrons. These are
used for elemental analysis through energy-dispersive X-ray

spectroscopy (EDX) or wavelength-dispersive X-ray

spectroscopy (WDX).
Modern SEM Systems and Operation
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Since their commercialization in the 1960s, SEM instruments have

‘ evolved into highly sophisticated analytical systems. Modern setups

UN‘}’FR/S‘TY" often include multiple detectors operating simultaneously:
e Secondary Electron Detectors — for detailed surface
MATERIAL morphology
CHEMISTRY .
o Backscattered Electron Detectors — for atomic-number
contrast
e X-ray Spectrometers (EDX/WDX) - for elemental
composition

All data are digitally processed, allowing for real-time visualization,
manipulation, and quantitative analysis.
Recent innovations include:

e Variable-pressure (VP) or environmental SEM (ESEM) —
allows examination of non-conductive, hydrated, or
biological samples without coating or high vacuum.

o Precision stages — permit tilting, rotation, and translation,
enabling 3D imaging of complex surfaces.

Sample Preparation
Proper sample preparation is vital to achieving high-quality images
and reliable data.

e Conductive Samples (e.g., metals): Require minimal
preparation—usually just cleaning.

e Non-conductive Samples (e.g., polymers, ceramics,
biological tissues): Must be coated with a thin conductive film
(1-20 nm) of gold, platinum, or carbon to prevent surface
charging and image distortion.

o Biological Samples: Require additional steps such as chemical
fixation, dehydration, and critical point drying to preserve
delicate structures.

e Specialized Approaches:

o Cryo-SEM: Samples are frozen to retain hydration and
structural integrity.
o Variable-pressure SEM: A controlled gas environment

neutralizes charge accumulation.
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Applications of Scanning Electron Microscopy
The versatility of SEM makes it indispensable in both scientific
research and industrial practice.
1. Materials Science and Engineering
SEM provides detailed imaging of:
e Microstructure and grain morphology
o Phase distributions and inclusions
e Fracture surfaces (fractography)
o Defect analysis
These insights are crucial for correlating structure with mechanical,
thermal, and electrical properties of materials.
2. Semiconductor and Electronics Industry
SEM is essential for:
e Process control and defect inspection in IC fabrication
o Dimensional measurement of nanoscale components
o Failure analysis and quality assurance
3. Geology and Environmental Science
Used for:
e Mineral identification and rock texture analysis
o Soil characterization and particulate pollution studies
e Forensic soil comparison and microfossil identification
4. Biology and Medicine
SEM enables 3D visualization of:
e Cell surfaces, tissue interfaces, and extracellular matrix
(ECM)
o Evaluation of biomaterial-tissue interactions,
osseointegration, and biocompatibility
e Drug delivery system morphology and pharmaceutical
particle characterization
5. Forensics and Industry
Applied for:
e Gunshot residue, fiber analysis, and document examination
e Corrosion studies, wear surface analysis, and failure

diagnostics in aerospace and automotive industries
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Polymer filler distribution and composite degradation

analysis

6. Cultural Heritage and Art Conservation

Used to investigate:

Pigment and material composition
Degradation mechanisms

Authentication of artifacts and artworks

Advanced Techniques and Innovations

Recent technological advancements have significantly expanded

SEM’s analytical scope:

Focused Ion Beam-SEM (FIB-SEM): Combines SEM
imaging with site-specific milling for 3D reconstruction of
internal microstructures.

Transmission-mode SEM (TSEM): Provides TEM-like
contrast with simpler sample preparation.

Electron Backscatter Diffraction (EBSD): Determines
crystallographic orientation and phase distribution.
Machine Learning and AI Integration: Automates image
classification, defect detection, and data interpretation.
Correlative Microscopy: Combines SEM data with atomic
force microscopy (AFM), X-ray, or optical data for multi-

scale analysis.

Limitations and Practical Considerations

Despite its remarkable power, SEM does have several limitations:

Vacuum requirements restrict direct imaging of volatile or
liquid samples.

Sample charging or beam-induced damage may distort
images, especially in non-conductive materials.

Resolution limits depend on the electron beam diameter and
interaction volume (~1-10 nm for topography; higher for
composition).

Quantitative EDX analysis requires calibration with reference
standards and corrections for atomic number, absorption,

and fluorescence effects.
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e Surface roughness and beam orientation can significantly
influence detected signals.
Hence, standardization and calibration are essential for obtaining
reproducible and accurate measurements.
Future Trends and Outlook
The future of SEM technology is focused on achieving:
o Higher resolution through cold field emission sources with
superior beam brightness and coherence.
e Multi-signal detection for simultaneous topographic,
compositional, and crystallographic analysis.
e Al-driven automation in image acquisition, data
interpretation, and pattern recognition.
e Miniaturized desktop SEM systems that offer affordable,
user-friendly platforms for education and small laboratories.
These innovations promise to make SEM more accessible while
extending its analytical reach across science and industry.
Integration with Other Analytical Techniques
Together with thermogravimetric analysis (TGA) and differential
thermal analysis (DTA), SEM forms a powerful triad of material
characterization tools:
e TGA and DTA reveal thermal behavior, composition, and
reaction mechanisms.
e SEM visualizes surface morphology and microstructural
features with nanoscale precision.
When combined, these methods allow comprehensive understanding of
materials—from molecular transformations to microstructural
integrity—across research, manufacturing, and quality control
environments.

Check Your Progress
1. Name any two physical methods used for thin film deposition.

2.What is SEM.
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4.5 Summary
Thermogravimetric Analysis (TGA) and Differential Thermal Analysis
(DTA) are vital techniques used to study how materials respond to heat,
ensuring safety, quality, and stability across industries—from fire-
retardant fabrics and pharmaceuticals to ceramics, cosmetics, and
lithium-ion batteries. These methods help determine decomposition
temperatures, thermal stability, and reactions under heat, guiding the
development of safer and more durable materials. Similarly, the
synthesis and characterization of materials are deeply interconnected,
as the methods used to create and analyze a substance directly influence
its structure and final properties. From toughened Gorilla Glass and
high-capacity EV batteries to waterproof fabrics, biodegradable
plastics, and 3D-printed components, precise control of synthesis
conditions and detailed material characterization allow scientists and
engineers to design products with tailored strength, durability,
functionality, and environmental compatibility—forming the
foundation of innovation in modern materials science.
4.6 Exercises
4.6 1Multiple Choice Questions
1. Which of the following methods is a physical method for

thin film preparation?

a) Sol-gel method

b) Co-precipitation

c¢) Physical vapor deposition

d) Hydrothermal method

Answer: c) Physical vapor deposition

2. The process of removing atoms from a solid surface by ion

bombardment is called:

a) Evaporation

b) Sputtering

¢) Condensation
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d) Filtration

Answer: b) Sputtering

Laser ablation involves:

MATERIAL
CHEMISTRY

a) Use of electric current

b) Use of a high-energy laser beam

¢) High-temperature solid-state reaction

d) Ultrasonic vibrations

Answer: b) Use of a high-energy laser beam
Molecular Beam Epitaxy is mainly used for:
a) Bulk ceramic materials

b) Epitaxial thin films

c¢) Polymer synthesis

d) Crystallization of salts

Answer: b) Epitaxial thin films

Which method is commonly used for the synthesis of
carbon nanotubes?

a) Sol-gel method

b) Arc discharge method

¢) Hydrothermal method

d) Co-precipitation

Answer: b) Arc discharge method

4.6.2 Short Answer Questions

l.

3.
6.

What is Physical Vapor Deposition (PVD)? Mention its types.

. Explain the principle and application of sputtering.

2
3.
4

What are the advantages of laser ablation method?

. Describe the arc discharge method for synthesis of carbon

materials.
Write a short note on mechanical milling.

What is Molecular Beam Epitaxy and where is it used?

4.6.3 Long Answer Questions

1.

2.

Describe various physical methods used for preparation of
solids and their applications.
Explain the principle and working of Physical Vapor Deposition

and its types.
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Discuss in detail the laser ablation and arc discharge methods
for nanomaterial synthesis.

Compare Physical Vapor Deposition (PVD) and Chemical
Vapor Deposition (CVD).

Explain how Molecular Beam Epitaxy helps in producing high-
quality thin films.

4.7 References and suggested readings

West, A. R. (2014). Solid State Chemistry and Its Applications
(2nd ed.). Wiley-Hoboken, New Jersey, U.S.

Rao, C. N. R., & Gopalakrishnan, J. (2017). New Directions in
Solid State Chemistry (2nd ed.). Cambridge University Press,
Cambridge

Smart, L. E., & Moore, E. A. (2012). Solid State Chemistry: An
Introduction (4th ed.). CRC Press, Boca Raton, Florida, USA.
Cullity, B. D., & Stock, S. R. (2014). Elements of X-ray
Diffraction (3rd ed.). Pearson, London, England.

Keer, H. V. (1993). Principles of the Solid State. New Age

International, New Delhi.
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BLOCK 3
ELECTRICAL AND OPTICAL PROPERTIES

Unit 5: Defects in Solids

5.1 Introduction

5.2 Objectives

5.3 Defects in solid state

5.4 Implications and Applications of Point Defects
5.5 Summary

5.6 Exercises

5.7 References and suggested readings

5.1 Introduction

The physical behavior of solid materials is largely determined by
their electrical and optical properties, which depend on the electronic
structure and the presence of imperfections (defects) in the crystal
lattice. Electrical conductivity varies widely among solids — from
conductors and semiconductors to insulators — depending on the
availability and movement of charge carriers. Optical properties such
as transparency, absorption, and luminescence arise from the
interaction of solids with electromagnetic radiation. Defects in
solids, whether point, line, or surface, strongly influence both
electrical and optical behavior by altering the distribution of
electrons and energy levels within the material.

5.2 Objectives

1.Explain the types of electrical conductivity in solids.

2. Understand the concept of band theory and its relation to conductors,

semiconductors, and insulators.

3. Describe optical properties and the mechanisms of light absorption

and emission in solids.

4. Identify and classify various types of defects in solids.
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5.Correlate the influence of defects with electrical and optical
properties.
5.3 Defects in Solid State
In reality, no crystal is ever perfect — all contain some type of
imperfection or defect that affects their physical, chemical, and
mechanical behavior. These imperfections, though often microscopic,
play a crucial role in determining a material’s conductivity, strength,
optical properties, and diffusion behavior. Defects are commonly
classified based on their dimensional nature as point (0D), line (1D),
surface (2D), or volume (3D) defects.
This section focuses on point defects, which are small, localized
disruptions in the crystal lattice.
Point Defects
Point defects involve irregularities at individual atomic sites. They can
occur naturally in pure crystals (intrinsic defects) or result from
impurities (extrinsic defects). The two most common intrinsic point
defects in ionic crystals are Schottky and Frenkel defects.
1. Schottky Defects
A Schottky defect forms when equal numbers of cations and
anions leave their normal lattice positions, creating vacancies at both
types of sites while maintaining electrical neutrality. This process
reduces the crystal’s density but preserves its stoichiometric ratio.
Schottky defects are common in ionic compounds with similarly sized
ions such as NaCl, KCl, CsCl, and KBr.
Their concentration increases with temperature, as higher thermal
energy promotes ion migration.
Mathematically, the number of Schottky defects follows:

n = N e—Fs/2kT
where Eis the defect formation energy.
Effect: Increases ionic conductivity and diffusion, aiding sintering and
mass transport in ceramics.

Examples: NaCl, KCI, CsCl, KBr.
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Fig:Formation of Schottky Defect in NaCl
2. Frenkel Defects
A Frenkel defect occurs when a small ion (usually a cation) moves
from its regular lattice position to an interstitial site, creating a
vacancy—interstitial pair. Unlike Schottky defects, Frenkel defects do
not alter the crystal’s overall composition or density, since no ions
are lost from the lattice. They occur mainly in crystals where there is a
large size difference between cations and anions, and small cations can
easily fit into interstitial spaces.
The equilibrium number of Frenkel defects is given by:

n = M o —Er/2kT
where Efis the Frenkel defect formation energy.
Effect: Enhances ionic conduction through interstitialcy diffusion and
influences electrical behavior.
Examples: AgCl, AgBr, Agl, ZnS, CaF. (in which F~ ions form

interstitials).

Frenkel Defect

Fig: Formation of Frenkel Defect in AgCl
Comparison between Schottky and Frenkel Defects
To better understand the differences between these two fundamental

types of point defects, a direct comparison is useful:
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Characteristic

Schottky Defect

Frenkel Defect

Definition

Equal number of cation
and anion vacancies

Ion displacement from normal
site to interstitial position

Ions involved

Both cations and anions

Typically only cations (or smaller
ions)

Effect on density

Decreases crystal density

No significant change in density

Location of displaced
ions

Crystal surface

Within the crystal at interstitial
sites

Common in
compounds with

Similar cation and anion
sizes

Significant  size  difference
between cations and anions

Energy requirement

Generally higher

Generally lower

Effect on crystal
volume

Slight increase

No significant change

Examples

NaCl, KCl, CsCl

AgCl, AgBr, ZnS, CaF-

Non-Stoichiometric Defects

In real crystalline solids, ideal stoichiometric ratios are rarely
maintained — deviations in the proportions of elements give rise to
non-stoichiometric defects. These defects differ from Schottky and
Frenkel types because they change the actual chemical composition of
a crystal, producing compounds that cannot be represented by simple
whole-number ratios. Materials exhibiting such deviations are called
non-stoichiometric compounds (or berthollides), as opposed to
stoichiometric compounds (daltonides). These defects are especially
common in transition metal oxides, where variable oxidation states of
metal ions allow flexible charge balancing. Such defects greatly
influence electrical, optical, catalytic, and magnetic properties,
making them valuable in technologies like semiconductors, sensors,
and catalysts.

Types of Non-Stoichiometric Defects

1. Metal Excess Defects

These occur when there is more metal than expected in the crystal.
The defect can form through two primary mechanisms:

a) Due to Anion Vacancies:

When anions are missing from their lattice sites, nearby metal ions
release electrons that become trapped at these vacant sites to maintain
charge neutrality. These trapped electrons can move freely, leading to

semiconducting behavior.
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Example: In zinc oxide (ZnO), loss of oxygen atoms leaves extra Zn
and free electrons, giving the crystal a yellow color.

Zn0O - ZnO_,
Other examples: FeO (Fei-,O), TiO2.
b) Due to Interstitial Cations:
Here, extra metal ions occupy interstitial sites while corresponding
electrons remain delocalized. For instance, heating NaCl in sodium
vapor allows excess Na atoms to enter the crystal, forming NaiCl,
which takes on a yellow tint. Similarly, KCI exposed to potassium

vapor appears violet due to trapped electrons.

Electron

Zn** ions and electrons at interstitial sites

Na* ¢~ Na
“,
Cl '

Nat |[:|‘<_2)r‘~la+

2 -

Na' @ Na' ~ Cl
Na" -

al 3

—

—

—

Cl Na

Fig: Metal Excess Defects in ZnO and NaCl
2. Metal Deficiency Defects
These defects arise when metal ions are missing from their normal
lattice sites, resulting in less metal content than predicted by the ideal
formula. To maintain charge balance, nearby metal ions increase their
oxidation state.

For example, in FeO, missing Fe** ions are compensated by the
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oxidation of neighboring Fe** to Fe*", giving a general formula Fei-O.

Similarly, NiO shows Ni** vacancies balanced by Ni** ions.

Metal Dificency Defect

Q g 1 i --\
v"' .l'n ..'
| Fe2+ .”‘ Fe2+ '(
‘I.. '.' '.\ /.’
. W = . s

- P 3 ™ y. \'\.

Fe2+ Fe2+

N & -';/' ‘\.‘ --//'
In crystals of Fed) some FeZ+ catlons are mnsing and the low of postive
charge Is made up by the presence of required rumber of Feld+ ions,

Fig:Metal Deficiency Defect in FeO

3. Non-Metal Excess Defects

In this case, there is more non-metal than predicted by stoichiometry.
a) Due to Interstitial Anions:

Extra non-metal atoms occupy interstitial sites (e.g., oxygen forming
02 species), balanced by hole formation or oxidation of metal ions.
Formula: MXi+.

b) Due to Cation Vacancies:

Missing metal ions are balanced by nearby metal ions adopting higher
oxidation states.

Examples: Cuz-0, Nii~O.

Due to interstitial cations Due to anion Vacancy

Fig: Non-Metal Excess Defects
4. F-Centers (Color Centers)
An F-center forms when an anion vacancy traps one or more

electrons, producing color in otherwise transparent crystals. The term
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“F” comes from the German Farbe (color). These trapped electrons

absorb visible light, imparting distinct hues. ready for e
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e KCI — violet

e LiCl — pink
F-centers can form by heating in metal vapor, irradiation, or
electrolysis. Their concentration directly controls color intensity.
Implications and Applications of Point Defects

1. Electrical Properties:

o Vacancies and interstitials enable ionic or electronic
conduction.

o F-centers and dopants influence band structure and
carrier mobility.

o Applications: solid-state batteries, fuel cells, sensors,
thermistors.

2. Mechanical Properties:

o Defects can strengthen materials by hindering
dislocation movement or improving high-temperature
stability.

o Applications: alloy hardening, ceramics strengthening,
creep resistance.

3. Diffusion Processes:

o Vacancies and interstitials act as diffusion pathways,
enabling heat treatment, sintering, and doping.

o Applications: semiconductor fabrication, ion exchange
in catalysts, ceramics processing.

4. Optical Properties:

o Defects introduce energy levels that cause light
absorption or emission, producing colors and
luminescence.

o Applications: phosphors, lasers, optical storage,
gemstones.

5. Catalytic Properties:
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o Surface and structural defects act as active sites for
adsorption and reaction.
o Applications: heterogeneous catalysis, fuel cell

electrodes, environmental remediation.

