




Fundamentals of Electroceramics





Fundamentals of Electroceramics

Materials, Devices, and Applications

R. K. Pandey
Ingram Professor Emeritus, Texas State University
Cudworth Professor Emeritus, The University of Alabama
Professor Emeritus, Texas A&M University



This edition first published 2019.
© 2019 The American Ceramic Society

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, except as permitted by law. Advice on how to obtain permission to reuse material
from this title is available at http://www.wiley.com/go/permissions.

The right of R. K. Pandey to be identified as the author of this work has been asserted in accordance with law.

Registered Office
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA

Editorial Office
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information about Wiley products visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that appears in standard print versions of
this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty
In view of ongoing research, equipment modifications, changes in governmental regulations, and the constant flow of information relating to the
use of experimental reagents, equipment, and devices, the reader is urged to review and evaluate the information provided in the package insert or
instructions for each chemical, piece of equipment, reagent, or device for, among other things, any changes in the instructions or indication of
usage and for added warnings and precautions. While the publisher and authors have used their best efforts in preparing this work, they make no
representations or warranties with respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties,
including without limitation any implied warranties of merchantability or fitness for a particular purpose. No warranty may be created or extended
by sales representatives, written sales materials or promotional statements for this work. The fact that an organization, website, or product is
referred to in this work as a citation and/or potential source of further information does not mean that the publisher and authors endorse the
information or services the organization, website, or product may provide or recommendations it may make. This work is sold with the
understanding that the publisher is not engaged in rendering professional services. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a specialist where appropriate. Further, readers should be aware that websites listed in this work may
have changed or disappeared between when this work was written and when it is read. Neither the publisher nor authors shall be liable for any loss
of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data

Names: Pandey, R. K., 1937- author.
Title: Fundamentals of electroceramics : materials, devices, and applications

/ R. K. Pandey, Ingram Professor Emeritus, Texas State University, Cudworth
Professor Emeritus, The University of Alabama, Professor Emeritus, Texas
A&M University, Wiley-American Ceramic Society, The American Ceramic
Society.

Description: Hoboken, NJ, USA : John Wiley & Sons, Inc., 2019. | Includes
bibliographical references and index. |

Identifiers: LCCN 2018029650 (print) | LCCN 2018031928 (ebook) | ISBN
9781119057352 (Adobe PDF) | ISBN 9781119057284 (ePub) | ISBN 9781119057345
(hardcover)

Subjects: LCSH: Electronic ceramics.
Classification: LCC TK7871.15.C4 (ebook) | LCC TK7871.15.C4 P36 2019 (print)

| DDC 621.381–dc23
LC record available at https://lccn.loc.gov/2018029650

Cover Image: Courtesy of R. K. Pandey
Cover Design by Wiley

Set in 10/12pt WarnockPro by SPi Global, Chennai, India

Printed in the United States of America

10 9 8 7 6 5 4 3 2 1

http://www.wiley.com/go/permissions
http://www.wiley.com
https://lccn.loc.gov/2018029650


Dedicated to my wife, Dr. Christa Pandey, whose love, support and inspiration for the last 50 plus years have been
instrumental to my professional achievements and personal happiness.





vii

Contents

Preface xiii
About the Companion Website xvii

1 Nature and Types of Solid Materials 1
1.1 Introduction 1
1.2 Defining Properties of Solids 1
1.2.1 Electrical Conductance (G) 1
1.2.2 Bandgap, Eg 2
1.2.3 Permeability, 𝜀 3
1.3 Fundamental Nature of Electrical Conductivity 4
1.4 Temperature Dependence of Electrical Conductivity 4
1.4.1 Case of Metals 5
1.4.2 Case of Semiconductors 5
1.4.3 Frequency Spectrum of Permittivity (or Dielectric Constant) 6
1.5 Essential Elements of Quantum Mechanics 7
1.5.1 Planck’ Radiation Law 7
1.5.2 Photoelectric Effect 8
1.5.3 Bohr’s Theory of Hydrogen Atom 10
1.5.4 Matter–Wave Duality: de Broglie Hypothesis 11
1.5.5 Schrödinger’s Wave Equation 12
1.5.6 Heisneberg’s Uncertainty Principle 13
1.6 Quantum Numbers 13
1.7 Pauli Exclusion Principle 14
1.8 Periodic Table of Elements 15
1.9 Some Important Concepts of Solid-State Physics 18
1.9.1 Ceramic Superconductivity 18
1.9.2 Superconductivity and Technology 19
1.10 Signature Properties of Superconductors 19
1.10.1 Thermal Behavior of Resistivity of a Superconductor 20
1.10.2 Magnetic Nature of Superconductivity: Meissner–Ochsenfeld Effect 20
1.10.3 Josephson Effect 22
1.11 Fermi–Dirac Distribution Function 24
1.12 Band Structure of Solids 27

Glossary 29
Problems 30
References 31
Further Reading 31

2 Processing of Electroceramics 33
2.1 Introduction 33
2.2 Basic Concepts of Equilibrium Phase Diagram 33



viii Contents

2.2.1 Gibbs’ Phase Rule 34
2.2.2 Triple Point and Interfaces 34
2.2.3 Binary Phase Diagrams 35
2.2.3.1 Totally Miscible Systems 35
2.2.3.2 Systems with Limited Solubility in Solid Phase 37
2.3 Methods of Ceramic Processing 38
2.3.1 Room Temperature Uniaxial Pressing (RTUP) 38
2.3.2 Other Methods for Powder Compaction and Densification 41
2.3.2.1 Hot Isostatic Pressing (HIP) 41
2.3.2.2 Cold Isostatic Pressing (CIP) 41
2.3.2.3 Low Temperature Sintering (LTP) 42
2.3.3 Nanoceramics 42
2.3.4 Thin Film Ceramics 42
2.3.5 Methods for Film Growth 43
2.3.5.1 Solgel Method 43
2.3.5.2 Pulsed Laser Deposition (PLD) Method 44
2.3.5.3 Molecular Beam Epitaxy (MBE) Method 46
2.3.5.4 RF Magnetron Sputtering Method 47
2.3.5.5 Liquid Phase Epitaxy (LPE) Method 49
2.3.6 Single Crystal Growth Methods for Ceramics 49
2.3.6.1 High Temperature Solution Growth (HTSG) Method or Flux Growth Method 50
2.3.6.2 Czochralski Growth Method 51
2.3.6.3 Top Seeded Solution Growth (TSSG) Method 52
2.3.6.4 Hydrothermal Growth 53
2.3.6.5 Some Other Methods of Crystal Growth 53

Glossary 54
Problems 55
References 55

3 Methods for Materials Characterization 57
3.1 Introduction 57
3.2 Methods for Surface and Structural Characterization 57
3.2.1 Optical Microscopes 58
3.2.2 X-ray Diffraction Analysis (XRD) 60
3.2.2.1 XRD Diffractometer: Intensity vs. 2𝜃 Plot 60
3.2.2.2 Laue X-ray Diffraction Method 61
3.2.3 Electron Microscopes 63
3.2.3.1 Transmission Electron Microscope (TEM) 64
3.2.3.2 Scanning Electron Microscope (SEM) 65
3.2.3.3 Scanning Transmission Electron Microscope (STEM) 65
3.2.3.4 X-ray Photoelectron Spectroscopy (XPS) 66
3.2.4 Force Microscopy 68
3.2.4.1 Atomic Force Microscope (AFM) 68
3.2.4.2 Magnetic Force Microscope (MFM) 69
3.2.4.3 Piezoelectric Force Microscope (PFM) 69

Glossary 70
Problems 71
References 71

4 Binding Forces in Solids and Essential Elements of Crystallography 73
4.1 Introduction 73
4.2 Binding Forces in Solids 73
4.2.1 Ionic Bonding 74
4.2.2 Covalent Bonding 74



Contents ix

4.2.3 Metallic Bonding 74
4.2.4 Van der Waals Bonding 75
4.2.5 Polar-molecule-induced Dipole Bonds 75
4.2.6 Permanent Dipole Bonding 75
4.3 Structure–Property Relationship 75
4.4 Basic Crystal Structures 77
4.4.1 Bravais Lattice 78
4.4.2 Miller Indices for Planes and Directions 79
4.4.2.1 Rule for Indexing a Crystal Direction 80
4.5 Reciprocal Lattice 81
4.6 Relationship Between d* and Miller Indices for Selected Crystal Systems 81
4.7 Typical Examples of Crystal Structures 82
4.7.1 Sodium Chloride, NaCl 82
4.7.2 Perovskite Calcium Titanate 82
4.7.3 Diamond Structure 83
4.7.4 Zinc Blende (Also Wurtzite) 84
4.8 Origin of Voids and Atomic Packing Factor (apf ) 84
4.8.1 apf for a Primitive Cubic Structure (P) 85
4.9 Hexagonal and Cubic Close-packed Structures 85
4.10 Predictive Nature of Crystal Structure 86
4.11 Hypothetical Models of Centrosymmetric and Noncentrosymmetric Crystals 87
4.12 Symmetry Elements 88
4.13 Classification of Dielectric Materials: Polar and Nonpolar Groups 89
4.14 Space Groups 90