Experimental Techniques for Studying Point Defects
Several experimental methods are employed to investigate and
characterize point defects in crystals:
1. Electrical Conductivity Measurements
Measuring electrical conductivity as a function of temperature can
provide information about defect concentration and mobility. The
activation energy for defect formation and migration can be determined
from Arrhenius plots.
2. Density Measurements
Precise density measurements can reveal the presence of vacancies,
particularly Schottky defects, which reduce the overall density of the
crystal.
3. Spectroscopic Techniques
Various spectroscopic methods are used to study defects:
e Electron Paramagnetic Resonance (EPR): Detects unpaired
electrons associated with defects
e Optical Absorption Spectroscopy: Identifies characteristic
absorption bands due to defects
e Photoluminescence: Measures light emission from defect states
o Infrared Spectroscopy: Detects vibrations associated with
defects
4. Diffraction Techniques
X-ray, neutron, and electron diffraction can provide information about
average crystal structure and, in some cases, local distortions due to
defects.
5. Microscopy Techniques
Advanced microscopy methods allow direct visualization of certain

defects:
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o Transmission Electron Microscopy (TEM): Can visualize larger
defect clusters
e Scanning Tunneling Microscopy (STM): Can image electronic
states associated with defects at surfaces
e Atomic Force Microscopy (AFM): Detects surface distortions
caused by underlying defects
6. Positron Annihilation Spectroscopy
This specialized technique is particularly sensitive to vacancy-type
defects. Positrons are attracted to vacancy sites due to the absence of
positive nuclear charge, and their annihilation characteristics provide
information about the type and concentration of vacancies.
Theoretical Modeling of Point Defects
Complementing  experimental  approaches, theoretical and
computational methods provide valuable insights into defect properties:
1. Classical Potential Models
These models use empirically derived potentials to calculate defect
formation and migration energies. They are computationally efficient
and can handle large systems but may lack accuracy for complex
electronic effects.
2. Density Functional Theory (DFT)
DFT calculations provide more accurate descriptions of defect
electronic structures and energetics by solving quantum mechanical
equations. They can predict defect formation energies, electronic states,
and migration barriers.
3. Molecular Dynamics (MD)
MD simulations model atomic movements over time, allowing the
study of defect dynamics, diffusion processes, and interactions between
defects at elevated temperatures.
4. Kinetic Monte Carlo (KMC)
KMC methods simulate the time evolution of defect systems over
longer time scales than MD, enabling the study of diffusion, clustering,
and other kinetic processes.

5. Statistical Thermodynamics
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Theoretical frameworks based on statistical mechanics predict defect
concentrations as functions of temperature, pressure, and composition,

enabling the construction of defect phase diagrams.

Check Your Progress

MATERIAL
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1. Give one example each of Schottky and Frenkel defects.

2. What are F-centers?

5.5 Summary
Defects in Solids
Defects are imperfections in the regular arrangement of atoms in a
crystal. They may be point, line, or surface defects.
Point Defects:
o Vacancy Defect: A lattice site is vacant.
o Interstitial Defect: Extra atoms occupy interstitial
sites.
o Substitutional Defect: Foreign atom replaces a host
atom.
o Frenkel Defect: A cation leaves its regular site and
occupies an interstitial site.
o Schottky Defect: Equal number of cations and anions
missing from their sites.
5.6 Exercises
5.6.1 Multiple Choice Questions
1. In conductors, the valence band and conduction band are:
a) Separated by a large gap

b) Slightly overlapping
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c¢) Separated by a small gap

d) Completely empty
Answer: b) Slightly overlapping
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2. Which type of semiconductor is formed by doping silicon
with phosphorus?
a) Intrinsic
b) p-type
¢) n-type
d) Ionic
Answer: c) n-type
3. Frenkel defect is common in:
a) NaCl
b) KCl
c) AgCl
d) MgO
Answer: ¢) AgCl
4. A color in alkali halide crystals is often due to:
a) Interstitial atoms
b) F-centers
¢) Schottky defects
d) Surface irregularities
Answer: b) F-centers
5. Which of the following materials shows photoconductivity?
a) Glass
b) ZnO
¢) Diamond
d) NaCl
Answer: b) ZnO
5.6.2 Short Answer Questions
1. Define Schottky and Frenkel defects.
2. What are F-centers? How do they affect the color of crystals?
5.6.3 Long Answer Questions
1. lassify and explain the types of defects in solids with suitable

examples.
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2. Correlate the effect of crystal defects on electrical and optical

properties of solids.

5.7 References and suggested readings
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West, A. R. (2014). Solid State Chemistry and Its Applications
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Unit 6: Conductors

Structure

6.1 Introduction

6.2 Objectives

6.3 Temperature Dependent Conductivity

6.4 Semiconductors

6.5 Piezoelectric Materials

6.6 Photoluminescence

6.7 Summary

6.8 Exercises

6.9 References and suggested reading

6.1 Introduction

Conductors are materials that conduct electric current by free

electrons. In metals, the valence electrons of constituent atoms are

delocalized, forming a "sea" of electrons that can move freely through

the crystal lattice when an electric field is applied, and metals are

excellent conductors. This property is what gives metals their

characteristic high electrical conductivity.”

6.2 Objectives

1.

Differentiate between conductors, semiconductors, and
insulators based on band theory.

Describe intrinsic and extrinsic semiconductors and their
applications.

Explain the principle and working of piezoelectric materials.
Understand the mechanism of photoluminescence in solids.
Recognize the applications of these materials in modern

electronics and optics.

6.3 Temperature Dependent Conductivity

The electrical conductivity of a material varies with temperature due to

the influence of thermal vibrations within its crystal lattice. As
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temperature increases, atoms oscillate more vigorously around their
equilibrium positions, generating quantized vibrations known as
phonons. These phonons scatter conduction electrons, impeding their
flow and thereby increasing resistivity (the inverse of conductivity).
The temperature dependence of resistivity for metals is approximately
linear and is expressed by the relation:
p(T) = po[1+ a(T —T))]

where:

e p(T) = resistivity at temperature T

e po = resistivity at reference temperature To

e o =temperature coefficient of resistivity (positive for metals)
This linear relationship holds true for most metals over a moderate
temperature range. As temperature rises, the amplitude of lattice
vibrations increases, leading to more frequent electron—phonon
collisions. These interactions reduce the mean free path of electrons
and consequently raise the resistivity of the material.
At extremely low temperatures, the resistivity of pure metals decreases
dramatically because phonon scattering becomes negligible. However,
it never reaches zero due to residual resistivity caused by impurities
and structural defects in the lattice. In contrast, materials known as
superconductors exhibit a unique phenomenon: their resistivity drops
abruptly to zero below a certain critical temperature (Tc). This
transition cannot be explained by classical theory but is described by
quantum mechanics. Below Tc, electrons form Cooper pairs that
move through the crystal lattice without scattering, allowing perfect
electrical conduction. This phenomenon, known as superconductivity,
was first discovered by Kamerlingh Onnes in 1911 and remains a

cornerstone of modern condensed matter physics.
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Fig: Variation of Resistivity with Temperature for Metals
6.4 Semiconductors
Introduction
Semiconductors are materials with electrical conductivities
intermediate between conductors and insulators. At absolute zero, their
valence band is fully occupied while the conduction band is empty,
making them behave like insulators. However, at room temperature,
thermal energy excites some electrons from the valence band to the
conduction band, resulting in limited but measurable conductivity. The
energy band gap (Es) — the separation between these two bands —
determines how easily electrons are thermally excited. For example,
silicon (Es = 1.1 eV) and germanium (Es = 0.67 eV) can conduct at
ambient conditions due to their relatively small band gaps.
Temperature Dependence of Conductivity
In intrinsic semiconductors (pure materials), conductivity increases
exponentially with temperature because higher thermal energy
generates more electron—hole pairs:
o = g, e Ea/2KT
where 6o is a material constant, Es is the band gap, k is Boltzmann’s
constant, and T is temperature.
This behavior contrasts with metals, where conductivity decreases at
high temperatures due to electron—phonon scattering. The strong
temperature dependence of semiconductor conductivity forms the basis

for temperature-sensitive components like thermistors.
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Extrinsic Semiconductors

Pure (intrinsic) semiconductors have limited applications, but doping
— the intentional addition of impurities — significantly enhances their
conductivity.

N-type Semiconductors

When a tetravalent element like silicon is doped with a Group V
element (e.g., phosphorus or arsenic), extra electrons become available
for conduction. These loosely bound electrons, called majority
carriers, originate from donor atoms, whose energy levels lie just
below the conduction band (~0.01-0.05 eV). This small energy
difference allows electrons to be easily thermally excited at room
temperature.

P-type Semiconductors

If silicon is doped with a Group III element (e.g., boron or gallium),
the dopant lacks one valence electron, creating a “hole” — an empty
state that can move as electrons shift between bonds. These holes act as
majority carriers, while the dopant atoms function as acceptor
impurities with energy levels just above the valence band. Thus,

conduction occurs through the movement of holes instead of electrons.

Acceptor impurity
creates a hole

-0 O ponor impurity

- contributes free
@ electrons

o@ . @o ¢ @ @
@ D : oo -

o @ O
n-type p -type

Fig: P-type and N-type Semiconductors
PN Junction and Applications
A PN junction, formed by joining p-type and n-type semiconductors,
is the  foundation of most semiconductor  devices.
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At the interface, electrons from the n-region and holes from the p-
region diffuse across, recombining and leaving behind a depletion
region devoid of free carriers. This region establishes an internal
electric field and a built-in potential (Vg) of about 0.6-0.7 V for
silicon. Equilibrium is reached when diffusion and drift currents

balance, preventing further charge flow across the junction.

p- type _>|_ n- type

material material
Q@
Empty holes o%o @?@@ ) Free
electrons
ool8e® @
e O
+—p
Depletion
Region

Fig: PN-Junction

Photoconduction and Photodiodes
When light with photon energy greater than or equal to the band gap
strikes a PN junction, it creates electron-hole pairs through
photogeneration.
If these pairs are within or near the depletion region, they are separated
by the internal field, generating a photocurrent. This effect — the
photoconductive effect — forms the basis of photodiodes, which
convert light into electric current.
Different semiconductor materials detect different spectral ranges:

e Silicon — visible to near-infrared (peak = 800—900 nm)

e Germanium — infrared (= 1.8 pm)

e GaAs, InGaAs — customizable spectral response
Photovoltaic Cells (Solar Cells)
Solar cells are specialized PN junctions that operate without external
bias, converting sunlight directly into electricity via the photovoltaic
effect.

Light absorbed at or near the depletion region generates charge carriers
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Efficiency depends on:

1. Band gap — determines which part of the spectrum is absorbed
(Silicon = 33% theoretical max).

2. Recombination & reflection losses — reduce charge
collection.

3. Series resistance & junction quality — affect output voltage
and current.
Typical commerecial silicon cells achieve 15-22% efficiency,
while advanced multi-junction and concentrated PV systems

can exceed 40%.

Solar Energy Conversion Technologies
o Photovoltaic systems: monocrystalline, polycrystalline, thin-
film, and multi-junction cells.
e Solar thermal systems: use concentrated sunlight for heating

or power generation.
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o Hybrid PV-T systems: combine electrical and thermal energy
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enhance performance and reduce cost.

Organic Semiconductors
Organic semiconductors are carbon-based materials with conjugated
n-electron systems that enable charge transport via hopping
mechanisms between localized molecular states.
They feature flexible, lightweight, and solution-processable structures
but generally have lower mobilities than inorganic semiconductors.
Applications include:

e OLEDs (displays and lighting)

e Organic Photovoltaics (OPVs)

e Organic Field-Effect Transistors (OFETs)

o Photodetectors and memory devices
While less stable and efficient, their low-cost fabrication and
mechanical flexibility make them ideal for flexible electronics and

emerging technologies.

6.5 Piezoelectric, Pyroelectric, and Ferroelectric Materials
Piezoelectric Materials

Piezoelectric materials exhibit the unique ability to produce an electric
charge when subjected to mechanical stress (direct effect) and
conversely deform when exposed to an electric field (converse effect).
This behavior stems from their non-centrosymmetric crystal
structures, where mechanical deformation displaces charged ions,
creating dipoles and surface charges that induce a measurable voltage.
The direct piezoelectric effect can be expressed as D =d-T + ¢T"E,
and the converse effect as S = s£ T + d"E, where each term relates
electric displacement, stress, strain, and electric field.

Common piezoelectric materials include Quartz (SiO:) for precision
frequency devices, Lead Zirconate Titanate (PZT) for actuators and
sensors, Barium Titanate (BaTiOs) for capacitors, PVDF polymers

for flexible sensors, and ZnO or AIN as lead-free alternatives.
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Applications span across sensors (pressure, vibration, ultrasound),

actuators, energy harvesters, signal processors, and medical

ultrasound transducers.

Ongoing research focuses on lead-free and flexible alternatives to

PZT for sustainable and wearable technologies.

1.

Pyroelectric Materials

Pyroelectric materials generate a temporary electric voltage in
response to temperature changes due to variations in
spontaneous polarization. These materials are always
piezoelectric but not all piezoelectrics are pyroelectric.
When temperature changes, atomic positions shift slightly,
altering polarization (p = dP/dT) and producing a transient
current (i = A-p-dT/dt).

Typical pyroelectric materials include LiTaOs, TGS, PZT,
PVDF, and LiNbOs, each used for infrared detectors,
motion sensors, thermal cameras, and energy harvesting
from fluctuating heat.

Their most common use is in PIR motion sensors, widely

found in lighting controls and security systems.

Ferroelectric Materials

Ferroelectric materials possess a reversible spontaneous

polarization that can be switched by an external electric field,

forming a hysteresis loop similar to that of magnetic materials.

They consist of domains—regions with aligned dipoles—that reorient

under applied fields. The Curie temperature (Tc) marks the point

where ferroelectricity disappears, transitioning to a symmetric, non-

polar (paraelectric) phase.

Key materials include BaTiOs, PZT, TGS, PVDF, BiFeOs, and

KNN, each offering different operating ranges and properties.

Applications include non-volatile memory (FeRAM, FeFETs),

high-dielectric capacitors, electro-optic devices, sensors and

actuators, and energy harvesters. Current research explores lead-

free, multiferroic, and thin-film ferroelectrics for integrated and

sustainable electronics.
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6.6 Photoluminescence

Photoluminescence (PL) refers to the emission of light by a material
after it absorbs photons. When light interacts with a substance, it
excites electrons to higher energy levels; as these electrons return to
lower states, they release excess energy as photons. The process can be
immediate (fluorescence) or delayed (phosphorescence) depending
on the electronic transitions involved and the lifetime of the excited
states.

Fundamental Principles

The photoluminescence mechanism proceeds through the following
steps:

1. Absorption: Incoming photons promote electrons from the
ground state to higher energy states.

2. Non-radiative Relaxation: The excited electrons lose some
energy via vibrational relaxation or internal conversion without
emitting light.

3. Radiative Recombination: The electrons transition back to
lower energy levels, emitting photons in the process.

4. Stokes Shift: Due to non-radiative losses, the emitted light has
lower energy (longer wavelength) than the absorbed light.

The quantum efficiency of PL is the ratio of photons emitted
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to photons absorbed, a critical measure of luminescent

performance.

Types of Photoluminescence
1.

Fluorescence:
o Fast emission (nanoseconds to microseconds).
o Originates from singlet excited states.
o Light emission stops almost instantly when excitation
ceases.

o Common in organic dyes, polymers, and quantum dots.

2. Phosphorescence:

o Slow emission (microseconds to hours).

o Involves transition from triplet excited states.

o Persists even after excitation stops.

o Typical of inorganic phosphors and metal-organic

complexes.

3. Delayed Fluorescence:

o Intermediate lifetime between fluorescence and
phosphorescence.
o Involves thermal or triplet-to-singlet energy transfer.

o Key mechanism in OLEDs for improving efficiency.

Materials Exhibiting Photoluminescence

Inorganic Phosphors: Doped oxides or sulfides like Eu**:Y20s
and Mn?":ZnS.

Semiconductor Quantum Dots: CdSe, ZnS, InP nanocrystals
with size-dependent color emission.

Organic Luminophores: Aromatic hydrocarbons, conjugated
polymers, and fluorescent dyes such as rhodamine and
fluorescein.

Perovskite Materials: Lead halide and double perovskites

(e.g., CHsNHsPbls) with tunable optical properties.

Applications of Photoluminescent Materials

1.

Lighting: Fluorescent tubes, white LEDs (blue chip + yellow
phosphor), and quantum-dot backlights.
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2. Displays: OLED and quantum-dot displays for vivid, energy-
efficient screens.
3. Biomedicine: Fluorescent imaging, biosensors, and
photodynamic therapy.
4. Security: Anti-counterfeiting inks and luminescent coatings.
5. Sensors: Temperature, oxygen, and radiation detection.
6. Solar Energy: Luminescent solar concentrators and spectral
converters for improved photovoltaic performance.
Check Your Progress
1. Give one example each of piezoelectric and photoluminescent
materials.

2. Define fluorescence and phosphorescence.

6.7 Summary

A. Conductors

Have free electrons available for conduction.

Valence and conduction bands overlap — electrons move easily.
Examples: Copper (Cu), Silver (Ag), Aluminum (Al).

Ohm’s law governs current flow: V = IR.

Conductivity decreases with temperature (due to increased

scattering).

B. Semiconductors

Have small band gaps (~1 eV).
Conductivity increases with temperature.
Types:

1. Intrinsic semiconductors: Pure materials like Si, Ge;

conductivity arises from thermally excited electrons.
2. Extrinsic semiconductors: Doped with impurities.
= n-type: Donor impurity (e.g., P in Si) — adds
electrons.
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= p-type: Acceptor impurity (e.g., B in Si) —
creates holes.

Applications: Diodes, transistors, solar cells.

C. Piezoelectric Materials

Generate electric charge when mechanical stress is applied and
vice versa.
Effect arises due to lack of center of symmetry in crystal
structure.
Common materials: Quartz (SiO2), Rochelle salt, BaTiOs,
Zn0.
Applications:

o Ultrasonic transducers

o Microphones

o Sensors and actuators

o Frequency stabilizers in watches

D. Photoluminescent Materials

Emit light when excited by electromagnetic radiation.
Process: Excitation — electron promotion — relaxation —
photon emission.
Two main types:
1. Fluorescence: Immediate light emission after excitation
(ns timescale).
2. Phosphorescence: Delayed emission due to trapped
excited states.
Common materials: ZnS:Mn, CdS, Eu*-doped Y:0s,
phosphors in LEDs.
Applications: Display screens, LEDs, luminescent paints,

bioimaging.

6.8 Exercises

6.8.1 Multiple Choice Questions

1.

Which of the following has overlapping valence and
conduction bands?
a) Semiconductor

b) Conductor
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The conductivity of a semiconductor:

a) Decreases with temperature

b) Increases with temperature

¢) Remains constant

d) Becomes zero at high temperature

Answer: b) Increases with temperature

Which of the following materials exhibits piezoelectric
behavior?

a) Quartz

b) Silicon

c¢) Copper

d) Diamond

Answer: a) Quartz

Photoluminescence involves:

a) Emission of light by heat

b) Emission of light after photon absorption

c¢) Emission of electrons only

d) Magnetic interaction

Answer: b) Emission of light after photon absorption
Fluorescence differs from phosphorescence in:
a) Nature of emission

b) Lifetime of excited state

c) Type of excitation source

d) Emission wavelength

Answer: b) Lifetime of excited state

6.8.2Short Answer Questions

1.

w»ok w N

Explain how conduction occurs in metals.

Distinguish between intrinsic and extrinsic semiconductors.
What is the principle of piezoelectricity?

Define fluorescence and phosphorescence.

Give applications of photoluminescent materials in technology.
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6.8.3Long Answer Questions

1.

Discuss the band theory of solids and explain conductors and
semiconductors on its basis.