Glossary 91
Problems 92
References 93
Further Reading 93

5 Dominant Forces and Effects in Electroceramics 95
5.1 Introduction 95
5.2 Agent–Property Relationship 95
5.3 Electric Field (E), Mechanical Stress (X), and Temperature (T) Diagram: Heckmann Diagram 96
5.3.1 Piezoelectric Zone 97
5.3.2 Pyroelectric Zone 97
5.3.3 Thermoelastic Zone 98
5.4 Electric Field, Mechanical Stress, and Magnetic Field Diagram 99
5.5 Multiferroics Phenomena and Materials 101
5.6 Magnetoelectric (ME) Effect and Associated Issues 103
5.6.1 Basic Formulations Governing the ME Effect 103
5.6.2 Composite ME Materials 104
5.6.3 ME Integrated Structures 104
5.6.4 Experimental Determination 104
5.7 Applications of Multiferroics 105
5.7.1 Ferroelectric and Ferromagnetic Coupled Memory 105
5.7.2 Multiferroic Tunnel Junctions (MTJ) 106
5.8 Magnetostriction and Electrostriction 106
5.8.1 Magnetostriction 106
5.8.2 Electrostriction 107
5.9 Piezoelectricity 108
5.9.1 Crystallographic Considerations for Piezoelectricity 108
5.9.2 Mathematical Representation of Piezoelectric Effects 109
5.9.3 Constitutive Equations for Piezoelectricity 110
5.10 Experimental Determination of Piezoelectric Coefficients 111



x Contents

5.10.1 Charge Coefficient, d 111
5.10.2 Stress Coefficient, e 112
5.10.3 Piezoelectric Devices and Applications 113
5.10.3.1 Piezoelectric Transducers 114
5.10.3.2 Generation of Sound and an AC Signal 114
5.10.3.3 Surface Acoustic Wave (SAW) Device 115
5.10.3.4 Piezoelectric Acoustic Amplifier 116
5.10.3.5 Piezoelectric Frequency Oscillator 116
5.10.4 MEMS Actuator 116

Glossary 118
Problems 119
References 120

6 Coupled Nonlinear Effects in Electroceramics 121
6.1 Introduction 121
6.2 Historical Perspective 123
6.3 Signature Properties of Ferroelectric Materials 123
6.3.1 Hysteresis Loop: Its Nature and Technical Importance 124
6.3.2 Temperature Dependence of Ferroelectric Parameters 125
6.3.3 Temperature Dependence of Dielectric Constant 125
6.3.4 Ferroelectric Domains 126
6.3.5 Electrets 126
6.3.6 Relaxor Ferroelectrics 126
6.4 Perovskite and Tungsten Bronze Structures 127
6.4.1 Perovskite Structure 127
6.4.2 Tungsten Bronze Structure 130
6.5 Landau–Ginsberg–Devonshire Mean Field Theory of Ferroelectricity 130
6.6 Experimental Determination of Ferroelectric Parameters 134
6.6.1 Poling of Samples for Experiments 134
6.6.2 Polarization vs. Electric Field 135
6.6.3 Capacitance Measurement and C–V Plot 136
6.6.4 Ferroelectric Domains (Experimental Determination) 137
6.7 Recent Applications of Ferroelectric Materials 138
6.8 Antiferroelectricity 139
6.9 Pyroelectricity 143
6.9.1 Historical Perspective 143
6.9.2 Pyroelectric Effect 143
6.9.3 Experimental Determination of Pyroelectric Coefficient 145
6.9.4 Applications of Pyroelectricity 146
6.10 Pyro-optic Effect 147

Glossary 148
Problems 150
References 150
Further Reading 151

7 Elements of A Semiconductor 153
7.1 Introduction 153
7.2 Nature of Electrical Conduction in Semiconductors 153
7.3 Energy Bands in Semiconductors 155
7.4 Origin of Holes and n- and p-Type Conduction 156
7.5 Important Concepts of Semiconductor Materials 158
7.5.1 Mobility, 𝜇 158
7.5.2 Direct and Indirect Bandgap, Eg 159
7.5.3 Effective Mass, m* 160
7.5.4 Density of States and Fermi Energy 161



Contents xi

7.6 Experimental Determination of Semiconductor Properties 162
7.6.1 Determination of Resistivity, 𝜌 162
7.6.2 Four-Point Probe (van der Pauw) Method 163
7.6.3 Two-Point Probe Method 163
7.6.4 Determination of Bandgap, Eg 164
7.6.5 Determination of N- and P-Type Nature: Seebeck Effect 164
7.6.6 Determination of Direct and Indirect Bandgap, Eg 166
7.6.7 Determination of Mobility, 𝜇 166
7.6.7.1 Haynes–Shockley Method 167
7.6.7.2 Hall Effect 168

Glossary 170
Problems 170
References 171
Further Reading 171

8 Electroceramic Semiconductor Devices 173
8.1 Introduction 173
8.2 Metal–Semiconductor Contacts and the Schottky Diode 174
8.2.1 Metal–Metal Contact 174
8.2.2 Metal Semiconductor Contact 175
8.2.3 Schottky Diode 176
8.2.4 Determination of Contact Potential and Depletion Width 178
8.2.5 Oxide Semiconductor Materials and Their Properties 179
8.2.6 In Search of UV-blue LED 181
8.2.7 Determination of I–V Characteristics of a LED 182
8.2.8 Thin-film Transistor (TFT) 183
8.3 Varistor Diodes 184
8.3.1 Metal Oxide Varistors 185
8.4 Theoretical Considerations for Varistors 186
8.4.1 Equivalent Circuit of a Varistor 186
8.4.2 Idealized Model of Varistor Microstructure 186
8.4.3 Energy Band Diagram: Grain–Grain Boundary–Grain (G–GB–G) Structure 188
8.5 Varistor-Embedded Devices 190
8.5.1 Voltage Biased Varistor and Embedded Voltage Biased Transistor (VBT) 190
8.5.1.1 Frequency Dependence of IHC 45 VBT Device 194
8.5.1.2 Comparison Between a VBT, BJT, and Schottky Transistor 195
8.5.2 Electric Field Tuned Varistor and Its Embedded Electric Field Effect Transistor (E-FET) 196
8.5.2.1 Frequency Dependence of IHC 45 E-FET Device 198
8.5.3 Magnetically Tuned Varistor and Embedded Magnetic Field Effect Transistor (H-FET) 198
8.6 Magnetic Field Sensor 202
8.7 Thermistors 206
8.7.1 Heating Effects in Thermistors 207

Glossary 210
Problems 212
References 213
Further Reading 214

9 Electroceramics and Green Energy 215
9.1 Introduction 215
9.2 What is Green Energy? 215
9.3 Energy Storage and Its Defining Parameters 217
9.3.1 Capacitor as an Energy Storage Device 218
9.3.2 Battery-Supercapacitor Hybrid (BSH) Devices 220
9.3.3 Piezoelectric Energy Harvester 220
9.3.4 MEMS Power Generator 222



xii Contents

9.3.5 Ferroelectric Photovoltaic Devices 222
9.3.6 Solid Oxide Fuel Cells (SOFC) 224
9.3.7 Antiferroelectric Energy Storage 225

Glossary 227
Problems 227
References 228

10 Electroceramic Magnetics 229
10.1 Introduction 229
10.2 Magnetic Parameters 229
10.3 Relationship Between Magnetic Flux, Susceptibility, and Permeability 230
10.4 Signature Properties of Ferrites 231
10.4.1 Temperature Dependence of Magnetic Parameters 234
10.5 Typical Structures Associated with Ferrites 234
10.6 Essential Theoretical Concepts 235
10.7 Magnetic Nature of Electron 235
10.7.1 Molecular Field Theory 236
10.7.2 Antiferromagnetism and Ferrimagnetism 237
10.7.3 Quantum Mechanics and Magnetism 238
10.8 Classical Applications of Ferrites 239
10.9 Novel Magnetic Technologies 239
10.9.1 GMR Effect 240
10.9.2 CMR Effect 241
10.9.3 Spintronics 241

Glossary 242
Problems 243
References 245
Further Reading 245

11 Electro-optics and Acousto-optics 247
11.1 Introduction 247
11.2 Nature of Light 247
11.2.1 Fundamental Optical Properties of a Crystal 248
11.2.2 Electro-optic Effects 249
11.2.3 Selected Electro-optic Applications 251
11.2.3.1 Optical Waveguides 251
11.2.3.2 Phase Shifters 252
11.2.3.3 Electro-optic Modulators 252
11.2.3.4 Night Vision Devices (NVD) 252
11.2.4 Acousto-optic Effect and Applications 253

Glossary 254
Problems 255
References 255
Further Reading 255

Appendix A Periodic Table of the Elements 257
Appendix B Fundamental Physical Constants and Frequently Used Symbols and Units

(Rounded to Three Decimal Points) 259
Appendix C List of Prefixes Commonly Used 261
Appendix D Frequently Used Symbols and Units 263

Index 265



xiii

Preface

Let us remember: One book, one pen, one child, and
one teacher can change the world.

Malala Yousafzai

The word ceramic may be the most misunderstood scien-
tific concept so far as its public image is concerned. Most
people, when they hear the word ceramic, are likely to
think of such things as coffee mugs, glazed pottery, floor
tile, or bathroom toilets. It is largely unknown to the pub-
lic, or even to many scientific communities, that the use
of ceramic materials goes far beyond these products.

Ceramic materials by definition are based on inor-
ganic raw materials. Oxides form the leading group
of electroceramic materials. Aluminum oxide (Al2O3),
silicon carbide (SiC), silicon nitride (Si3N4), titanium
oxide (TiO2), iron oxides (FeO, Fe2O3, Fe3O4), zinc oxide
(ZnO) and tin oxide (SnO2) are typical examples. As
for non-traditional applications ceramics are used in
aerospace and other extreme temperature applications
due to their excellent thermal properties; in the medical
field, ceramics are used because of their compatible with
the human bone; and, in the military ceramics are used
for applications such as body armor due to their extreme
hardness.