Explain the mechanism and applications of piezoelectric
materials.

Describe the types of luminescence and their applications in
materials science.

How does doping influence the electrical properties of
semiconductors?

Compare the energy transitions involved in fluorescence and

phosphorescence.
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7.3 Point Defects in Solids: Practical Applications

7.4 Semiconductors and Electrical Conductivity: Real-Life
Applications

7.5 Summary

7.6 Exercises

7.7 References and suggested readings

7.1 Introduction

Modern science and technology rely heavily on the use of materials
with specialized properties. Material chemistry bridges the gap
between chemical structure and practical functionality. From
electronic devices and energy systems to biomedical tools and
construction materials, the choice and design of materials determine
the efficiency and sustainability of technological advancements.
This unit explores the practical applications of different classes of
materials — conductors, semiconductors, polymers, ceramics,
composites, piezoelectric, and photoluminescent materials — in
various industries and emerging technologies.

7.2 Objectives

1. Identify major classes of materials and their industrial uses.

2. Relate physical, electrical, and optical properties of materials to
their applications.

3. Explain the role of materials in energy conversion, storage, and
electronics.

4. Understand the importance of smart and functional materials in
modern technology.

5. Discuss the environmental and sustainability aspects of material
use.

7.3 Point Defects in Solids: Practical Applications (Paraphrased)
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Point defects—minute imperfections within crystal lattices—may be
invisible to the naked eye but profoundly influence material properties
and technological performance. These atomic-scale irregularities are
intentionally engineered in many modern materials to tailor electrical,
optical, and mechanical behaviors for a wide range of applications.

1. Oxygen Sensors (Zirconia Ceramics)

Oxygen vacancies in zirconium oxide (ZrQ) are a classic example of
non-stoichiometric defects that have been purposefully introduced to
enhance ionic conductivity. These vacancies allow oxygen ions to
migrate through the crystal lattice, generating an electrical signal
proportional to oxygen concentration. This principle forms the basis of
oxygen sensors used in automotive exhaust systems, which optimize
fuel combustion and reduce emissions—improving both fuel efficiency

and air quality.

2. Gemstone Coloration
The vibrant colors of gemstones arise from point defects that modify
optical absorption:
e Ruby (ALO::Cr*): The substitution of chromium ions for
aluminum ions gives a deep red color.
e Sapphire (Al:Os:Fe*, Ti*"): The presence of iron and titanium
impurities  yields  the  characteristic ~ blue  hue.
These examples highlight how controlled substitutional defects
can transform ordinary materials into visually stunning ones
used in jewelry and optics.
3. Electronic and Ceramic Devices
Modern electronic components and ceramic capacitors rely on
Frenkel defects, where ions temporarily occupy interstitial sites. These
interstitial ions enhance charge storage and transport while preserving
mechanical stability across repeated charge—discharge cycles. Such
precisely controlled defect engineering enables miniaturized and
reliable electronic devices used in communication and medical
technologies.

4. Semiconductor Industry
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The semiconductor revolution is built upon the deliberate introduction
of dopant atoms that create electronic defects in silicon. By adding
donor or acceptor impurities, engineers control the number and type of
charge carriers—forming the foundation of transistors, diodes, and
integrated circuits. Without this controlled defect manipulation,
modern computing and digital technologies would not exist.

5. Everyday Materials (Table Salt)

Even simple materials like sodium chloride (NaCl) exhibit Schottky
defects, where equal numbers of cations and anions are missing from
the lattice. These defects affect NaCl’s taste, flow, solubility, and
reactivity, showing that point defects also influence the physical and
chemical behavior of everyday substances.

6. Rechargeable Batteries

In lithium-ion batteries, vacancies and interstitials in clectrode
materials govern lithtum ion movement during charging and
discharging. These point defects determine the energy capacity,
charging rate, and lifespan of batteries—critical factors in electric
vehicles, portable electronics, and renewable energy storage.

7. Glass and Amorphous Materials

Glass can be viewed as a solid with an extremely high concentration
of structural defects. The addition of network modifiers (like Na2O or
Ca0) disrupts the silicate network, introducing disorder that imparts
transparency, formability, and durability. This structural
“imperfection” is what makes glass indispensable in architecture,
optics, and packaging.

8. Radiation Detectors

Radiation detectors function based on engineered point defects that
trap and later release energy from ionizing radiation. These traps
convert absorbed radiation into measurable light pulses—allowing the
detection of hazardous radiation in medical imaging, airport security,
and scientific research.

7.4 Semiconductors and Electrical Conductivity: Real-Life

Applications (Paraphrased)
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Semiconductors form the foundation of nearly every modern
technological advancement, from communication and computing to
renewable energy and medicine. Their unique ability to conduct
electricity under controlled conditions has made them indispensable to
the devices and systems that define contemporary life.

1. Semiconductor-Based Electronics and Devices

The principle of controlled electrical conduction in semiconductors
underpins  digital imaging, computing, and communication
technologies. In digital cameras and smartphones, silicon-based
image sensors (p—n junction arrays) convert incoming light photons
into electrical signals, allowing instantaneous capture and sharing of
images. Similarly, thermistors, which exhibit temperature-dependent
conductivity, are used in appliances like refrigerators, ovens, and air
conditioners to maintain precise thermal regulation through feedback
control systems.

Transparent conductive oxides (TCOs) such as indium tin oxide
(ITO) enable the touchscreen interfaces of smartphones, tablets, and
medical equipment. These materials combine optical transparency with
electrical conductivity, allowing electrical signals from touch to be
detected without obscuring the display.

2. Light-Emitting Diodes (LEDs)

Modern LED lighting operates on the principle of electron—hole
recombination at a semiconductor junction. When electrons and holes
recombine, they release energy in the form of photons — a process
known as electroluminescence. By tailoring the semiconductor’s
composition, LEDs can emit different colors of light with high
efficiency, offering energy savings and long operational lifetimes that
significantly reduce environmental impact.

3. Medical and Navigation Systems

Insulin pumps, which automatically regulate the delivery of insulin for
diabetic patients, rely on precise semiconductor-based temperature and
pressure sensors to ensure accurate drug administration. Similarly,
global positioning systems (GPS) depend on semiconductor circuits

for signal processing, timing synchronization, and coordinate
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computation — enabling navigation, emergency response, and logistics
systems worldwide.

4. The Internet and Communication Infrastructure

The global Internet and all associated data systems exist because of
semiconductor-based transistors, routers, and microprocessors. These
components manage the flow, processing, and transmission of
information at incredible speeds, forming the backbone of global
communication, education, and commerce.

5. Photovoltaic (PV) Semiconductors and Solar Energy Conversion
The p—n junction that drives semiconductor operation also powers
solar photovoltaic (PV) cells, which convert sunlight directly into
electricity. When light photons strike the semiconductor, they excite
electrons to higher energy states, generating a potential difference
across the junction that drives current flow.

e Residential solar panels supply clean energy to homes,
reducing both carbon emissions and electricity costs.

e Solar-powered calculators and small electronics utilize
miniature PV cells that operate efficiently even under indoor
light.

o Off-grid solar pumping systems and microgrids provide
essential power for rural and disaster-stricken areas, proving
that semiconductor photovoltaics can serve both humanitarian
and environmental goals.

e Smart windows use photogalvanic cells to automatically adjust
transparency based on sunlight intensity, optimizing building
energy efficiency.

e The International Space Station (ISS) relies entirely on large
photovoltaic arrays to generate power, demonstrating the
reliability of semiconductor-based solar systems in extreme
environments.

Future innovations, such as building-integrated photovoltaics
(BIPV), will embed PV materials directly into construction surfaces —
transforming homes and cities into self-sufficient clean energy

generators.
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6. Organic Semiconductors: Emerging Applications

Organic semiconductors, made from carbon-based molecules,
represent a rapidly expanding area of materials science due to their
flexibility, lightweight nature, and ease of processing.

e Organic Light-Emitting Diodes (OLEDs), used in premium
smartphone and TV displays, emit light directly from thin
organic layers, providing vivid colors, deep contrast, and
flexible or foldable screen designs.

e Wearable health sensors built with stretchable organic circuits
can monitor vital signs such as heart rate and oxygen levels
while conforming to body movements.

o Printed organic electronics are replacing traditional barcodes
with RFID tags printed directly on packaging for cost-effective
tracking and instant checkout experiences.

o Biodegradable organic sensors enable precision agriculture
by monitoring soil and plant conditions, then safely
decomposing after use to minimize e-waste.

o In bioelectronics, flexible organic semiconductors are used in
implantable devices that interface with biological tissue to
stimulate nerves, control prosthetics, or relieve pain.

e Organic photovoltaics (OPVs), which can be printed onto
flexible surfaces like fabrics or tents, provide lightweight,
portable energy solutions for field or disaster use.

Large-scale roll-to-roll printing techniques make it possible to
manufacture organic solar panels inexpensively, potentially
democratizing solar energy access globally. These technologies
combine electronic performance, flexibility, and biocompatibility,
positioning organic semiconductors at the intersection of sustainability,
healthcare, and next-generation electronics.

Piezoelectric, Pyroelectric, Ferroelectric, and Photoluminescent
Materials: Applications

Materials that respond uniquely to mechanical, thermal, electrical, or
optical stimuli have revolutionized modern technology, leading to

practical innovations across multiple industries. Piezoelectric
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materials, which produce an electric charge when mechanical pressure
is applied, are used in everyday devices such as gas grill and lighter
ignitions, where a simple press creates a spark without any external
power. They also play a vital role in ultrasound imaging, converting
electrical energy into sound waves and back again to create safe, high-
resolution images of internal organs. Similarly, inkjet printers utilize
tiny piezoelectric actuators that precisely control ink droplets to create
detailed images.

Pyroelectric materials, which generate electrical signals in response
to temperature changes, are used in infrared motion sensors that
automatically switch lights or alarms on when detecting body heat,
enhancing both convenience and energy efficiency. Ferroelectric
materials, known for their ability to retain electric polarization even
without power, are crucial in non-volatile memory systems, spacecraft
electronics, and radiation-hardened computing.

Photoluminescent materials absorb light and re-emit it later, finding
use in emergency exit signs that glow in the dark without electricity,
and in advanced quantum dot displays that produce vivid, accurate
colors in televisions and smartphones. These materials are also used for
anti-counterfeiting security features in banknotes that fluoresce
under ultraviolet light. Furthermore, piezoelectric sensor networks
embedded in bridges and buildings help detect structural damage early,
preventing catastrophic failures. Collectively, these material
technologies demonstrate how controlling mechanical, thermal,
electrical, and optical responses leads to devices that enhance safety,
comfort, healthcare, and sustainability in modern life.

Check Your Progress

1. Give two examples each of piezoelectric and photoluminescent

materials.

2. Mention one application each of ceramics and superconductors.
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7.5 Summary
Semiconductors, including silicon and organic variants, enable
technologies such as smartphones, solar panels, LEDs, touchscreens,
and medical devices through precise control of electrical conductivity
and p—n junction behavior. Their applications extend from renewable
energy and data processing to flexible bioelectronics and wearable
sensors. Meanwhile, piezoelectric, pyroelectric, ferroelectric, and
photoluminescent materials showcase how materials can convert
mechanical, thermal, electrical, and optical stimuli into useful
responses—powering devices like ultrasound machines, motion
sensors, non-volatile memories, and luminous emergency signs.
Together, these materials illustrate how manipulating electron behavior
and energy interactions at the atomic level has transformed everyday
life, enabling sustainable energy, advanced healthcare, smart
technologies, and enhanced safety systems worldwide.
7.6 Exercises
7.6.1 Multiple Choice Questions
1. Which of the following is characteristic of a Frenkel defect

in solids?

a) Anion vacancy and cation vacancy

b) Anion vacancy and interstitial cation

¢) Cation vacancy and interstitial cation

d) Cation vacancy and anion interstitial

2. Which defect is associated with Schottky defects in ionic

solids?

a) Displacement of atoms to higher energy states

b) Equal number of cation and anion vacancies

¢) Displacement of atoms to the interstitial site

d) Introduction of extra atoms or ions

3. Which of the following is true about non-stoichiometric
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defects in solids?

a) These occur only in ionic solids

b) They lead to a change in the chemical composition of the
material

c¢) They do not affect the electrical conductivity of the solid
d) They only occur in covalent solids

In semiconductors, the increase in temperature typically
leads to:

a) A decrease in conductivity

b) An increase in conductivity

¢) No change in conductivity

d) A reduction in carrier concentration

Which type of semiconductor is characterized by an excess
of electrons in the conduction band?

a) P-type

b) N-type

¢) Insulator

d) Organic semiconductor

7.6.2 Short Answer Questions

1.

What are point defects, and how do Frenkel and Schottky
defects differ?
Explain the variation of conductivity with temperature in

semiconductors.

. Define P-type and N-type semiconductors and explain how they

differ.

Describe the principle behind pn-junction photoconduction.
What is the function of a photovoltaic cell, and how does it
work?

Define pyroelectric materials and describe their application.
What is photoluminescence, and how is it used in material

characterization?

7.6.3 Long Answer Questions

1.

Discuss the different types of defects in solids, including point

defects, Frenkel defects, Schottky defects, and non-
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stoichiometric defects, and their effect on the material's
properties.

Explain the variation of conductivity with temperature in
semiconductors, and discuss the behavior of p-type and n-type
semiconductors.

Describe the working of a pn-junction, and explain how it
functions in photoconduction and its significance in solar cells.
Discuss the principle and operation of a photovoltaic cell and
how it is used in solar energy conversion.

Explain the role of organic semiconductors in modern electronic

devices, including their advantages and limitations.

7.7 References and suggested readings

References (APA 7th Edition)

West, A. R. (2014). Solid State Chemistry and Its Applications
(2nd ed.). Wiley, Hoboken, New Jersey, USA.
Keer, H. V. (1993). Principles of the Solid State. New Age

International, New Delhi.
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BLOCK 4
MAGNETIC PROPERTIES

Unit 8: Magnetic Properties

Structure

8.1 Introduction

8.2 Objectives

8.3 Magnetic properties

8.4 Types of Magnets: Permanent and Temporary Magnets
8.5 Summary

8.6 Exercises

8.7 References and suggested readings

8.1 Introduction

Magnetism is one of the most fundamental physical properties of
materials, arising from the motion and alignment of electrons within
atoms. The magnetic behavior of a solid depends on the arrangement
of unpaired electrons and the interaction of atomic magnetic moments.
Based on their magnetic response to an external magnetic field,
materials can be classified as diamagnetic, paramagnetic,
ferromagnetic, antiferromagnetic, or ferrimagnetic.
Understanding these properties is essential for the design of magnetic
storage devices, sensors, transformers, and many other electronic and
industrial applications.

8.2 Objectives

1. Explain the origin of magnetism in atoms and solids.

2. Distinguish between different types of magnetic materials.

3. Understand magnetic susceptibility and hysteresis behavior.

4. Describe magnetic domain theory and Curie temperature.

5. Discuss industrial and technological applications of magnetic
materials.

8.3 Magnetic Properties
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The magnetic behavior of materials originates from the motion and
alignment of electrons within atoms and their interaction with external
magnetic fields. Depending on how they respond to such fields,
materials can be classified into several categories.

Diamagnetic materials exhibit a very weak, negative magnetic
susceptibility—they are slightly repelled by magnetic fields. This effect
arises because the motion of paired electrons in their orbits generates
small current loops that create magnetic moments opposing the applied
field, as stated by Lenz’s law. Although all materials possess some
level of diamagnetism, in many it is masked by stronger effects. Typical
examples include bismuth, copper, water, and most organic
substances, where all electrons are paired, leading to no net magnetic
moment in the absence of a field.

Paramagnetic materials have unpaired electrons that produce
permanent magnetic dipole moments. In the absence of an external
field, these moments are randomly oriented; when a magnetic field is
applied, they tend to align with it, creating a weak attraction.
Aluminum, platinum, manganese, and oxygen are examples.
However, as temperature increases, thermal motion disrupts this
alignment, weakening the material’s paramagnetism.
Antiferromagnetic materials display a magnetic ordering in which
neighboring atomic moments align in opposite (antiparallel) directions,
leading to an overall zero net magnetization. This ordered state exists
below a critical temperature known as the Néel temperature (TN),
beyond which the material becomes paramagnetic. Examples include
MnO, NiO, and chromium, where atomic exchange interactions drive
antiparallel alignment.

Ferromagnetic materials such as iron, cobalt, and nickel exhibit
strong magnetic responses. In these materials, atomic magnetic
moments spontaneously align parallel to each other, forming regions
called magnetic domains. When an external field is applied, these
domains align in the same direction, producing strong magnetization

that remains even after the field is removed—a phenomenon known as
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hysteresis. Above the Curie temperature (Tc), ferromagnetic
materials lose their ordered magnetism and become paramagnetic.

Ferrimagnetic materials, similar to ferromagnets, also show
spontaneous magnetization below Tc but consist of two sublattices with
unequal antiparallel magnetic moments, giving a net magnetization.
Ferrites, such as magnetite (FesO4) and oxides of the form MFe:04
(where M is a divalent metal like Mn, Ni, or Zn), are common
examples. Owing to their high electrical resistivity and strong magnetic
properties, ferrites are crucial in the electronics and

telecommunication industries.

Three simple types of ordering of atomic magnetic moments

A R T . T ! A | A { T

1 1 T ‘ T v 1 A\ A\ t l 1
!

A A T B A A
Y L 4 L

Y

v

Ferromagnetic Antiferromagnetic Ferrimagnetic
(Adjacent magnetic (Adjacent magnetic (Adjacent magnetic
moments are aligned) momentis are antiparaliel moments are antiparallel

and of equal magnitude) and of unequal magnitude)
(a) (b) (c)
Fig: Ferromagnetic, antiferromagnetic, ferrimagnetic
The magnetic susceptibility () measures how easily a material
becomes magnetized in response to an external magnetic field. It is

defined as:

M
X=7

H
where M is the magnetization and H is the applied magnetic field.
Diamagnetic materials have small negative y (= —107°), paramagnetic
materials have small positive y (107 to 107?), and ferro/ferrimagnetic
materials show large, complex, temperature-dependent susceptibilities.
The relationship between susceptibility and temperature is described

by the Curie and Curie-Weiss laws.

For paramagnetic materials:
_C
AST

where C is the Curie constant and T is the absolute temperature—

showing that x decreases as temperature rises.
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For ferromagnetic, ferrimagnetic, and antiferromagnetic materials
above their transition temperatures, the Curie-Weiss law applies:

_
T T—-0

where 0 (Weiss constant) indicates the strength of magnetic

X

interactions. Positive 0 values correspond to ferromagnetic behavior,

while negative 0 values correspond to antiferromagnetism.