The subject of this book is Electroceramic which is
a special category of electronic materials. Electroce-
ramic materials, as the name suggests, conduct electric
currents obeying various physical mechanisms of cur-
rent transport. These materials can exhibit a host of
physical properties including high temperature super-
conductivity, magnetism, semiconductor, electro-optic,
acousto-optic and nonlinear dielectrics. Because of
their multi-faceted physical and mechanical properties
these materials are poised to impact the advancement
of ultrafast computer memory technology, green energy
technology, sensors and detector technology as well
as many other emerging areas of applied sciences and
engineering. The field of electroceramic devices and
applications is vast and diverse. It already impacts
many areas of engineering and basic sciences such as
microelectronics, solid-state sciences, microwave engi-
neering, communication engineering, signal processing,

actuators and sensors and micro-electro mechanical
systems (MEMS) technology.

Electroceramic materials possess many interesting
physical phenomena and that is what makes them fasci-
nating and attractive for scientific discoveries leading to
novel innovations. The physical principles involved in the
origin of electroceramic phenomena are intriguing and
so diverse that its intellectual challenges can be felt in a
wide range of engineering and basic science disciplines.
Yet electroceramic is not the household word even
among electrical engineers, materials scientists, and
applied physicists. Hardly anywhere a course devoted to
electroceramics is offered in the US universities for elec-
trical engineers, materials scientists, and physicists. As a
result students are deprived of the knowledge in topics
specific to electroceramic and its applications. Some
examples may include noncentrosymmetric crystals,
symmetry elements, piezoelectricity, ferroelectricity,
pyroelectricity, multiferroic materials and phenomena,
magnetoelectronics, spintronics, coupled hybrid devices,
colossal magnetoresistive effect, giant photovoltaic
effect, and energy harvesting.

The ignorance about electroceramics is pervasive. For
example, many of the electrical engineering graduates
and practitioners have never heard of varistor devices
though almost all electrical engineering curriculums
include a course or two on solid-state materials and
devices. It is disappointing and yet amusing. Bipolar
varistors diodes are very useful devices that are present
in practically all electrical and electronic circuits as
circuit protectors against abrupt surges of current or
voltage. Not only that varistors are forerunners of tran-
sistors, which are named so because of certain attributes
they share with varistors.

Those of us working in the area of electroceramic
materials and devices believe that it deserves its own
separate presence in the curriculum of electrical engi-
neering, materials science and applied physics; as well as
of ceramic engineering, and perhaps also of mechanical
and chemical engineering. The nature of elecroceramics
is interdisciplinary and therefore, such a course could be
cross listed to be taught in many technical disciplines.



xiv Preface

The motivation to write this book came to me in the
Fall of 2010 when for the first time I offered a special topic
course on electroceramics for electrical engineering and
physics students at Texas State University, San Marcos,
TX. After teaching for 30 plus years, courses on elec-
tronic materials and solid-state sciences at graduate and
undergraduate levels at Texas A&M University and at
the University of Alabama, I was confident that I would
have no problems in handling this course. I had more
than enough of my own lecture notes and homework
problems on topics related to electroceramics. But find-
ing a good textbook to recommend to students became a
formidable enterprise. There are many books on electro-
ceramics, but just one or two that could qualify for a text
book. But they are simply too old by now and therefore
inadequate for a text book. Many of the new advance-
ments and discoveries made during the last 10–15 years
are conspicuously absent in these books. As a result
my resolve became stronger to undertake the task of
writing a text book on electroceramics. I discussed this
informally with many of my friends and colleagues at
different universities, and all of us agreed that we need
a new text book on the subject. Mr. Mark Mecklenborg
and Mr. Greg Geiger of the American Ceramic Society
also encouraged me to write such a book.

The book is divided in 11 chapters beginning with
the essential elements of solid-state science and ending
in electro-optics and acousto-optics. I have done my
best to develop each chapter in such a way that a good
student can follow the materials easily and enjoy learning
about them. Separate chapters are devoted to materi-
als processing, characterization, and crystallography
including noncentrosymmetric crystals and symmetry
elements. Coupled dielectric phenomena such as piezo-
electricity, ferroelectricity, and pyroelectricity have been
covered in two chapters; a separate chapter is devoted
to electroceramic semiconductors, and so are individual
chapters on green energy, magnetism, electro-optics and
acousto-optics. Each chapter includes some practical
examples that should be helpful in understanding the
theoretical concepts discussed. I have purposely tried
to keep the use of advanced mathematics just adequate
enough to make the theoretical concepts understandable
without intimidating the students.