N0

‘ E —— Curie'slaw Y =
:

—— Curie-Weiss law Y =

| ! =7

\ ; C: Curie constant

T.: Curie temperature

Magnetic susceptibility, y —»

TCI Temperature, T (K) —

Fig: Curie- Weiss law

The Curie temperature (Tc) marks the transition point at which
ferromagnetic or ferrimagnetic —materials lose spontaneous
magnetization due to thermal agitation (e.g., Fe: 770°C, Co: 1115°C,
Ni: 354°C, Gd: ~20°C). Similarly, the Néel temperature (TN)
represents the point at which antiferromagnets lose ordered alignment
(e.g., Cr: 37°C, MnO: 122°C, NiO: 252°C). Understanding these
transition points is vital for designing materials used in high-
temperature or precision electronic applications.

8.4 Types of Magnets: Permanent and Temporary Magnets
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8.4 Types of Magnets: Permanent and Temporary Magnets
(Paraphrased)

Magnets are broadly classified into permanent and temporary types,
depending on whether they retain magnetism after the external
magnetic field is removed. Permanent magnets, also known as hard
magnetic materials, exhibit strong remanence (residual magnetism)
and high coercivity, meaning they resist demagnetization. In contrast,
temporary magnets lose their magnetism quickly once the external

field is removed.

Temporary magnet Permanent magnet
These magnets lose their [These magnets do not

magnetic properties as

lose their magnetic
soon as the magnetising |properties.
force is removed.

It cannot convert an It can convert an ordinary
ordinary piece of iron into a |piece of iron into a

magnet because of its temporary magnet.

weak power.
It is made of soft (pure) It is made of steel, cobalt
iron. and nickel.

Permanent magnets have been crucial to technological progress,
enabling applications ranging from simple refrigerator magnets to
complex devices like electric vehicles and wind turbines. Over time,
advances in magnet materials — from Alnico alloys in the 1930s to
ceramic ferrites in the 1950s, and later rare-earth magnets like
samarium-cobalt and neodymium-iron-boron — have greatly enhanced
magnetic strength, thermal stability, and resistance to demagnetization.
(Diagram 2: Timeline showing evolution of magnet materials — Alnico
— Ferrite — Rare Earth magnets)

Alnico Magnets — The Pioneer of Modern Permanent Magnets
Developed in the 1930s, Alnico magnets (made primarily of

aluminum, nickel, and cobalt, often with iron, copper, or titanium)
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were the first high-performance permanent magnets. Their
microstructure, achieved through precipitation hardening and
controlled heat treatment, creates ferromagnetic iron-cobalt-nickel
regions within a nonmagnetic aluminum-nickel matrix. This unique
“needle-like” microstructure aligns in one direction, producing strong
magnetic anisotropy and coercivity.

Manufacturing of Alnico magnets typically involves casting or
sintering. In casting, molten metal is poured into molds, then heat-
treated above 1200°C and cooled in a magnetic field to align domains.
In sintering, fine powders of the alloy are pressed and fused at sub-
melting temperatures, yielding precise shapes but slightly lower
magnetic strength. Alnico stands out for its exceptional thermal
stability, maintaining magnetism up to 550°C without protective
coatings. However, it has relatively low coercivity and a moderate
energy product (5.5-10.5 MGOe), limiting its magnetic strength
compared to modern magnets. Still, it remains indispensable in high-
temperature and audiophile applications such as aircraft instruments,

engine sensors, and guitar pickups.

Ferrite Magnets — The Ceramic Successor

By the 1950s, ferrite magnets emerged as cost-effective alternatives.
These are ceramic compounds of iron oxide combined with divalent
metal oxides (barium, strontium, or lead), typically having the
formula MO-6Fe:0s. The two most common types are barium ferrite
(BaFe12019) and strontium ferrite (SrFei2019). Their ferrimagnetic
crystal structure gives them strong coercivity and excellent resistance
to demagnetization, even though their overall magnetic strength is
lower than metallic magnets.

Ferrite production involves calcining, milling, pressing, and
sintering at 1100-1300°C, sometimes under a magnetic field to orient
domains. These magnets are hard, brittle, and have a lower Curie
temperature (~450°C), meaning their magnetism decreases at high
temperatures. However, ferrites have high electrical resistivity and

corrosion resistance, making them ideal for use in alternating
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and magnetic toys.

Although ferrites have a lower energy product (3.5-4.5 MGOe) than
Alnico or rare-earth magnets, research continues to enhance their
performance through ion substitution, nanostructuring, and
improved grain alignment. Similarly, bonded ferrites—where ferrite
powder is mixed with polymers—allow greater design flexibility and
more complex shapes via injection molding.

Both Alnico and Ferrite magnets remain essential in modern industry.
While rare-earth magnets dominate high-performance applications,
Alnico’s heat stability and ferrite’s affordability ensure their continued
importance in fields demanding durability, reliability, and economic
efficiency.

Rare Earth Magnets — A Quantum Leap in Magnetic Technology
The discovery of rare earth permanent magnets in the latter half of
the 20th century revolutionized magnetic materials science. These
magnets, made by combining rare earth elements like samarium
(Sm) or neodymium (Nd) with transition metals such as cobalt (Co)
and iron (Fe), achieved extraordinary magnetic performance. Unlike
earlier magnets that relied mainly on shape or crystal anisotropy, rare
earth magnets exploit magnetocrystalline anisotropy — a property
arising from the unique electronic configuration of rare earth
elements. This gives them much higher coercivity and energy
products, often ten times greater than those of ferrite magnets,
enabling the miniaturization of electronic and electromechanical

devices.

Samarium—Cobalt (SmCo) Magnets — The First Rare Earth

Generation

117
MATS Centre for Distance and Online Education, MATS University



gi\i_/\ Developed in the late 1960s and early 1970s, samarium—cobalt
W - =
e (SmCo) magnets were the first to demonstrate the vast potential of

{
éf”““’“sm’" rare earth compounds. They exist mainly in two stoichiometric forms:

ready for life......

e SmCos (1:5 phase) — first commercialized, offering excellent

MATERIAL
CHEMISTRY

magnetic strength.
e  Sm:Co17 (2:17 phase) — developed later, providing improved

energy product and higher temperature tolerance.
SmCo magnets are produced through a complex process: precise
alloying via vacuum induction melting, followed by hydrogen
decrepitation, which breaks the alloy into fine powders. These
powders are milled, aligned in a magnetic field, press-molded, and
sintered at 1100—1200°C in an inert atmosphere. Subsequent heat
treatment and magnetization yield the final product.
The key advantage of SmCo magnets lies in their exceptional
temperature stability — operational up to 350°C for SmCos and
above 550°C for SmzCo17. Their low temperature coefficient of
remanence (~—0.03%/°C) means they maintain stable performance
across a broad temperature range. SmCo magnets are also highly
corrosion-resistant, often requiring no protective coatings. Energy
products range from 16-32 MGOe, a dramatic improvement over
previous materials.
However, SmCo magnets face economic and mechanical
limitations: both Sm and Co are rare and costly, and the magnets
themselves are brittle and prone to cracking. Cobalt’s limited and
politically sensitive global supply adds further constraints. Despite
this, SmCo remains crucial for aerospace, defense, and scientific
instruments, where thermal endurance and magnetic stability are
vital. Ongoing research explores microstructural optimization,
partial element substitution, and nanocomposite fabrication to
improve performance and reduce reliance on critical raw materials.
Neodymium-Iron—-Boron (NdFeB) Magnets — The Modern
Standard
In the 1980s, scientists at Sumitomo (Japan) and General Motors

(USA) independently discovered neodymium—iron—boron
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(Nd:FeisB) magnets — the strongest permanent magnets known
today. Typical composition includes 29-32% Nd, 64-68% Fe, and 1-
1.2% B, with minor additions of Dy, Pr, Co, Al, or Cu to enhance
temperature stability, coercivity, or corrosion resistance.

Two primary manufacturing routes exist:

1. Sintered NdFeB — provides the highest magnetic strength.
The alloy is melted, crushed (often via hydrogen
decrepitation), jet-milled, aligned, pressed, sintered at 1000—
1100°C, heat-treated, magnetized, and machined.

2. Bonded NdFeB — involves mixing magnetic powder with a
polymer binder, then injection molding or extruding into
desired shapes. These magnets have lower magnetic strength
but superior mechanical flexibility and design versatility.

NdFeB magnets exhibit energy products from 26—-56 MGOe, the
highest of any permanent magnet, allowing miniaturized, high-
power devices. Their remanence (1.0—1.4 Tesla) and high coercivity
enable extreme compactness and efficiency in magnetic circuits.
NdFeB magnets are more machinable than SmCo and benefit from
lower-cost raw materials, since iron is abundant.

Nevertheless, these magnets suffer from poor thermal stability and
low corrosion resistance. Standard grades function up to 80-100°C,
while high-temperature versions doped with dysprosium can reach
200°C, albeit with reduced strength. Their remanence decreases
significantly with temperature (—0.12%/°C), and they readily corrode
in humid environments without protective coatings such as nickel,
zinc, epoxy, or parylene.

Despite these drawbacks, NdFeB magnets are indispensable in
modern technology. They power hard disk drives, electric vehicle
motors, wind turbine generators, headphones, smartphone
haptics, and MRI machines. Their unmatched power-to-weight ratio
has driven innovations in renewable energy, transportation,
consumer electronics, and medical devices.

Current R&D focuses on:
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o Improving high-temperature performance while reducing
dependence on heavy rare earths (Dy, Tb).

e Grain boundary diffusion techniques to localize rare earths

only where needed.
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o Nanocomposite magnets for optimized magnetic coupling.
o Enhanced corrosion-resistant coatings and eco-friendly
recycling methods to recover Nd from end-of-life devices.
The search for next-generation magnetic compounds beyond
Nd:FesB continues, with computational materials science exploring
new compositions that could deliver even higher performance with
better sustainability.
Check Your Progress
1. State Curie-Weiss Law.

2. Differentiate between temporary and permanent magnets.

8.5 Summary

Magnetic properties of materials arise from the behavior of electrons,
particularly their spin and orbital motion, which generate magnetic
moments. Depending on the alignment of these moments, materials
exhibit different types of magnetism such as diamagnetism,
paramagnetism, ferromagnetism, antiferromagnetism, and
ferrimagnetism. Diamagnetic substances create a weak repulsion in an
external magnetic field, while paramagnetic materials show a weak
attraction due to unpaired electrons. Ferromagnetic materials, such as
iron, exhibit strong magnetization because of parallel alignment of
magnetic domains, whereas antiferromagnetic and ferrimagnetic

materials show antiparallel alignment, resulting in reduced or partial
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applications in data storage, transformers, sensors, magnetic

resonance imaging (MRI), and other advanced technologies.
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8.6 Exercises
8.6.1Multiple Choice Questions (MCQs)

1. Which of the following substances is diamagnetic?
a) Fe
b) Ni
c) Cu
d) Co
Answer: ¢) Cu

2. Ferromagnetism disappears above:
a) Melting point
b) Curie temperature
¢) Boiling point
d) Neel temperature
Answer: b) Curie temperature

3. In antiferromagnetism, the magnetic moments are:
a) Parallel and in same direction
b) Randomly oriented
c¢) Parallel but opposite in direction
d) Perpendicular to each other
Answer: c) Parallel but opposite in direction

4. The hysteresis loop gives information about:
a) Optical properties
b) Thermal conductivity
¢) Magnetic behavior
d) Elasticity
Answer: c¢) Magnetic behavior

5. Which of the following is a ferrimagnetic material?
a) MnO
b) Ni
¢) FesOa
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d) Cu

Answer: c¢) Fe;Oa

8.6.2 Short Answer Questions
1.

Define magnetic susceptibility and permeability.

. What is diamagnetism? Give examples.

Differentiate between paramagnetic and ferromagnetic

substances.

8.6.3 Long Answer Questions

1.

Discuss the classification of magnetic materials with
examples.

Describe the temperature dependence of magnetic properties.
Write a detailed note on magnetic domains and Curie
temperature.

Discuss industrial and technological applications of magnetic

materials.
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Unit 9: Permanent Magnet Materials

Structure

9.1 Introduction

9.2 Objectives

9.3 Types of Magnetic Materials

9.4 Soft Magnetic Materials

9.5 Permanent (Hard) Magnetic Materials
9.6 Summary

9.7 Exercises

9.8 References and suggested readings

9.1 Introduction

Magnetic materials play an essential role in modern science and
technology. These materials respond to magnetic fields due to the
motion and alignment of electrons within their atoms. The magnetic
behavior of a substance depends on its atomic structure and electron
configuration, particularly the presence of unpaired electrons. Magnetic
materials are used in electric motors, transformers, data storage
devices, sensors, and medical equipment such as MRI machines.
Understanding the structure, types, and properties of magnetic
materials helps in developing new materials with improved

performance and energy efficiency.

9.2 Objectives
After studying this unit, learners will be able to:
o Understand the basic principles of magnetism.
o (lassify magnetic materials based on their behavior.
o Differentiate between soft and permanent (hard) magnetic
materials.
o Explain domain theory and hysteresis.
e Describe the applications of magnetic materials in daily life and
industry.

e Identify new trends and developments in magnetic materials.
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9.3 Types of Magnetic Materials

Magnetic materials are classified according to their response to an

external magnetic field:

1.

Diamagnetic Materials:

These materials are weakly repelled by a magnetic field. They
have no unpaired electrons.

Examples: Copper, gold, bismuth.

Paramagnetic Materials:

These materials are weakly attracted to a magnetic field due to
unpaired electrons. The magnetization disappears when the
field is removed.

Examples: Aluminium, platinum, oxygen.

Ferromagnetic Materials:

These show strong magnetization even after removing the
magnetic field because their magnetic domains align in the
same direction.

Examples: Tron, cobalt, nickel.

Antiferromagnetic Materials:

In these materials, adjacent atoms have opposite magnetic
moments that cancel each other.

Example: Manganese oxide (MnO).

Ferrimagnetic Materials:

These contain magnetic ions aligned in opposite directions but
with unequal strength, resulting in net magnetism.

Examples: Ferrites (Fes0a).

9.4 Soft Magnetic Materials

Soft magnetic materials are easily magnetized and demagnetized. They

have low coercivity, high permeability, and low hysteresis loss. These

properties make them suitable for use in alternating magnetic fields.

Examples:

Soft iron
Silicon steel
Permalloy (nickel-iron alloy)

Soft ferrites
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e Inductors

e Motor armatures
Soft magnetic materials are chosen for their ability to reduce energy
loss and improve efficiency in electrical and electronic systems.
9.5 Permanent (Hard) Magnetic Materials
Permanent magnetic materials retain their magnetization even after the
external magnetic field is removed. They have high coercivity, high
retentivity, and large hysteresis loop area.
Examples:

o Steel

e Alnico (alloy of aluminum, nickel, and cobalt)

o Ferrites (barium and strontium ferrites)

e Rare-earth magnets (neodymium—iron—boron and samarium—

cobalt)

Applications:

e Electric motors and generators

e Loudspeakers

e Magnetic locks and sensors

o Hard disk drives
Domain Theory and Hysteresis
According to domain theory, ferromagnetic materials are divided into
small regions called domains, where all atomic magnetic moments
are aligned in the same direction.
When an external magnetic field is applied, these domains align,
increasing magnetization.
When the field is removed, some domains remain aligned, causing
residual magnetism or remanence.
The relationship between magnetic field strength and magnetization is
represented by a hysteresis loop.

e Coercivity: Field required to reduce magnetization to zero.

e Retentivity: Ability to retain magnetization.
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o Hysteresis loss: Energy loss during magnetization cycles.

B Flux Density

. . Saturation
Retentivity B

H
Magnetising
Force

-B
Hysteresis Loop

Fig: Hysteresis loop

Soft materials have a narrow hysteresis loop, while hard materials
show a wide loop.
Exchange Interaction and Magnetic Anisotropy
Exchange interaction is the quantum mechanical force responsible for
the alignment of electron spins, leading to ferromagnetism or
antiferromagnetism.
Magnetic anisotropy refers to the dependence of magnetic properties
on the direction of magnetization in a crystal lattice. It affects the
strength and stability of magnets.
Applications of Magnetic Materials
Magnetic materials are used in numerous fields, including:

e Electrical devices: Transformers, generators, motors.

o Electronics: Data storage devices, sensors, magnetic tapes.

e Medical field: MRI machines, magnetic drug targeting.

¢ Communication: Microwave devices, inductors.

o Transportation: Maglev trains and electric vehicles.

o Defense: Magnetic shielding and navigation systems.
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o Nanomagnetic materials for high-density data storage.
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e Spintronic materials that use electron spin for faster data
processing.
e Environment-friendly magnets reducing reliance on rare-
earth elements.
e Magnetocaloric materials for refrigeration without harmful
gases.
These innovations aim at making magnetic devices more sustainable

and energy-efficient.

Check Your Progress

1. Define coercivity and retentivity.

2. Differentiate between soft and hard magnetic materials.

9.6 Summary

Magnetic materials exhibit magnetism due to the motion and spin of
electrons. They are classified as diamagnetic, paramagnetic,
ferromagnetic, antiferromagnetic, or ferrimagnetic. Soft magnetic
materials like soft iron and silicon steel are used where magnetization
needs to change frequently, while permanent magnets like Alnico and
NdFeB retain magnetization for long-term use. Domain theory
explains how atomic regions align under a magnetic field, producing
hysteresis behavior. Magnetic materials find wide applications in
industries, medicine, and modern technologies such as electric

vehicles and data storage.
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9.7.1Multiple Choice Questions

1.

Which of the following materials is paramagnetic?

a) Copper

b) Aluminium

¢) Bismuth

d) Lead

Answer: b) Aluminium

The ability of a magnetic material to retain magnetism is
called:

a) Coercivity

b) Retentivity

c¢) Permeability

d) Saturation

Answer: b) Retentivity

Which material is commonly used in transformer cores?
a) Alnico

b) Soft iron

c) Ferrite

d) NdFeB

Answer: b) Soft iron

Which of the following is a rare-earth permanent magnet?
a) Alnico

b) Samarium—Cobalt

c) Ferrite

d) Silicon steel

Answer: b) Samarium—Cobalt

The area of a hysteresis loop represents:

a) Magnetic flux

b) Energy loss per cycle

¢) Magnetic susceptibility

d) Permeability

Answer: b) Energy loss per cycle

9.7.2Short Answer Questions

1.

What are magnetic domains?
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5.

. Write two differences between ferromagnetic and
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ferrimagnetic materials.

Give examples of soft and hard magnetic materials.
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What is magnetic anisotropy?

Define hysteresis loss and its significance.

9.7.3 Long Answer Questions

1.

Explain the classification of magnetic materials with suitable
examples.

Discuss the properties and applications of soft magnetic
materials.

Explain the domain theory of magnetism and hysteresis loop.
Describe the characteristics and uses of permanent magnetic
materials.

Write short notes on recent developments in magnetic

materials.
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Unit 10: Magnetic materials in medicine and biology

Structure
10.1 Introduction
10.2 Objectives

10.3 Applications of Magnetic Materials in Medicine
10.4 Summary

10.5 Exercises

10.6 References and suggested readings

10.1 Introduction
Magnetic materials have become an integral part of modern medical
science due to their unique physical and chemical properties. These
materials respond to magnetic fields in ways that can be precisely
controlled, allowing their use in diagnosis, imaging, therapy, and
targeted drug delivery. The magnetic behavior of these materials—
such as ferromagnetism, paramagnetism, and superparamagnetism—
enables them to interact with external magnetic fields to perform
highly specialized tasks inside the human body. For instance,
magnetic resonance imaging (MRI) uses the magnetic properties of
hydrogen nuclei to generate detailed images of soft tissues, while
magnetic nanoparticles serve as carriers for targeted drug delivery or
hyperthermia therapy in cancer treatment. Furthermore, the ability to
manipulate magnetic fields non-invasively makes these technologies
safe, precise, and highly effective for clinical applications. In recent
years, the integration of nanotechnology with magnetism has led to
the development of advanced materials with improved
biocompatibility, multifunctionality, and efficiency, paving the way
for next-generation diagnostic and therapeutic systems.
10.2 Objectives

1. Understand the fundamental role of magnetic materials in

medical technologies.
2. Explain the working principles of MRI and magnetic-based

diagnostic techniques.
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3. Describe the use of magnetic nanoparticles in therapy and
targeted drug delivery.

4. Discuss the importance of magnetism in hyperthermia and
biosensing applications.

5. Recognize current trends and future directions in biomedical
magnetism and nanomedicine.

10.3 Applications of Magnetic Materials in Medicine

Introduction

Magnetic materials play a crucial role in advancing medical technology
through their ability to interact with magnetic fields in controlled and
predictable ways. They are used in a wide range of medical
applications—from non-invasive imaging and diagnostics to targeted
drug delivery and cancer therapy. The unique magnetic properties of
these materials allow for precise control and manipulation at both the
macroscopic and microscopic levels, enabling safer and more effective
treatments.

10.3.1 Magnetic Resonance Imaging (MRI)

MRI is one of the most significant medical applications of magnetism.
It uses strong magnetic fields and radio waves to generate detailed
images of internal organs and tissues without using ionizing radiation.
When the body is placed inside an MRI scanner, the nuclei of hydrogen
atoms align with the external magnetic field. A pulse of radiofrequency
energy temporarily disturbs this alignment, and as the nuclei return to
their normal state, they emit signals that are captured and processed into
high-resolution images.
Paramagnetic materials such as gadolinium compounds are commonly
used as contrast agents to enhance image clarity by altering local
magnetic environments.

10.3.2 Magnetic Nanoparticles in Drug Delivery

Magnetic nanoparticles, particularly iron oxide (FesO4 and y-Fe20s),
are used for targeted drug delivery systems. These nanoparticles can be
coated with biocompatible materials and loaded with drugs. When
guided by an external magnetic field, they move toward a specific
location—such as a tumor—allowing localized treatment and
minimizing side effects. Once at the target site, the drug can be released
through heat, pH change, or enzymatic reaction. This method improves
therapeutic efficiency and reduces damage to healthy tissues.

10.3.3 Magnetic Hyperthermia for Cancer Treatment

In magnetic hyperthermia, magnetic nanoparticles are introduced into
tumor tissues and exposed to an alternating magnetic field. The
magnetic particles generate localized heat due to magnetic losses,
raising the temperature of cancerous tissues to around 42—45°C. This
temperature damages or destroys cancer cells without affecting the
surrounding healthy tissues. This technique can also be combined with
chemotherapy or radiotherapy for enhanced results.
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10.3.4 Magnetic Biosensors

Magnetic biosensors detect biological molecules or changes in
physiological conditions using magnetic responses. These devices
employ magnetic nanoparticles or thin magnetic films that interact with
biomolecules like proteins, DNA, or antigens. The resulting magnetic
signal variation is detected and converted into measurable data.
Magnetic biosensors are used in early disease detection, monitoring
metabolic changes, and identifying pathogens rapidly and accurately.
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10.3.5 Tissue Engineering and Regeneration

Magnetic scaffolds embedded with nanoparticles are being developed
for tissue engineering. When subjected to external magnetic fields,
these scaffolds can stimulate cellular growth, alignment, and
differentiation, promoting tissue regeneration. This approach is
especially promising for bone, muscle, and nerve tissue repair.

Check Your Progress

1. How do magnetic nanoparticles assist in targeted drug delivery?

2. What role does gadolinium play in MRI imaging?
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10.4 Summary

Magnetic materials have revolutionized modern medicine through

ready for life.

diverse applications in imaging, diagnosis, and therapy. MRI provides

detailed internal images without harmful radiation, while magnetic
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nanoparticles offer targeted drug delivery and cancer hyperthermia

treatment. Biosensors enhance diagnostic accuracy, and magnetic

scaffolds aid tissue regeneration. These advances demonstrate how

magnetic phenomena can be safely and effectively used in biomedical

engineering, improving both diagnosis and treatment outcomes.

10.5 Exercises

10.5.1 Multiple Choice Questions

1.

MRI primarily detects signals from which atomic nucleus?
a) Oxygen

b) Carbon

¢) Hydrogen

d) Nitrogen

Answer: ¢) Hydrogen

Which magnetic property is most useful in MRI contrast
agents?

a) Diamagnetism

b) Paramagnetism

c¢) Ferromagnetism

d) Antiferromagnetism

Answer: b) Paramagnetism

In magnetic hyperthermia, the temperature of tumor tissues is
raised to approximately:

a) 25°C

b) 37°C

c) 42-45°C

d) 60°C

Answer: c) 42-45°C

The most common magnetic nanoparticles used in biomedical
applications are based on:

a) Cobalt
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b) Iron oxide

¢) Nickel

d) Copper

Answer: b) Iron oxide

Magnetic biosensors work by detecting:
a) Changes in optical properties

b) Changes in magnetic signals

c) Electrical voltage only

d) Radiation intensity

Answer: b) Changes in magnetic signals

10.5.2 Short Answer Questions

1.

Describe the principle of MRI and its advantages over X-ray

imaging.

2. What are the key characteristics of an ideal magnetic

nanoparticle for biomedical use?

10.5.3 Long Answer Questions

1.

Explain the mechanisms and advantages of magnetic
hyperthermia in cancer treatment.

Discuss the role of magnetic materials in modern diagnostic and
therapeutic medicine.

Describe how magnetic biosensors function and their

importance in early disease detection.
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Unit 11: Superconductivity

Structure

11.1 Introduction

11.2 Objectives

11.3 Characteristics of Superconductors
11.4 Types of Superconductors

11.5 Theories of Superconductivity
11.6 Applications of Superconductivity
11.7 Summary

11.8 Exercises

11.9 References and suggested readings

11.1 Introduction

Superconductivity is a fascinating phenomenon where certain
materials, when cooled below a critical temperature, completely lose
their electrical resistance and allow electric current to flow indefinitely
without energy loss. This property was first discovered in 1911 by
Heike Kamerlingh Onnes while studying the electrical resistance of
mercury at very low temperatures. Superconductors not only exhibit
zero resistance but also expel magnetic fields from their interiors — a
phenomenon known as the Meissner effect. These unique properties
make superconductors highly valuable for applications that demand
high efficiency, strong magnetic fields, or precise control of current,
such as in magnetic resonance imaging (MRI), maglev trains, and
quantum computing. With advancements in material science, the
discovery of high-temperature superconductors has further
expanded their potential applications, reducing the cost and complexity

of maintaining low temperatures.
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11.2 Objectives

1. Define superconductivity and explain its key characteristics.

2. Describe the Meissner effect and its significance.

3. Difterentiate between Type I and Type II superconductors.

4. Explain applications of superconductivity in modern

technology.
5. Discuss high-temperature  superconductors and their
importance.

11.3 Characteristics of Superconductors
Superconductivity is a unique state of matter in which a material
completely loses electrical resistance and expels magnetic fields when
cooled below a certain critical temperature. To understand the behavior
of superconductors, it is essential to study their characteristic
properties, which define their performance and applications.
Zero Electrical Resistance
In normal conductors, such as copper or aluminum, the flow of electric
current encounters resistance due to collisions between electrons and
the crystal lattice. This resistance converts part of the electrical energy
into heat, leading to energy losses.
However, in a superconducting state, when the material is cooled below
its critical temperature (Tc), its resistance suddenly drops to zero.
This means that once an electric current is established, it can flow
indefinitely without any loss of energy.
For example, a current passed through a superconducting loop has been
observed to persist for years without any measurable decay. This
property makes superconductors ideal for applications that require high
current densities and high efficiency, such as magnetic levitation and
superconducting magnets.
Meissner Effect
Discovered by Walther Meissner and Robert Ochsenfeld in 1933, the
Meissner effect refers to the complete expulsion of magnetic field lines
from the interior of a superconducting material when it transitions into

the superconducting state.
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Even if the material was placed in a magnetic field before cooling, the
magnetic flux lines are expelled as it becomes superconducting.

This phenomenon distinguishes a true superconductor from a perfect
conductor. While a perfect conductor would only maintain the magnetic
flux inside it, a superconductor actively expels it. Thus, the Meissner
effect is a defining feature of superconductivity and demonstrates that
it is not merely a state of zero resistance but a distinct thermodynamic
phase.

Mathematically, this is described by London equations, which show
that the magnetic field decays exponentially inside a superconductor:

B(x) = Bye™*/*

where 1 is the London penetration depth, typically a few hundred

nanometers.
|Meissner Effect ) St
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Fig: Meissner effect
Critical Parameters
Superconductivity can exist only under specific conditions of
temperature, magnetic field, and current. These limits are expressed
through three critical parameters:

1. Critical Temperature (Tc):

The temperature below which a material becomes
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superconducting. For instance, lead (Pb) has Tc = 7.2 K, while
YBa:Cus07 (YBCO) has Tc = 92 K.

Critical Magnetic Field (Hc):

The maximum magnetic field a superconductor can withstand
before returning to the normal (non-superconducting) state.

The relationship between He and temperature is given by:

T
He(T) = He(0)[1~ )7

where Hc(0) is the critical field at absolute zero.

3. Ceritical Current Density (Jc):

The maximum current that can flow through a superconductor
without destroying its superconducting state. Exceeding Jc
generates magnetic fields inside the material that can break

Cooper pairs, leading to loss of superconductivity.

11.4 Types of Superconductors

Superconductors are classified into two main types based on their

magnetic field behavior and response to the Meissner effect.

Type I Superconductors

These are pure elemental superconductors such as mercury
(Hg), lead (Pb), and tin (Sn).

They exhibit a complete Meissner effect, meaning they expel
magnetic fields entirely below their critical field (Hc).
Superconductivity is destroyed abruptly when the applied field
exceeds Hc.

The magnetization curve shows a sharp transition from
superconducting to normal state.

Their critical fields are relatively low (a few hundred gauss).

Examples:

Mercury (Hg): Tc=4.2 K
Lead (Pb): Tc=7.2 K
Tin (Sn): Tc=3.7K

Because of their low critical fields and low current densities, Type |

superconductors are primarily of academic interest rather than

industrial application.
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Type II Superconductors

Type 11 superconductors include metallic alloys, intermetallic

compounds, and high-temperature ceramic
superconductors.

They exhibit two critical fields, the lower critical field (He:)
and the upper critical field (Hcz).

Between Hc: and Hc., magnetic flux penetrates the material in
the form of quantized vortices or flux lines — this is called the
mixed or vortex state.

Above Hcz, superconductivity is completely lost.

Type II superconductors can sustain much stronger magnetic

fields (up to several teslas) than Type I materials.

Examples:

Niobium (Nb): Tc =9.3 K
Niobium-Titanium (NbTi): Tc = 10 K
YBa:CusO7 (YBCO): Tc =92 K

Because of their high critical fields and current densities, Type II

superconductors are used in practical applications such as MRI

machines, maglev trains, and particle accelerators.
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1. | It exhibits complete Meissner It does not exhibit a complete Meissner
Effect. Effect.
2. | They are completely diamagnetic. They are not completely diamagnetic.
3. | Ex: Tin, Lead, Mercury, etc., Ex : Nb-Zr, Nb- Ti, Nb-Sn, Va- Ga,
etc.,
H, H,
A
4

—_—
w2
(@)
v
4
a
w
[}
3

H L A »| NCS
> SCS ¢
H. mixed state
—H

H, =»Applied magnetic field
H, = Induced magnetic field

139
MATS Centre for Distance and Online Education, MATS University

ATS |

{
UNIVERSITY

ready for life.

MATERIAL
CHEMISTRY



MATERIAL
CHEMISTRY

11.5 Theories of Superconductivity
Superconductivity puzzled scientists for decades until the development
of quantum mechanical models that successfully explained the
phenomenon. The key theoretical approaches are summarized below.
London Theory (1935)
Developed by Fritz and Heinz London, this theory explained the
electromagnetic behavior of superconductors and described the
Meissner effect mathematically.
The London equations show that:

e The magnetic field inside a superconductor decays

exponentially from its surface.
o Supercurrents are induced on the surface to exactly cancel the
applied magnetic field inside the material.

This theory introduced the concept of penetration depth () and
coherence length (§), two critical parameters that later helped classify
superconductors.
Ginzburg-Landau Theory (1950)
Lev Landau and Vitaly Ginzburg proposed a phenomenological
theory that connected macroscopic electromagnetic properties with
quantum mechanics.
They introduced an order parameter (y) to describe the
superconducting state — a complex wave function whose magnitude
represents  the density  of  superconducting electrons.
The ratio k = A& (penetration depth to coherence length) determines
the type of superconductor:

o Ifk<1A2— Typel

o Ifk>1A2— Typell
This theory bridged the gap between London’s equations and the
microscopic understanding of superconductivity and successfully
explained mixed-state behavior in Type II superconductors.
BCS Theory (1957)
Proposed by John Bardeen, Leon Cooper, and Robert Schrieffer,

the BCS theory provides a microscopic explanation of
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superconductivity.
According to this theory:

e At low temperatures, electrons near the Fermi surface form
bound pairs known as Cooper pairs.

o These pairs are held together by lattice vibrations (phonons) —
when one electron moves, it slightly distorts the lattice,
attracting another electron of opposite spin and momentum.

e The paired electrons act as bosons, moving through the lattice
without scattering, resulting in zero electrical resistance.

The energy required to break a Cooper pair is called the
superconducting energy gap (A), which depends on temperature and
disappears at Tc.

The BCS theory successfully explained:

e Zero resistance

e Energy gap in superconductors

e Isotope effect (Tc <« M2, where M is atomic mass)

e Meissner effect (as a result of quantum condensation)
However, it could not initially explain high-temperature
superconductivity, which was later discovered in ceramic oxides
(cuprates) in 1986.

11.6 Applications of Superconductivity

Superconductors have transformed many areas of modern science and
technology due to their unique properties of zero electrical resistance
and perfect diamagnetism. These features allow the generation of very
strong, stable magnetic fields and the transmission of electric current
with no energy loss. Their applications range from medical imaging and
transportation to electronics, power systems, and research
instrumentation.

Magnetic Resonance Imaging (MRI)

One of the most significant uses of superconductors in medicine is in
MRI scanners. MRI works on the principle of nuclear magnetic
resonance (NMR), where hydrogen nuclei in the body align with a

powerful magnetic field. When exposed to radiofrequency pulses, these
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nuclei emit signals that are converted into detailed images of body
tissues.
Superconducting magnets, typically made of niobium-titanium
(NDbTi) or niobium-tin (NbsSn) wires, generate the strong and uniform
magnetic fields (1.5 to 7 Tesla) required for high-resolution imaging.
These coils are cooled with liquid helium (4.2 K) to maintain the
superconducting state.
Advantages:

o Stable and high magnetic field generation

o Excellent image clarity and resolution

o Lower power consumption compared to resistive magnets
MRI systems have become essential tools in non-invasive diagnostics,
enabling early detection of diseases such as tumors, brain
abnormalities, and cardiovascular conditions.
Maglev (Magnetic Levitation) Transportation
Maglev trains operate on the principle of magnetic levitation, where
superconducting magnets lift and propel the train above the tracks,
eliminating friction and allowing extremely high speeds (up to 600
km/h).
In these systems, superconducting coils generate strong magnetic
fields that interact with the guideway magnets, producing lift and
propulsion simultaneously. The absence of physical contact between
the train and the rail reduces wear, noise, and maintenance costs.
Key Features:

o Contactless and frictionless motion

o High-speed and energy-efficient transport

e Environmentally friendly due to low noise and no fossil fuel

dependence

Example:
The Japanese SCMaglev train, using niobium-titanium
superconducting magnets cooled by liquid helium, achieved record
speeds exceeding 600 km/h.

Particle Accelerators
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Superconductivity plays a vital role in high-energy physics. Large
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particle accelerators, such as the Large Hadron Collider (LHC) at

CERN, employ thousands of superconducting magnets to bend and
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focus beams of charged particles like protons and electrons along
circular paths.
The use of superconductors significantly reduces energy losses and
allows the creation of extremely strong magnetic fields necessary for
guiding particles at near-light speeds.
Materials Used:

e Niobium-titanium (NbT1)

e Niobium-tin (NbsSn)
Benefits:

e High magnetic field strength (>8 Tesla)

e Reduced energy consumption

e Compact and efficient magnet design
These systems are essential for studying fundamental particles and
forces in nature, contributing to breakthroughs in quantum physics and
materials science.
Superconducting Magnetic Energy Storage (SMES)
SMES systems are devices that store electrical energy in the magnetic
field generated by a circulating current in a superconducting coil.
Because superconductors have zero resistance, the current can flow
indefinitely without decay, allowing highly efficient energy storage and
rapid energy release when needed.
Applications:

o Stabilizing power grids

e Compensating for sudden load changes

e Supporting renewable energy systems (e.g., solar or wind)
Advantages:

e Near 100% energy efficiency

o Instantaneous response time

e Long operational lifespan
Although costly due to cryogenic cooling, SMES systems are

promising for future energy management in smart grids.
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Quantum Computing
Superconductors are central to the development of quantum
computers, which utilize the quantum mechanical properties of matter
to process information in ways impossible for classical computers.
Superconducting circuits form the basis of qubits (quantum bits) — the
fundamental units of quantum information. These qubits exploit
quantum phenomena such as superposition and entanglement,
allowing simultaneous computation of multiple states.
Superconducting Qubits:
e Constructed using Josephson junctions (two superconductors
separated by a thin insulating barrier).
e Operate at ultra-low temperatures (~20 millikelvin) using
dilution refrigerators.
Applications:
e Quantum simulation
o Cryptography and secure communication
e Optimization and data analysis
Companies such as IBM, Google, and Intel are developing quantum
processors based on superconducting technologies, showing the
practical potential of this field.
11.6.6 Josephson Junction Devices
A Josephson junction consists of two superconducting layers
separated by a thin insulating barrier. The phenomenon of Josephson
tunneling, where Cooper pairs pass through the barrier without
resistance, forms the basis for many ultra-sensitive electronic devices.
Applications include:
1. SQUIDs (Superconducting Quantum Interference Devices):
o Used as highly sensitive magnetometers capable of
detecting extremely weak magnetic fields (as low as
107'5 Tesla).
o Employed in biomagnetism (magnetoencephalography
and magnetocardiography), geophysics, and materials
characterization.