Each chapter also includes suggestions for advanced
reading for the benefit of interested readers. At the end
of each chapter, a glossary of technical terms has been
added. Students are advised to look at them first before
beginning to read the materials covered in the chapter.
Also a set of homework problems have been added to
each Chapter. I encourage students to work out all of
them thoroughly and completely because it will solidify
and amplify their insight into the subject matter and give
them confidence and pleasure of learning.

I owe gratitude to a long list of individuals and insti-
tutions. First and foremost, I must thank my dear wife,
Dr. Christa Pandey, who has been an inspiring influence
throughout my long journey in life and supportive of all
my professional endeavors. Her unwavering confidence
in my abilities to excel professionally has been my
strength and has given me the confidence to undertake
the challenges that comes naturally in executing a project
such as writing a text book.

I also must thank all my former students at Texas
A&M University at College Station, and at the University
of Alabama at Tuscaloosa, AL, whom I had the honor
of teaching one or more courses during the span of
30 years. That experience and the challenges I had to
face made me a better class room teacher and a good
researcher. But the driving force behind this book were
my students at Texas State University at San Marcos,
TX, whom I had the pleasure of teaching a special topic
course on electroceramics three times. Their enthusiasm
and dedication to learning and doing research in labs
even as undergraduate seniors were contagious. To all
these students, I owe gratitude and give my very sincere
thanks for the doors they opened. Thanks also to two
of my former graduate students, Dr. Jian Zhong and Dr.
Hui Han, who critically reviewed one chapter each and
pointed out to some of the lapses which I subsequently
corrected.

My gratitude and thanks also to my friends and col-
leagues, Professor Rick Wilkins of Prairie View A&M
University and Professors Ravi Droopad, Harold Stern
and William A. Stapleton of Ingram School of Engineer-
ing at Texas State University. They were gracious and
patient enough to go over two or more chapters and
provide me with their suggestions and comments. All of
them were valuable suggestions and I have revised these
chapters incorporating all of their suggestions,

My thanks go also to my gifted grand-daughter,
Dr. Alysha Kishan, for proposing multiple designs for
the cover page and for teaching me the fine points of
making good graphics. This has added to the looks and
quality of the book. I am thankful to all the publishers
who have been gracious enough to grant us permission
for reproducing their copyrighted materials. I also owe
thanks to institutions such as Sterling C. Evans Library at
Texas A&M University and Rodgers Library for Science
and Engineering of the University of Alabama for the
privilege of accessing journals and books remotely online
that expedited the progress of the book. I have also used
resources available in Wikipedia and Google Search and
I thank them too for this privilege.

My sincere thanks and gratitude to Ingram School
of Engineering at Texas State University for allowing
me to hold the rank of Ingram Professor for six years
which of course facilitated the success of this project.



Preface xv

Finally I must thank my Production Editor of Wiley
Publishers, Ms. Jayashree Saishankar in Chennai, India
for her patience and efficient execution of this project
that has culminated into the publication of this book.
Also I extend my thanks to other editors, Ms. Beryl
Mesiadhas, and Mr. Michael Leventhal, both of Wiley,
for their assistance and help.

It is my sincere hope that this book will serve the
students for whom it has been written and will be
an important part of their university education and
scholarly experience.

I realize that inspite of all the precautions and thor-
ough review of each chapter many mistakes and errors
might have crept in the book. By no means is it a reflec-
tion on the competence of any of the reviewers. I alone
and no one else is to be blamed for these lapses. I offer
my apologies to the readers in advance. I encourage them
to point out the shortcomings of the book to me so that I
can correct them in future.

November 04, 2018 R. K. Pandey
Austin, Texas
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Nature and Types of Solid Materials
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Do not worry about your difficulties in Mathemat-
ics, I can assure you mine are still greater.

Albert Einstein

1.1 Introduction

In this chapter, we will learn about the fundamental
nature of solids and how their defining properties
are associated with quantum mechanical concepts of
electrons and their energy. The exposure to the most
essential concepts of solid-state physics will greatly
help us in understanding the nature of electroceramics
and the multiple physical phenomena they can exhibit
that form the basis for a large number of novel device
applications that impact electronic and sensor technol-
ogy. We have purposely tried to avoid the intricacies
of mathematical models in describing these concepts
because the goal here is not to produce another book on
solid-state physics but rather to make use of the essential
features of various theoretical models in understand-
ing the transport properties of electrons, uniqueness
of semiconductors, and the scientific basis behind the
dielectric properties of materials.

1.2 Defining Properties of Solids

Solids can be broadly classified as conductors, semicon-
ductors, and insulators of which dielectrics are a subset.
Another important group of solids are classified as high
temperature superconductors. Because of the unique
physical mechanisms involved in the origin of supercon-
ductivity, these materials are of a special category and
will be treated as an independent class of materials. We
will devote a section on superconductivity later in this
chapter. So far as the other three groups are concerned,
we can differentiate between them on the basis of their
defining properties. For example, a conductor is defined
by its capacity to facilitate the transport of an electrical
current associated with the inherent material property
that we call resistance. Similarly a semiconductor is
defined by its energy gap (also, called bandgap) and a
dielectric by its dielectric property. We discuss in this
chapter, the origin of these properties and how they add
uniqueness to materials.