2. Voltage Standards:
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o Josephson junction arrays provide precise voltage
references in metrology due to their highly stable and
reproducible quantum effects.

Power Transmission and Magnetic Levitation Bearings
Superconducting materials are also explored for lossless power
transmission and magnetic bearings:

e Superconducting power cables can carry large currents
without resistive losses, reducing power dissipation in long-
distance transmission lines.

o Magnetic bearings using superconductors offer frictionless
rotation, ideal for high-speed turbines, flywheels, and space
applications.

These technologies promise high efficiency, compactness, and
reliability in modern electrical systems.
Check Your Progress

1. How are superconductors used in MRI machines?

2. Explain the working principle of magnetic levitation in

superconducting trains.

11.7 Summary

Superconductivity has revolutionized technology through its vast range
of applications. From medical imaging (MRI) and quantum computing
to high-speed transportation and energy storage, superconductors offer
unparalleled performance by eliminating electrical resistance and
generating strong, stable magnetic fields. These properties have led to
innovations in healthcare, transportation, energy, and scientific

research. Continued advancements, particularly in high-temperature
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superconductors, are expected to make these technologies more
practical, economical, and widely accessible.
11.8 Exercises
11.8.1 Multiple Choice Questions
1. The magnetic field used in MRI scanners is produced by:
a) Permanent magnets
b) Superconducting magnets
c¢) Electromagnets at room temperature
d) Ferromagnetic cores
Answer: b) Superconducting magnets
2. SMES systems store energy in the form of:
a) Heat
b) Electric potential
¢) Magnetic field
d) Chemical bonds
Answer: ¢) Magnetic field
3. The high-speed maglev train uses superconductors for:
a) Energy storage only
b) Levitation and propulsion
¢) Cooling the engines
d) Reducing air resistance
Answer: b) Levitation and propulsion
4. The quantum phenomenon used in Josephson junctions is:
a) Electron diffraction
b) Cooper pair tunneling
¢) Magnetic hysteresis
d) Spin resonance
Answer: b) Cooper pair tunneling
5. SQUIDs are used for measuring:
a) Temperature
b) Voltage
¢) Weak magnetic fields
d) Electrical conductivity

Answer: ¢) Weak magnetic fields
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11.8.2 Short Answer Questions

1.

Explain how superconductivity is applied in quantum

computing.

. What are the advantages of using superconductors in power

transmission?

11.8.3 Long Answer Questions

1.

Describe the working and applications of superconducting
magnets in MRI.

Explain the principle of magnetic levitation and discuss the role
of superconductors in maglev trains.

Discuss the importance of superconductivity in particle

accelerators and energy storage systems.
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Unit 12: Ionic conductors

Structure

12.1 Introduction

12.2 Objectives

12.3 Types of Ionic Conductors

12.4 Mechanisms of Ionic Conduction
12.5 Factors Affecting Ionic Conductivity
12.6 Applications of Ionic Conductors
12.7 Summary

12.8 Exercises

12.9 References and suggested readings

12.1 Introduction

Ionic conductors are materials in which electrical conduction occurs
primarily through the movement of ions rather than electrons. These
materials are essential components in electrochemical systems such as
batteries, fuel cells, sensors, and solid-state devices. Unlike metals,
where electrons are the charge carriers, ionic conductors rely on the
migration of cations (e.g., Li*, Na*, H") or anions (e.g., O*, F")
through a crystal lattice or amorphous structure.

The study of ionic conduction has become increasingly important with
the growth of sustainable technologies, particularly in energy storage
and conversion, where ionic conductors act as electrolytes or ion-
transport membranes. Advances in solid-state chemistry and
nanomaterials have led to the development of fast ion conductors
(superionic conductors), which combine high ionic mobility with
mechanical stability, paving the way for next-generation solid-state
batteries and fuel cells.

12.2 Objectives

After completing this unit, students will be able to:
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1. Define ionic conduction and explain the types of ionic
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conductors.

Understand the mechanisms of ionic transport in solids.
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Describe factors affecting ionic conductivity.

Distinguish between normal and superionic conductors.

w»ok »wnN

Discuss applications of ionic conductors in batteries, sensors,
and fuel cells.
12.3 Types of Ionic Conductors
Ionic conductors can be classified into solid, liquid, and polymer
types, depending on the physical state and nature of ionic transport.
The distinction primarily arises from the mobility of ions and the
structural characteristics of the material.
Solid Ionic Conductors
Solid ionic conductors (SICs) are materials in which ions migrate
through a fixed crystal or amorphous lattice under the influence of an
electric field. They exhibit varying degrees of ionic mobility
depending on the structure, temperature, and type of defects present.
Solid ionic conductors are further subdivided into normal ionic
conductors and superionic (fast ion) conductors.
(a) Normal Ionic Conductors
Normal ionic conductors are materials where ionic conductivity is
relatively low (typically 107# to 10~* S cm™* at room temperature). The
ionic mobility is thermally activated, and ions move through the
lattice via point defects (vacancies or interstitials).
Examples:

o Alkali halides: NaCl, KCl

o Alkaline earth oxides: MgO, CaO

e Alumina (Al20Os)
Mechanism:
Conduction arises when ions hop between energetically favorable
sites—vacancies or interstitial positions—requiring thermal energy to
overcome migration barriers. The concentration of such mobile
defects is small, resulting in modest conductivity.

Characteristics:
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o Conductivity increases exponentially with temperature.
e Activation energy (E,) is typically between 0.5-1.5 eV.

e Retains ordered lattice structure with limited ionic motion.

(b) Superionic (Fast Ion) Conductors

MATERIAL
CHEMISTRY

Superionic conductors are a unique class of solids exhibiting ionic
conductivity comparable to that of molten salts (10°~102 S cm™).
Despite maintaining a crystalline framework, they allow one
sublattice (typically cations) to move almost freely, leading to partial
disorder.
Examples:
o Agl (Silver iodide): Above 147°C (a-phase), Ag" ions move
freely within an iodide lattice.
e LisN, Lil, LiioGeP2S12: Lithium ion conductors used in solid-
state batteries.
e pB-Alumina (Na:0-11ALOs): Sodium ion conductor.
e YSZ (Yttria-Stabilized Zirconia): Oxygen ion conductor
used in fuel cells.
Structure and Behavior:
In these materials, the anionic sublattice remains rigid while the
cations experience high disorder. The presence of large interstitial
voids or channels enables rapid ionic migration.
For example, in Agl, silver ions occupy interstitial sites between
1odide ions and hop through connected tetrahedral voids, resulting in a
liquid-like diffusion behavior in the solid state.
Key Features of Superionic Conductors:
e High ionic conductivity (103 —-102S cm™).
o Partial sublattice disorder (mobile ions).
e Low activation energy (~0.1 eV).
e Reversible ionic motion without electronic contribution.
e Used in solid-state batteries, sensors, and electrochemical
devices.

(¢) Glassy and Amorphous Ionic Conductors
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Amorphous (glassy) ionic conductors are materials lacking long-range
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order, but possessing high defect concentration and flexible ion

pathways.
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Examples:

e (AgD(Ag2M004): glasses.

o Phosphate glasses doped with alkali ions.

o Sulfide-based glassy electrolytes.
Their disordered structure provides a large number of hopping sites,
resulting in conductivities comparable to superionic crystals.
Liquid Ionic Conductors
Liquid ionic conductors are systems in which ions are the primary
charge carriers in the liquid phase. They include aqueous
electrolytes, molten salts, and ionic liquids.
(a) Aqueous Electrolytes
Solutions of acids, bases, and salts conduct electricity through ion
migration.
Examples:

e HCI— H*and CI ions.

e NaOH — Na' and OH" ions.

e NaCl (aq) — Na" and CI" ions.
The conductivity depends on ion concentration, temperature, and ion
mobility. Strong electrolytes fully dissociate and exhibit high
conductivities, while weak electrolytes partially dissociate.
(b) Molten Salts
At high temperatures, ionic solids melt to form highly conductive
liquids where both cations and anions are mobile.
Examples:

e Molten NaCl, LiCl, or KNO:s.
Applications:

o Electrolysis (e.g., extraction of sodium from molten NaCl).

o High-temperature batteries.

e Thermal energy storage systems.

(¢) Ionic Liquids
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Ionic liquids are salts that remain liquid at or near room temperature,
composed entirely of ions (e.g., imidazolium-based cations and BF4
or PFs™ anions).

They show:

o High ionic conductivity.

e Wide electrochemical window.

o Non-volatility and thermal stability.

Applications: advanced electrochemical cells, supercapacitors, and
green solvents.

Polymer Ionic Conductors

Polymer ionic conductors (polymer electrolytes) combine mechanical
flexibility with ionic transport. They consist of a polymer matrix
containing mobile ions, either dissolved or complexed within the
polymer chains.

Types:

1. Solid Polymer Electrolytes (SPEs): Ion transport occurs via
coordination with polymer chain segments.
Example: Poly(ethylene oxide)-LiCFsSOs system.

2. Gel Polymer Electrolytes (GPEs): Contain a liquid
electrolyte immobilized in a polymer matrix.
Example: PVDF-HFP with LiPFs solution.

3. Composite Polymer Electrolytes (CPEs): Include inorganic
fillers (e.g., Al2Os, SiO2) to improve conductivity and
mechanical strength.

Applications:

Flexible solid-state batteries, sensors, electrochromic devices, and
supercapacitors.

12.4 Mechanisms of Ionic Conduction

The mechanism of ionic conduction in solids involves the thermally
activated migration of ions through defects or interstitial voids in the

crystal lattice. The overall conductivity (o) is expressed as:

oc=nqu

where:
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e n=number of mobile ions per unit volume
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e ¢ =1ionic charge

e 4 =ionic mobility
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The process depends on defect types, activation energy, and the
crystal environment.
Vacancy Mechanism
In ionic crystals, conduction often occurs through vacant lattice sites.
When a site is unoccupied, a nearby ion can hop into the vacancy,
effectively moving charge through the lattice.
Example:
In NaCl, Na* ions jump from an occupied site into a neighboring
vacancy.
These vacancies can arise from:

o Thermal agitation (Schottky defects).

e Doping (e.g., substituting a divalent ion into a monovalent

lattice).

Key Features:

o Temperature-dependent.

e Conductivity increases exponentially with defect

concentration.

e Activation energy corresponds to ion migration energy.
Interstitial Mechanism
Here, small ions (often cations like Li* or H*) move through
interstitial sites in the lattice without creating vacancies.
Example:
In Agl (above 147°C), Ag* ions occupy interstitial tetrahedral sites
and move rapidly through the iodide framework.
Characteristics:

e Low activation energy (~0.1 eV).

e Common in superionic conductors.

» Enhanced by open, flexible lattice structures.
Interstitialcy Mechanism
This involves a cooperative motion—an interstitial ion pushes a

lattice ion into another interstitial site. It is a chain-like process,
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observed in materials with dense ionic packing or correlated motion
among ions.

Defect-Assisted Mechanism

Doping with aliovalent ions introduces controlled defects that enhance
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ionic motion.
Example: In YSZ (ZrO: doped with Y20s3), oxygen vacancies are
created to maintain charge neutrality:

2Y,0; + 30, - 4Y,,. + V' + 602

Here, V,y are oxygen vacancies that act as pathways for O*
conduction—critical in solid oxide fuel cells.

Grain Boundary Conduction

In polycrystalline materials, grain boundaries can act as barriers or
secondary conduction paths. Their influence depends on grain size,
purity, and microstructure. In well-sintered ceramics, grain boundary
resistance is minimized to maximize bulk conductivity.

12.5 Factors Affecting Ionic Conductivity

The ionic conductivity (o) of a material depends on the number of
mobile ions and their mobility. Several intrinsic and extrinsic factors
influence it:

Temperature

Conductivity follows the Arrhenius relation:

o = oye Fa/kT

where E,is the activation energy.

As temperature increases, ions gain sufficient thermal energy to
overcome potential barriers between sites, enhancing mobility.

At very high temperatures, phase transitions (e.g., a—3 Agl) can cause
abrupt jumps in conductivity.

Defect Concentration

Defects such as vacancies, interstitials, and substitutional impurities

create pathways for ion migration. Controlled doping (e.g., Y*" in
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ZrO: or Ca*" in Ce02) increases defect concentration, thus improving
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ionic conductivity.

Crystal Structure
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Open frameworks like perovskites (ABO:s), spinels, and B-alumina
structures facilitate ion migration due to large interstitial sites and
interconnected channels. Close-packed structures (e.g., NaCl) restrict
ionic motion and show lower conductivity.

Ionic Radius and Charge

Smaller and singly charged ions migrate more easily. For example, Li*
moves faster than Na* or K*.

Higher ionic charge leads to stronger Coulombic attraction with the
lattice, raising migration barriers.

Grain Size and Boundaries

Fine-grained ceramics often contain numerous grain boundaries that
impede conduction. Sintering and densification reduce boundary
resistance, improving overall conductivity.

Dopant Type and Concentration

Dopants modify lattice parameters and defect chemistry. Excessive
doping, however, can lead to defect clustering or phase instability,
reducing ionic mobility. Thus, an optimal concentration maximizes
conductivity.

Atmosphere and Humidity

In proton conductors and oxide-ion conductors, atmospheric oxygen
or water vapor can alter defect equilibria and conductivity. For
instance, BaCeOs shows enhanced H* conduction under humid
conditions.

12.6 Applications of Ionic Conductors

Ionic conductors play a pivotal role in modern electrochemical
technologies. Their ability to transport ions efficiently while
maintaining electronic insulation makes them indispensable in a wide
variety of devices such as solid-state batteries, fuel cells, sensors,
and electrochromic systems. These materials provide high ionic
mobility, thermal and chemical stability, and tunable conductivity

depending on the type of ion involved (Li*, Na*, H*, O*, etc.).
155
MATS Centre for Distance and Online Education, MATS University



MATERIAL
CHEMISTRY

The following section describes the major applications of ionic
conductors in scientific, industrial, and energy-related fields.
Solid-State Batteries
Solid-state batteries (SSBs) represent a next-generation energy storage
technology where the liquid electrolyte of conventional batteries is
replaced with a solid ionic conductor. The electrolyte allows ion
migration (typically Li* or Na*) while preventing electron flow,
thereby maintaining electrical isolation between electrodes.
Structure:
A typical solid-state battery consists of:

e Anode: Li metal or intercalation-type materials (e.g., graphite)

e Solid Electrolyte: Fast ionic conductor such as LizLasZr:012

(LLZO), LiPON, or sulfide-based materials (Li10GeP2Si2)

e Cathode: Transition metal oxides (e.g., LiCoO:, LiFePOs)
Advantages:

e Enhanced safety (no flammable liquid electrolytes)

o Wider operating temperature range

o Higher energy density due to compact design

o Longer cycle life with minimal degradation
Mechanism:
During discharge, Li* ions migrate through the solid electrolyte from
the anode to the cathode, while electrons travel through the external
circuit to provide electrical energy. The reverse occurs during
charging.
Examples:

e LisLasZr012 (LLZO) — a garnet-type fast lithium-ion

conductor

e NasZr:Si2PO12 (NASICON) — a sodium-ion solid electrolyte

e LiwGeP2S12 — a high-conductivity sulfide glass electrolyte
Applications:

e Electric vehicles (EVs)

e Wearable and medical devices

e Space and defense power systems

Solid Oxide Fuel Cells (SOFCs)
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Solid oxide fuel cells use oxide-ion conductors to convert chemical
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energy directly into electrical energy through electrochemical

reactions at high temperatures (600—1000°C).
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Working Principle:
Oxygen ions (O*") migrate through the solid electrolyte from the
cathode to the anode, reacting with fuel (e.g., Hz2 or CO) to form water
or CO., generating electricity.

Anode: H, + 0%~ - H,0 + 2e~

Cathode: 0, + 4e~ - 20?

Key Material:
e Yttria-stabilized zirconia (YSZ): (ZrO: doped with Y20s)
e Gadolinia-doped ceria (GDC): (CeO: doped with Gd20s)
e Lanthanum gallate-based oxides (LSGM): Intermediate-
temperature conductors
Advantages:
o High efficiency (up to 70%)
o Fuel flexibility (H2, CHa, CO, etc.)
e Environmentally friendly (low emissions)
Applications:
o Stationary power generation
o Auxiliary power units (APUs) in vehicles
o Portable and remote energy systems
Solid-State Sensors
Ionic conductors form the active component in many chemical and
gas sensors, where the ionic mobility enables a measurable potential
difference or current upon interaction with specific gases or species.
Types and Applications:
(a) Oxygen Sensors
e Based on ZrO:-Y20s (YSZ) electrolyte.
e Measure oxygen partial pressure using the Nernst equation.
e Widely used in automotive engines (lambda sensors) to

monitor air—fuel ratios.
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(b) Hydrogen Sensors
e Use proton-conducting ceramics such as BaCeOs or SrCeOs-

based perovskites.

e Detect hydrogen concentration through changes in protonic
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conductivity.
(c) Carbon Monoxide and Hydrocarbon Sensors
e Mixed ionic—electronic conductors (MIECs) detect gases via
surface reactions that alter conductivity.
(d) Humidity Sensors
e Proton-conducting polymer electrolytes (e.g., Nafion) exhibit
conductivity changes with relative humidity.
Advantages:
e High selectivity and stability
e Operation in harsh environments
e Fast response and recovery times
Electrochromic and Smart Devices
Electrochromic devices (ECDs) utilize ionic conductors as the
medium for ion transport during the reversible color change process
of electrochromic materials.
Working Principle:
Under an applied voltage, ions (H*, Li*, Na*) move into or out of the
electrochromic layer (e.g., WOs or NiO), altering its optical properties
(transmittance and color).

WO; +xM™* + xe™ & M, W0,

Applications:
e Smart windows (energy-efficient glazing)
e Rear-view mirrors
e Display panels and variable-tint lenses
Common Electrolytes:
Polymer gels, lithium-based ionic conductors, or hydrated oxides.

Electrolytic Capacitors and Supercapacitors
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Ionic conductors serve as electrolytes in supercapacitors and
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electrochemical capacitors, where charge storage occurs through

double-layer formation or redox reactions.
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Mechanism:
e Double-layer capacitance: lons accumulate at the electrode—
electrolyte interface.
o Pseudocapacitance: Involves faradaic charge transfer with
redox-active materials (e.g., MnOz, RuO).
Common Electrolytes:
e lonic liquids (e.g., EMIM-BF.)
e Gel polymer electrolytes (e.g., PVA-H>SO4)
Applications:
e Power backup systems
o Hybrid electric vehicles
e Wearable energy storage devices
Solid Electrolyte-Based Membranes
Solid ionic conductors are used in electrolyte membranes that
selectively allow ion transport while preventing gas mixing, essential
for electrochemical separation and purification.
Examples:
e Oxygen separation membranes: Using perovskite-type
oxides (e.g., Lai«SrxC00s-0).
e Proton exchange membranes (PEMs): Used in fuel cells
(e.g., Nafion, BaCeO:s).
e Sodium ion membranes: For sodium—sulfur batteries (-
alumina solid electrolyte).
Emerging Applications
Recent research is expanding the use of ionic conductors into novel
and advanced fields:
e Solid-state lithium-air and sodium-air batteries: For ultra-
high energy density storage.
e Protonic ceramic fuel cells (PCFCs): Operating at

intermediate temperatures (400-600°C).
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o lon-conducting hydrogels: Used in biosensors, soft robotics,
and implantable devices.

o Artificial synapses: Ionic motion mimics neural behavior in

neuromorphic computing.

MATERIAL Check Your Progress
CHEMISTRY . . . cae .
1. What is the main advantage of using solid ionic conductors in

batteries compared to liquid electrolytes?

2. Name one material used as a solid electrolyte in fuel cells and

explain its function.

12.7 Summary
Ionic conductors have emerged as key materials in sustainable energy
and electronic technologies. Their diverse applications span energy
storage, fuel conversion, sensing, and smart materials. Solid-state
batteries and SOFCs leverage their high ionic mobility and stability to
achieve efficient and safe operation. Sensors and electrochromic
devices employ ionic transport for real-time monitoring and optical
control. With ongoing advances in material design, synthesis, and
nanostructuring, ionic conductors are central to the development of
next-generation energy, environmental, and biomedical technologies.
12.8 Exercises
12.8.1 Multiple Choice Questions
1. The electrolyte in a solid-state lithium battery mainly

conducts:

a) Electrons

b) Lithium ions

¢) Sodium ions
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d) Oxygen ions

Answer: b) Lithium ions

Which material is a typical oxygen-ion conductor?
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a) Yttria-stabilized zirconia (YSZ)

b) Polyethylene oxide

¢) Silver iodide

d) Nafion

Answer: a) Yttria-stabilized zirconia (YSZ)
Electrochromic devices function by the movement of:
a) Photons

b) Protons or lithium ions

c) Electrons only

d) Neutrons

Answer: b) Protons or lithium ions

In a solid oxide fuel cell, oxide ions migrate from:
a) Anode to cathode

b) Cathode to anode

¢) Both directions

d) None of these

Answer: b) Cathode to anode

Which of the following is a room-temperature ionic liquid?
a) EMIM-BF.

b) NaCl

¢) Li2O

d) ZrO-

Answer: a) EMIM-BF4

12.8.2 Short Answer Questions

l.
2.

Explain the role of ionic conductors in solid oxide fuel cells.
What are the advantages of solid-state electrolytes over liquid

electrolytes?

. Define electrochromic behavior and give one example of its

application.

12.8.3 Long Answer Questions
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. Discuss the working principle, materials, and advantages of

solid-state batteries.

. Explain in detail the operation of a solid oxide fuel cell and the

function of its ionic conductor.

. Describe the use of ionic conductors in gas sensors and

electrochromic devices.
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13.1 Introduction
Lithium cells are among the most advanced and widely used
electrochemical energy storage devices today. They are based on the
reversible electrochemical reactions involving lithium or lithium ions,
which offer exceptionally high energy density, lightweight
construction, and long cycle life compared to conventional batteries
such as lead-acid or nickel-cadmium cells.
The significance of lithium stems from its unique properties: it is the
lightest metal (atomic mass 6.94 g/mol), possesses the most negative
standard reduction potential (—3.04 V vs SHE), and thus can provide
the highest possible voltage and energy output per unit weight.
Lithium cells exist in two major forms: primary lithium cells (non-
rechargeable) and secondary lithium cells (rechargeable or
lithium-ion batteries). These have become fundamental in powering
portable electronics, electric vehicles, medical devices, space
systems, and renewable energy storage.
13.2 Objectives
After studying this unit, learners will be able to:

e Understand the construction and working principle of lithium-

based cells.
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m  Differentiate between primary and secondary (rechargeable)

é lithium cells.
o o Describe the electrochemical reactions involved in lithium-ion
batteries.
MATERIAL o Identify materials used for electrodes and electrolytes.
CHEMISTRY

e Explain performance parameters such as energy density, cycle
life, and safety.
e Discuss applications and recent advancements in lithium cell
technologies.
13.3 Types of Lithium Cells
Lithium cells are generally classified into two categories based on their
ability to be recharged:
1. Primary Lithium Cells (Non-rechargeable)
2. Secondary Lithium Cells (Rechargeable or Lithium-ion

Batteries)

Lithium-ion Cell

Electrolyte

e2¢

Current Current

Collector Collector

Anode "™ Cathode
Separator

Fig: Lithium cell
Primary Lithium Cells
Primary lithium cells are single-use cells where lithium metal serves as
the anode. They deliver high voltage and capacity but cannot be

recharged safely due to irreversible chemical changes during discharge.

164
MATS Centre for Distance and Online Education, MATS University



Examples:
e Lithium—manganese dioxide (Li/MnQOx)
e Lithium—thionyl chloride (Li/SOCl2)
e Lithium—sulfur dioxide (Li/SOz)
e Lithium—iron disulfide (Li/FeS2)
(a) Lithium—Manganese Dioxide Cell (Li/MnO3)

MATERIAL
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Construction:
e Anode: Lithium metal foil
o Cathode: Manganese dioxide (MnO:) mixed with carbon
e Electrolyte: Lithium perchlorate (LiCIO4) in an organic solvent
(propylene carbonate)
Reactions:
Anode: Li —» Lit + e~
Cathode: MnO, + Li* + e~ - LiMnO,

Features:
e Nominal voltage: 3.0 V
e Operating temperature: —20°C to +60°C
o Long shelf life, high energy density
o Common in cameras, calculators, and memory backup systems.
(b) Lithium—Thionyl Chloride Cell (Li/SOCI.)
Construction:
e Anode: Lithium metal
o Cathode: Porous carbon current collector
e Electrolyte: Thionyl chloride (SOCIz) acting both as solvent
and active cathode material
Reactions:
Anode: Li » Li* + e~
Cathode: 250Cl, + 4Li - 4LiCl + S0, + S

Features:
e Very high energy density (~700 Wh/kg)
e Long storage life (up to 10 years)
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o Used in military, space, and remote sensing equipment.
e Non-rechargeable and must be handled carefully due to reactive
components.

Secondary Lithium Cells (Rechargeable or Lithium-ion Batteries)
Secondary lithium cells—commonly known as lithium-ion (Li-ion)
and lithium-polymer batteries (Li-poly)—are rechargeable systems
based on the intercalation—deintercalation mechanism of lithium
ions between the anode and cathode.
Key Difference:
Instead of metallic lithium, the anode uses a carbonaceous material
(e.g., graphite) capable of reversibly storing lithium ions.

(a) Lithium-ion Cell (Li-ion Battery)

Construction:
Component  Material Function
' Hosts Li" during
Anode Graphite (C) .
charging

Lithium metal oxide (LiCoO:, Source/sink of Li*
Cathode

LiFePO4, LINiMnCo03) ions

Lithium salt (LiPFs, LiBF4) in lon transport
Electrolyte ) .

organic solvent (EC/DMC) medium

Microporous  polymer  film Prevents short
Separator

(PP/PE) circuit
Current Copper  (anode), Aluminum Conduct electrons
collectors (cathode) externally
(b) Working Principle

During charging, lithium ions migrate from the cathode to the anode
through the electrolyte, while electrons move through the external
circuit:

LiCoO, — Li;_,C00, + xLi* + xe~

xLit +xe” + C - Li,Cq

During discharge, the process reverses:
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Li,Cy » xLit +xe™ + C
xLit + xe™ + Li;_,Co0, - LiC00,

—tC__y electrons
Load

Discharge

Cathode (+) Electrolyt Anode (-)
ectrolyte

¢ ¢ o
e o o

Al current collector
Cu current collector

Charge

Negative ions Positive ions

Discharge

Fig: Schematic representation of a Li/MnQO: primary cell during
discharge.

(¢) Characteristics

Property Typical Value
Nominal voltage 36-3.7V
Energy density 150-250 Wh/kg
Cycle life 500-2000 cycles
Operating temperature —20°C to 60°C
Efficiency >90%

Advantages:

o High energy and power density

e Low self-discharge

e No memory effect

o Environmentally friendly (compared to Ni—Cd)
Limitations:

e Requires protective circuitry

o Degrades with overcharging or overheating

o Expensive materials and manufacturing
(d) Lithium—Polymer Cell (Li—poly)
Li-poly batteries use solid or gel polymer electrolytes (e.g.,
polyethylene oxide or polyacrylonitrile) instead of liquid electrolytes.
Features:
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o Flexible and lightweight construction
e (Can be shaped into thin profiles
o High energy density (~200 Wh/kg)

e Common in drones, smartphones, and electric vehicles

MATERIAL 13.4 Performance and Efficiency Parameters

CHEMISTRY . )
The performance of a lithium cell is evaluated based on several
parameters:
Parameter Description

Energy density  Energy stored per unit weight (Wh/kg)
Power density Rate of energy delivery (W/kg)

Number of charge—discharge cycles before

Cycle life '

capacity falls below 80%
Coulombic ] ) )

Ratio of discharge to charge capacity
efficiency
Self-discharge _ o

Capacity lost per month during idle storage
rate

Thermal stability Ability to operate safely at elevated temperatures

13.5 Applications of Lithium Cells
Lithium cells are essential in both consumer and industrial
technologies due to their high voltage, energy density, and long
lifespan.
Major Applications:

o Portable electronics (laptops, smartphones, cameras)

e Electric vehicles (EVs) and hybrid EVs

e Aecrospace and defense systems

e Medical implants and hearing aids

e Renewable energy storage and power tools

e Smart grids and backup systems

13.6 Safety and Environmental Considerations
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Safety is a critical concern due to the reactivity of lithium and the
flammable organic electrolytes used.
Safety mechanisms include:

e Built-in protection circuits

o Thermal cutoffs and pressure vents

e Ceramic-coated separators
Environmental Aspects:
Recycling of lithium cells involves recovery of lithium, cobalt, and
nickel using hydrometallurgical or pyrometallurgical methods. Proper
disposal minimizes risk of pollution and fire.
Check Your Progress

1. What is the key difference between primary and secondary

lithium cells?

2. Why is graphite used as an anode material in lithium-ion

batteries?

13.7 Summary

Lithium cells have revolutionized modern power technology by
combining high energy density, efficiency, and portability. Primary
lithium cells offer long storage life and reliability, whereas secondary
lithium-ion and lithium-polymer cells enable recharging and
sustainable energy usage. Their operation is based on lithium-ion
intercalation between electrodes, allowing high voltage and excellent
cycle stability. Continuous improvements in materials, safety, and
recycling make lithium batteries the cornerstone of portable electronics,
electric vehicles, and energy storage systems.

13.8 Exercises
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13.8.1 Multiple Choice Questions

1. The standard reduction potential of lithium is approximately:

a)—0.44 V

b)-1.66 V

MATERIAL ) 287V
CHEMISTRY

d)-3.04 V

Answer: d) -3.04 V
2. In Li-ion batteries, the anode material is usually:
a) LiCoO:
b) Graphite
¢) MnO:
d) NiCd
Answer: b) Graphite
3. The electrolyte in lithium-ion cells is typically:
a) H2SO4 solution
b) NaCl aqueous solution
¢) LiPFs in organic solvent
d) Molten NaOH
Answer: c¢) LiPFs in organic solvent
4. Which of the following lithium cells is non-rechargeable?
a) Li-ion cell
b) Li—polymer cell
¢) Li/MnO: cell
d) LiFePOa cell
Answer: ¢) Li/MnO: cell
5. Which of the following is a key advantage of Li—polymer
batteries?
a) Low energy density
b) Rigid structure
c) Flexible and lightweight design
d) High leakage rate
Answer: c¢) Flexible and lightweight design
13.8.2 Short Answer Questions

1. Describe the working principle of a lithium-ion cell.
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3. Differentiate between lithium-ion and lithium-polymer
MATERIAL

batteries. CHEMISTRY

13.8.3 Long Answer Questions

1. Discuss the construction, working, and applications of lithium-
ion batteries.

2. Explain the difference between primary and secondary lithium
cells with suitable examples.

3. Write a detailed note on performance characteristics and safety
of lithium-based energy systems.

13.9 References and suggested readings

e Tarascon, J. M., & Armand, M. (2001). Issues and challenges
facing rechargeable lithium batteries. Nature, 414(6861), 359—
367.

e Goodenough, J. B., & Park, K. S. (2013). The Li-ion
rechargeable battery: A perspective. Journal of the American
Chemical Society, 135(4), 1167-1176.

e Nitta, N., Wu, F., Lee, J. T., & Yushin, G. (2015). Li-ion
battery materials: Present and future. Materials Today, 18(5),
252-264.

e Scrosati, B., Garche, J., & Tillmetz, W. (2015). Advances in
Battery Technologies for Electric Vehicles. Woodhead
Publishing.
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Glossary

Term

Solid State

Crystal

Amorphous Solid

Crystalline Solid

Unit Cell

Lattice

Crystal System

Cubic System

Tetragonal System

Hexagonal System

Orthorhombic System

Monoclinic System

Triclinic System

Definition

The state of matter in which atoms or
ions are closely packed in a fixed

arrangement.

A solid with a regular and repeating

arrangement of atoms or molecules.

A solid lacking a definite geometrical

shape or long-range order (e.g., glass).

A solid with a periodic and ordered
structure extending throughout the

material.

The smallest repeating unit of a crystal

lattice that shows its full symmetry.

A three-dimensional arrangement of
points representing atomic positions in

a crystal.

The classification of crystals based on

their axes and angles (seven systems).

A crystal system with equal axes

intersecting at right angles.

One axis longer than the other two,

which are equal and perpendicular.

Four axes; three in one plane at 120°,

and one perpendicular to them.
Three unequal axes all at right angles.

Three unequal axes, two at right angles

and one inclined.

Three unequal axes, none at right

angles.
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Term

Rhombohedral System

Metallic Bond

TIonic Bond

Covalent Bond

Van der Waals Forces

Preparation of Solids

Solid-State Reaction

Precipitation Method

Sol-Gel Method

Hydrothermal Method

Chemical Vapor
Deposition (CVD)

Physical Vapor Deposition
(PVD)

Definition

ready for life.

All axes equal in length but inclined at

equal angles other than 90°.

MATERIAL
The force of attraction between metal CHEMISTRY

cations and delocalized electrons.

The electrostatic attraction between

oppositely charged ions in a solid.

A chemical bond formed by sharing of

electron pairs between atoms.

Weak intermolecular forces present

between molecules in solids.

Methods used to synthesize solid
materials through chemical or physical

Processes.

A method of forming solids by heating
mixtures of powders at high
temperature.

Formation of a solid from a solution
when the solubility limit is exceeded.
A wet-chemical process involving
transition from sol to gel to produce
ceramics or glasses.

Crystal growth from aqueous solutions
under high temperature and pressure.
Deposition of solid films on substrates
by chemical reactions of gaseous
precursors.

Formation of thin films by condensation

of vaporized material onto a substrate.
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Term Definition

Determination of physical and chemical

Characterization of Solids properties of materials using analytical

techniques.

MATERIAL

A technique used to determine crystal
CHEMISTRY X-Ray Diffraction (XRD)

structure by analyzing X-ray patterns.

Study of interaction between
Spectroscopy _ o
electromagnetic radiation and matter.

SEM (Scanning Electron Used to study surface morphology of

Microscope) materials at high magnification.
TEM (Transmission Technique for observing internal
Electron Microscope) structure and defects at atomic level.

Irregularities or deviations from ideal
Defects in Solids )
arrangement of atoms in a crystal.

Imperfections at a single lattice point
Point Defects ‘ . -
such as vacancies or interstitials.

Imperfections involving a row of atoms
Line Defects (Dislocations) ) -
displaced from their normal positions.

A type of point defect where equal
Schottky Defect numbers of cations and anions are

missing.

A cation or anion leaves its lattice site

Frenkel Defect . . » .
and occupies an interstitial position.

Occurs due to excess or deficiency of
Electronic Defect ) )
electrons in solids.

Materials that allow easy flow of

Conductors )

electric current due to free electrons.

Materials with conductivity between
Semiconductors )

conductors and insulators.

Materials with very low electrical
Insulators o

conductivity.
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Term

Photoluminescence

Piezoelectric Materials

Optical Properties

Magnetism

Paramagnetism

Diamagnetism

Ferromagnetism

Antiferromagnetism

Ferrimagnetism

Superconductivity

Meissner Effect

TIonic Conductors

Definition

ready for life.

Emission of light from a material after

absorption of photons.

MATERIAL
CHEMISTRY

Materials that generate electric charge

when mechanical stress is applied.

Characteristics of materials that

determine their interaction with light.

Phenomenon by which materials exert
attractive or repulsive forces on other

materials.

Property of materials weakly attracted
by magnetic fields due to unpaired

electrons.

Property of materials that are weakly

repelled by a magnetic field.

Strong magnetism arising from parallel
alignment of magnetic moments (e.g.,
iron).

Alignment of adjacent magnetic
moments in opposite directions,
cancelling each other.

Magnetic order where opposing
moments are unequal, resulting in net
magnetization.

Phenomenon where materials conduct
electricity with zero resistance below a

critical temperature.

Expulsion of magnetic field lines from a

superconductor during transition.

Materials where electric conduction

occurs via movement of ions.

175

MATS Centre for Distance and Online Education, MATS University



MATERIAL
CHEMISTRY

Term

Lithium Cells

Battery

Solid Electrolyte

Magnetic Materials in

Biology

Permanent Magnets

Applications of
Conductors
Applications of
Superconductors

Applications of

Semiconductors

Definition

Electrochemical cells using lithium ions

as charge carriers.

Device that converts chemical energy

into electrical energy.

Ionically conducting solid used in fuel

cells and batteries.

Use of magnetic nanoparticles in

diagnosis and targeted drug delivery.

Materials that retain magnetization after

removal of the external magnetic field.

Used in wiring, circuits, and electronic

devices.