1.2.1 Electrical Conductance (G)

All materials tend to resist the flow of an electric current
by virtue of its built-in resistance. The magnitude
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2 Fundamentals of Electroceramics

of current, I, is dictated by the resistance, R (or,
conductance, G) when a voltage, V , is applied between
the two ends of a solid sample. This relationship is
given by the famous law of physics universally known
as the Ohm’s law that was conceived in 1825–1826 by
Gerog Ohm of Germany. It states that the current (I)
generated between the two fixed points of a conductor
(such as a metal) is directly proportional to the potential
applied and inversely proportional to its resistance.
Mathematically, it is expressed as Eq. (1.1).

I = V
R

= GV (1.1)

Here G being the conductance that is simply the inverse
of resistance. From the above equation, we can conclude
that I increases as R decreases or it increases with the
increase in conductivity G. The resistance (R) changes
as two reference points between which it is measured is
changed. For example, it increases with the increase in
the distance between the reference points and decreases
if the distance between these points is reduced. That
means that the resistance (or, conductance) is dependent
upon the geometry of the sample. In other words, neither
resistance nor conductance is the intrinsic property of
the sample under consideration. Unless we can develop
the concept of intrinsic resistance of a material, we
would not be able develop theoretical models that are
independent of sample geometry. To accomplish this
goal, let us introduce now a parameter which we shall
call resistivity. It is defined as follows:

𝜌 = R
(A

L

)
(1.2)

Here 𝜌 is the resistivity, L the sample length, and A the
cross-sectional area. The unit of the resistivity is Ω m.
We can see from the above equation that the resistivity
becomes an intrinsic property of materials. No two mate-
rials would have the same value of resistivity.

While defining the resistivity, we assumed the sample
to be uniform in which the current flows uniformly.
However, in reality that may not always be the case. We
therefore need to develop a more basic definition of
resistivity. We can imagine that an electric field prevails
inside the sample when it experiences a potential dif-
ference between any two fixed points. It is actually the
electric field (E) that enables the current flow within the
sample, and therefore, the resistivity must be associated
with the current density (J) that exists within the sample.
We can then redefine the resistivity with respect to E
and J as in Eq. (1.3).

𝜌 =
(V

L

)
⋅
(A

I

)
= E

J
(1.3)

The inverse of the resistivity is called conductivity (𝜎)
and its unit is S m−1 or (Ω m)−1. Replacing the resistivity

with conductivity, we can rewrite Eq. (1.3) in its alterna-
tive formulation as follows:

J = 𝜎E (1.4)

Metals have the highest conductivity among all solids,
and it is greater than 105 (S m−1). In comparison, in semi-
conductors, it varies from 10−6 <𝜎 < 105 (S m−1). The
dielectrics have very small conductivity that is smaller
than 10−6 (S m−1). Based on this information, we can
now distinguish between the three types of solids as in
Eq. (1.5).

𝜎metal ≫ 𝜎semiconductor ≫ 𝜎dielectric (1.5)

In Table 1.1, a list of materials with their electrical con-
ductivity is presented.

1.2.2 Bandgap, Eg

The defining property of a semiconductor is its energy
bandgap that exists between the valence band and the
conduction band. The width of the bandgap is expressed
in electron volt with the symbol of Eg. The unit of
electron volts for energy is defined as the work done
in accelerating an electron through 1 V of potential
difference. For converting 1 J of energy to electron volts,
we need to divide it by the charge of an electron that is
1.602× 10−19 C.

The concept of energy being in bands of solids instead
of just being discrete is based on the band theory of
solids to which we will introduce our readers later in
this chapter. For the time being, let us be satisfied with
the assumption that electrons and other charge carriers
(e.g. holes) can reside only in the valence band or the
conduction band. It is forbidden for any charge car-
rier to be found in the bandgap at absolute zero. The
Fermi–Dirac distribution function (also known as F-D

Table 1.1 Room temperature electrical conductivity of selected
solids.

Materials Electrical conductivity, 𝝈 (S m−1)

Aluminum (Al) 3.5× 107

Carbon (graphene) 1.00× 108

Carbon (diamond) ≈10−13

Copper (Cu) 5.96× 107

Gold (Au) 4.10× 107

Silver (Ag) 6.30× 107

Platinum (Pt) 9.43× 106

Germanium (Ge) 2.17 (depends on doping)
Silicon (Si) 1.56× 10−3 (depends on doping)
Gallium arsenide (GaAs) 1.00× 10−8 to 103
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statistics) with its enormous importance to the quantum
nature of solids completely excludes the possibility that
any electron can be found in the bandgap. Not only that,
this theory also predicts that at absolute zero (0 K), all
electrons are frozen in valence band, and the conduction
band is completely empty. We will deal also with this
magnificent theory later in this chapter. However, it is
also probable that some electrons might get sufficient
kinetic energy to escape the valence band and migrate to
the conduction band. But this probability is allowed only
at temperature ≫0 K according to the F-D statistics.