Used in MRI, maglev trains, and

particle accelerators.

Used in transistors, LEDs, and solar

cells.
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	NaCl and KCl: The First X-ray Structure Determination
	Introduction
	Sodium chloride (NaCl) and potassium chloride (KCl) are classic examples used to demonstrate the principles of X-ray diffraction (XRD). Both of these compounds crystallize in the face-centered cubic (FCC) system, known as the rock salt structure.
	They were among the first crystalline substances whose internal atomic structures were accurately determined using X-ray crystallography, helping to establish this technique as a foundation of modern solid-state chemistry.
	NaCl (Rock Salt) Crystal Structure
	Key Features
	• Crystal system: Cubic
	• Bravais lattice: Face-Centered Cubic (FCC)
	• Formula units per unit cell: 4 NaCl (4 Na⁺ and 4 Cl⁻)
	• Coordination number: 6 (each ion surrounded by 6 oppositely charged ions)
	In the rock salt structure:
	• Na⁺ ions occupy the corners and face centers of the cube.
	• Cl⁻ ions occupy the edge centers and body center, or vice versa.
	• Each Na⁺ is surrounded octahedrally by 6 Cl⁻ ions, and each Cl⁻ by 6 Na⁺ ions.
	This arrangement gives rise to a highly symmetrical and dense structure.
	Lattice Parameters
	• NaCl: a = 5.64 Å
	• KCl: a = 6.29 Å
	The larger value for KCl is due to the larger ionic radius of K⁺ compared to Na⁺.
	Fig: rock salt structure showing Na⁺ and Cl⁻ arrangement.
	Powder X-ray Diffraction of NaCl and KCl
	Powder X-ray diffraction (XRD) of NaCl or KCl gives a series of peaks (diffraction maxima) at specific 2θ angles, which are related to the interplanar spacing (d) by Bragg’s Law:
	𝑛𝜆=2𝑑sin⁡𝜃 For a cubic crystal, the spacing between atomic planes (with Miller indices h, k, l) is given by:
	𝑑=,𝑎-,,ℎ-2.+,𝑘-2.+,𝑙-2... Here:
	• a = lattice constant
	• h, k, l = Miller indices of the reflecting plane
	By measuring the 2θ values of diffraction peaks and knowing λ (the X-ray wavelength), we can determine d and hence a, the lattice parameter.
	Intensity of Diffraction Peaks
	The intensity (height) of the diffraction peaks depends on several factors:
	• Atomic scattering factor: Depends on the type of atom (Na, Cl, K, etc.)
	• Structure factor: Depends on how atoms are arranged in the unit cell
	• Multiplicity: Number of equivalent reflecting planes
	• Experimental factors: Polarization, temperature, and geometry of the setup
	Selection Rules for FCC Lattices
	In FCC structures like NaCl and KCl, not all possible (h, k, l) reflections appear in the diffraction pattern.
	The structure factor allows reflections only when (h, k, l) are either all even or all odd.
	Reflections with mixed indices (some odd, some even) are absent.
	Example:
	• Allowed: (111), (200), (220), (311), (222)
	• Forbidden: (100), (110), (210), etc.
	This pattern of “present and missing peaks” helps confirm that the structure is FCC.
	Indexing Powder Diffraction Peaks
	The process of indexing helps assign the correct Miller indices (h, k, l) to each diffraction peak.
	Steps for indexing cubic crystals:
	1. Measure 2θ for each diffraction peak.
	2. Calculate sin²θ for each peak.
	3. Divide all values by the smallest sin²θ value to get a set of ratios.
	4. Compare with the theoretical cubic ratios (1, 2, 3, 4, 5, 6, 8, 9, 10, … corresponding to h² + k² + l²).
	5. Assign the correct (h, k, l) to each peak.
	6. Use the equation
	𝑎=,𝜆,,ℎ-2.+,𝑘-2.+,𝑙-2..-2sin⁡𝜃. to calculate the lattice parameter.
	7. Average the values of “a” to get the final lattice constant.
	Example for NaCl and KCl
	The absence of (100) and (110) reflections confirms the FCC arrangement.
	Diagram Suggestions:
	Fig: Typical XRD pattern of NaCl showing labeled peaks.
	Single-Crystal X-ray Diffraction of NaCl and KCl
	In single-crystal diffraction, a single crystal is carefully mounted and rotated while exposed to an X-ray beam. The resulting diffraction spots form a 3D pattern (reciprocal lattice) that provides detailed information about the crystal’s symmetry and...
	Steps:
	1. Mount the single crystal on a goniometer.
	2. Rotate it through different orientations and collect diffraction patterns.
	3. Combine data from multiple angles to construct a 3D diffraction map.
	4. Analyze the data to determine:
	o Crystal system and Bravais lattice
	o Unit cell dimensions
	o Space group (symmetry elements)
	o Atomic coordinates inside the unit cell
	Results for NaCl and KCl
	• Crystal system: Cubic
	• Bravais lattice: Face-centered cubic
	• Space group: Fm3̅m (No. 225)
	• Atomic positions (asymmetric unit):
	o Na⁺ / K⁺ → (0, 0, 0)
	o Cl⁻ → (0.5, 0, 0)
	Because of the high symmetry, only a small fraction of the structure needs to be determined experimentally—the rest is generated by applying symmetry operations.
	2.3 Coordination Number
	2.3 Coordination Number
	Introduction
	In crystalline solids, the coordination number (CN) refers to the number of nearest neighboring atoms or ions that surround a central atom or ion. It represents one of the most fundamental parameters defining the crystal geometry, bonding, and physica...
	The coordination number is intimately related to the radius ratio of the constituent ions and provides insight into how ions pack efficiently in space. In ionic crystals, it is determined by the electrostatic balance between attractive and repulsive f...
	Typical coordination numbers range from 2 to 12, with the most common being 4, 6, 8, and 12, each corresponding to a characteristic geometric arrangement.
	Significance of Coordination Number
	The coordination number directly influences several structural, physical, and chemical properties of a solid:
	• Density and Packing Efficiency: Higher coordination numbers correspond to denser structures, leading to greater hardness, mechanical strength, and melting points.
	• Electronic and Optical Properties: The coordination environment affects band structure, band gap energy, and optical absorption. For instance, tetrahedral coordination often leads to wider band gaps than octahedral coordination in semiconductors.
	• Chemical Reactivity: Coordination number influences ionic mobility, diffusion rates, and chemical stability in solid-state reactions.
	• Polymorphism: A single compound may crystallize in multiple structures with different coordination numbers (e.g., TiO₂ as rutile, anatase, or brookite).
	Variation of Coordination in Complex Structures
	In more complex crystal structures, different atoms may exhibit different coordination numbers within the same lattice. For example:
	• In spinel structures (AB₂O₄), the A cation typically occupies tetrahedral sites (CN = 4), while the B cation occupies octahedral sites (CN = 6).
	• This mixed coordination environment contributes to the diverse electrical, magnetic, and optical properties of spinel-type oxides.
	Factors Affecting Coordination Number
	While ionic size (and therefore radius ratio) provides the geometric basis for determining coordination, additional factors influence the actual coordination observed in real materials:
	1. Electronic Effects
	o Jahn–Teller Distortion: In certain transition metal ions (e.g., Cu²⁺, Mn³⁺), degeneracy in d-orbitals can cause geometric distortions that alter bond lengths, effectively modifying the coordination environment.
	o Crystal Field Stabilization Energy (CFSE): The preference for octahedral or tetrahedral coordination may depend on electronic stabilization energies.
	2. Polarization and Covalency
	o High polarizing power of small, highly charged cations can distort surrounding anions, modifying apparent coordination geometry (e.g., in Al³⁺ compounds).
	3. External Conditions
	o Pressure and temperature changes can cause coordination transformations (e.g., Si in silicates increases CN from 4 to 6 under high pressure).
	Coordination Number and Material Properties
	Examples
	• NaCl (CN = 6): Each Na⁺ ion is surrounded by six Cl⁻ ions in an octahedral geometry.
	• CsCl (CN = 8): Each Cs⁺ ion is surrounded by eight Cl⁻ ions in a cubic arrangement.
	• ZnS (CN = 4): Each Zn²⁺ ion is tetrahedrally coordinated by four S²⁻ ions.
	• CaF₂ (CN = 8 for Ca²⁺, 4 for F⁻): Demonstrates multiple coordination environments in one compound.
	Comparison of Bridgman and Stockbarger Techniques
	5.4 Implications and Applications of Point Defects
	5.3 Defects in Solid State
	In reality, no crystal is ever perfect — all contain some type of imperfection or defect that affects their physical, chemical, and mechanical behavior. These imperfections, though often microscopic, play a crucial role in determining a material’s con...
	Point Defects
	Point defects involve irregularities at individual atomic sites. They can occur naturally in pure crystals (intrinsic defects) or result from impurities (extrinsic defects). The two most common intrinsic point defects in ionic crystals are Schottky an...
	1. Schottky Defects
	A Schottky defect forms when equal numbers of cations and anions leave their normal lattice positions, creating vacancies at both types of sites while maintaining electrical neutrality. This process reduces the crystal’s density but preserves its stoi...
	𝑛=𝑁 ,𝑒-−,𝐸-𝑠./2𝑘𝑇. where ,𝐸-𝑠.is the defect formation energy.
	Effect: Increases ionic conductivity and diffusion, aiding sintering and mass transport in ceramics.
	Examples: NaCl, KCl, CsCl, KBr.
	Fig:Formation of Schottky Defect in NaCl
	2. Frenkel Defects
	A Frenkel defect occurs when a small ion (usually a cation) moves from its regular lattice position to an interstitial site, creating a vacancy–interstitial pair. Unlike Schottky defects, Frenkel defects do not alter the crystal’s overall composition ...
	𝑛=,𝑁,𝑁-𝑖.. ,𝑒-−,𝐸-𝑓./2𝑘𝑇. where ,𝐸-𝑓.is the Frenkel defect formation energy.
	Effect: Enhances ionic conduction through interstitialcy diffusion and influences electrical behavior.
	Examples: AgCl, AgBr, AgI, ZnS, CaF₂ (in which F⁻ ions form interstitials).
	Fig: Formation of Frenkel Defect in AgCl
	Comparison between Schottky and Frenkel Defects
	Non-Stoichiometric Defects
	In real crystalline solids, ideal stoichiometric ratios are rarely maintained — deviations in the proportions of elements give rise to non-stoichiometric defects. These defects differ from Schottky and Frenkel types because they change the actual chem...
	Types of Non-Stoichiometric Defects
	1. Metal Excess Defects
	These occur when there is more metal than expected in the crystal. The defect can form through two primary mechanisms:
	a) Due to Anion Vacancies: When anions are missing from their lattice sites, nearby metal ions release electrons that become trapped at these vacant sites to maintain charge neutrality. These trapped electrons can move freely, leading to semiconductin...
	ZnO→,ZnO-1−𝑥. Other examples: FeO (Fe₁₋ₓO), TiO₂₋ₓ.
	b) Due to Interstitial Cations: Here, extra metal ions occupy interstitial sites while corresponding electrons remain delocalized. For instance, heating NaCl in sodium vapor allows excess Na atoms to enter the crystal, forming Na₁₊ₓCl, which takes on ...
	Fig: Metal Excess Defects in ZnO and NaCl
	2. Metal Deficiency Defects
	These defects arise when metal ions are missing from their normal lattice sites, resulting in less metal content than predicted by the ideal formula. To maintain charge balance, nearby metal ions increase their oxidation state. For example, in FeO, mi...
	Fig:Metal Deficiency Defect in FeO
	3. Non-Metal Excess Defects
	In this case, there is more non-metal than predicted by stoichiometry.
	a) Due to Interstitial Anions: Extra non-metal atoms occupy interstitial sites (e.g., oxygen forming O₂⁻ species), balanced by hole formation or oxidation of metal ions. Formula: MX₁₊ₓ.
	b) Due to Cation Vacancies: Missing metal ions are balanced by nearby metal ions adopting higher oxidation states. Examples: Cu₂₋ₓO, Ni₁₋ₓO.
	Fig: Non-Metal Excess Defects
	4. F-Centers (Color Centers)
	An F-center forms when an anion vacancy traps one or more electrons, producing color in otherwise transparent crystals. The term “F” comes from the German Farbe (color). These trapped electrons absorb visible light, imparting distinct hues. Examples:
	• NaCl → yellow-brown
	• KCl → violet
	• LiCl → pink
	F-centers can form by heating in metal vapor, irradiation, or electrolysis. Their concentration directly controls color intensity.
	Implications and Applications of Point Defects
	1. Electrical Properties:
	o Vacancies and interstitials enable ionic or electronic conduction.
	o F-centers and dopants influence band structure and carrier mobility.
	o Applications: solid-state batteries, fuel cells, sensors, thermistors.
	2. Mechanical Properties:
	o Defects can strengthen materials by hindering dislocation movement or improving high-temperature stability.
	o Applications: alloy hardening, ceramics strengthening, creep resistance.
	3. Diffusion Processes:
	o Vacancies and interstitials act as diffusion pathways, enabling heat treatment, sintering, and doping.
	o Applications: semiconductor fabrication, ion exchange in catalysts, ceramics processing.
	4. Optical Properties:
	o Defects introduce energy levels that cause light absorption or emission, producing colors and luminescence.
	o Applications: phosphors, lasers, optical storage, gemstones.
	5. Catalytic Properties:
	o Surface and structural defects act as active sites for adsorption and reaction.
	o Applications: heterogeneous catalysis, fuel cell electrodes, environmental remediation.
	Experimental Techniques for Studying Point Defects
	1. Electrical Conductivity Measurements
	2. Density Measurements
	3. Spectroscopic Techniques
	4. Diffraction Techniques
	5. Microscopy Techniques
	6. Positron Annihilation Spectroscopy

	Theoretical Modeling of Point Defects
	1. Classical Potential Models
	2. Density Functional Theory (DFT)
	3. Molecular Dynamics (MD)
	4. Kinetic Monte Carlo (KMC)
	5. Statistical Thermodynamics


	6.5 Piezoelectric Materials
	6.6 Photoluminescence
	6.4 Semiconductors
	Introduction Semiconductors are materials with electrical conductivities intermediate between conductors and insulators. At absolute zero, their valence band is fully occupied while the conduction band is empty, making them behave like insulators. How...
	Temperature Dependence of Conductivity
	In intrinsic semiconductors (pure materials), conductivity increases exponentially with temperature because higher thermal energy generates more electron–hole pairs:
	𝜎=,𝜎-0. ,𝑒-−,𝐸-𝑔./2𝑘𝑇. where σ₀ is a material constant, E₉ is the band gap, k is Boltzmann’s constant, and T is temperature. This behavior contrasts with metals, where conductivity decreases at high temperatures due to electron–phonon scatterin...
	Extrinsic Semiconductors
	Pure (intrinsic) semiconductors have limited applications, but doping — the intentional addition of impurities — significantly enhances their conductivity.
	N-type Semiconductors
	When a tetravalent element like silicon is doped with a Group V element (e.g., phosphorus or arsenic), extra electrons become available for conduction. These loosely bound electrons, called majority carriers, originate from donor atoms, whose energy l...
	P-type Semiconductors
	If silicon is doped with a Group III element (e.g., boron or gallium), the dopant lacks one valence electron, creating a “hole” — an empty state that can move as electrons shift between bonds. These holes act as majority carriers, while the dopant ato...
	Fig: P-type and N-type Semiconductors
	PN Junction and Applications
	A PN junction, formed by joining p-type and n-type semiconductors, is the foundation of most semiconductor devices. At the interface, electrons from the n-region and holes from the p-region diffuse across, recombining and leaving behind a depletion re...
	Fig: PN-Junction
	Photoconduction and Photodiodes
	When light with photon energy greater than or equal to the band gap strikes a PN junction, it creates electron-hole pairs through photogeneration. If these pairs are within or near the depletion region, they are separated by the internal field, genera...
	• Silicon → visible to near-infrared (peak ≈ 800–900 nm)
	• Germanium → infrared (≈ 1.8 μm)
	• GaAs, InGaAs → customizable spectral response
	Photovoltaic Cells (Solar Cells)
	Solar cells are specialized PN junctions that operate without external bias, converting sunlight directly into electricity via the photovoltaic effect. Light absorbed at or near the depletion region generates charge carriers separated by the built-in ...
	Fig: Solar cell
	Efficiency depends on:
	1. Band gap — determines which part of the spectrum is absorbed (Silicon ≈ 33% theoretical max).
	2. Recombination & reflection losses — reduce charge collection.
	3. Series resistance & junction quality — affect output voltage and current. Typical commercial silicon cells achieve 15–22% efficiency, while advanced multi-junction and concentrated PV systems can exceed 40%.
	Solar Energy Conversion Technologies
	• Photovoltaic systems: monocrystalline, polycrystalline, thin-film, and multi-junction cells.
	• Solar thermal systems: use concentrated sunlight for heating or power generation.
	• Hybrid PV-T systems: combine electrical and thermal energy generation. Emerging materials like perovskites and quantum dots aim to enhance performance and reduce cost.
	Organic Semiconductors
	Organic semiconductors are carbon-based materials with conjugated π-electron systems that enable charge transport via hopping mechanisms between localized molecular states. They feature flexible, lightweight, and solution-processable structures but ge...
	Applications include:
	• OLEDs (displays and lighting)
	• Organic Photovoltaics (OPVs)
	• Organic Field-Effect Transistors (OFETs)
	• Photodetectors and memory devices
	While less stable and efficient, their low-cost fabrication and mechanical flexibility make them ideal for flexible electronics and emerging technologies.
	6.5 Piezoelectric, Pyroelectric, and Ferroelectric Materials
	Piezoelectric Materials Piezoelectric materials exhibit the unique ability to produce an electric charge when subjected to mechanical stress (direct effect) and conversely deform when exposed to an electric field (converse effect). This behavior stems...
	1. Pyroelectric Materials Pyroelectric materials generate a temporary electric voltage in response to temperature changes due to variations in spontaneous polarization. These materials are always piezoelectric but not all piezoelectrics are pyroelectr...
	Ferroelectric Materials Ferroelectric materials possess a reversible spontaneous polarization that can be switched by an external electric field, forming a hysteresis loop similar to that of magnetic materials. They consist of domains—regions with ali...
	Fig: Piezoelectric, Pyroelectric, and Ferroelectric Materials
	10.3 Applications of Magnetic Materials in Medicine
	10.3 Applications of Magnetic Materials in Medicine
	Introduction
	10.3.1 Magnetic Resonance Imaging (MRI)
	10.3.2 Magnetic Nanoparticles in Drug Delivery
	10.3.3 Magnetic Hyperthermia for Cancer Treatment
	10.3.4 Magnetic Biosensors
	Fig: magnetic biosensors
	10.3.5 Tissue Engineering and Regeneration