In general, metals have almost no bandgap, whereas
insulators have large bandgaps. The bandgaps of semi-
conductors lie between these two extremes. If the
bandgap is greater than 2 eV, the material is thought
to be an insulator, though this notion is not always
supported by facts. For example, there are many semi-
conductors with Eg > 2 eV, and they are classified as wide
bandgap semiconductors and not insulators.

The semiconductors are normally classified as nar-
row bandgap, midlevel bandgap, and wide bandgap.
In Figure 1.1, a qualitative picture of bandgap is given,
which can serve for distinguishing among metals,
semiconductors, and dielectrics.

We see in Figure 1.1 that dielectrics have much larger
bandgaps than semiconductors, whereas metals have no
bandgap at all. In fact, the two bands merge in metals
causing an overlapped region, where electrons are shared
by the two bands. We also find in this figure that besides
the bandgap, there is another parameter labeled as Fermi
level, which lies between the upper (conduction band)
and lower (valence band) energy bands. It is defined as
the sum of the potential energy and kinetic energy. For
convenience, for example, in discussing the semiconduc-
tor properties, the potential energy is set at zero corre-
sponding to the bottom of the valence band.

It is important to know that all solids have Fermi
energy, and its location with respect to the bandgap

is commonly referred to as Fermi level. We can now
summarize that

Eg,dielectric ≫ Eg,semiconductor ≫ Eg,metal (1.6)

In Table 1.2, values for the bandgap for some common
semiconductor materials is given at 300 K.

1.2.3 Permeability, 𝝐

From Figure 1.1, we can also conclude based on the argu-
ments advanced in the previous section that the large
bandgap of a dielectric material would inhibit the elec-
trical conduction since it would be difficult for electrons
to gain sufficient energy to overcome the bandgap at
room temperature. This is certainly consistent with
our everyday experience that dielectrics are very poor
carriers of electricity. However, one need to remember
that theoretically even the best of dielectric can conduct
electricity when subjected to a large potential difference,
but the magnitude of the resulting current would be so
small as to be of any practical interest.

The defining property of a dielectric material is the
permittivity, which is also known by its other name of
dielectric constant with the universal symbol of 𝜖. All
materials will get polarized when subjected to an electric

Table 1.2 Some semiconductor materials and their bandgap.

Materials Bandgap (eV)

Ge 0.661
Si 1.12
InSb 0.17
InP 1.344
GaAs 1.424

Source: From http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html.
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Figure 1.1 Comparative representation of insulators, semiconductors, and metals on the basis of their energy bandgaps.
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field. We know that the relationship between the electric
displacement (D), and the electric field (E) is given by the
fundamental equation of electromagnetics which states
that

D = 𝜖0E + P (1.7)

where 𝜖0 is the permittivity of vacuum with the value of
8.85× 10−12 F m−1 and P the electric field-induced polar-
ization. At low electric field, the product 𝜖0E is a very
small number, and therefore, we can approximate D≈P.
Therefore, for low electric fields, Eq. (1.7) takes the form
of Eq. (1.8).

P ≈ 𝜖r𝜖0E (1.8)

The parameter 𝜖r is the relative dielectric constant that
is a unitless quantity and is equal to 𝜖 ⋅ 𝜖−1

0 , where 𝜖 is
the permittivity of the material. The permittivity is spe-
cific to a material similar to the electrical conductivity.
Therefore, we can also use this parameter to distinguish
between the three types of solids as shown in the rela-
tionship in Eq. (1.9).

𝜖r,dielectric ≫ 𝜖r,semiconductor ≫ 𝜖r,metal (1.9)

In Table 1.3, a list of relative dielectric constant (𝜖r) for
selected materials is presented.

1.3 Fundamental Nature of Electrical
Conductivity

We defined in Eq. (1.4) the electric current, I. This deriva-
tion was based on geometrical considerations of a sample
of finite size and length. The question now arises what
causes the onset of current and how do we understand its
true nature. To accomplish this goal, we need to consider
that the current is generated when electrons move from
one point to another under the influence of an applied
electric field. Such a movement will obviously involve a
velocity and mobility.

Table 1.3 Dielectric constant of some selected materials.

Materials Dielectric constant, 𝝐r

Vacuum 1
Air 1.00059
Mica 3–6
Polyvinyl chloride 3.18
Germanium (Ge) 16
Strontium titanate (SrTiO3) 310
Titanium dioxide (TiO2) 173

Source: From http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html.

We can easily visualize a picture in which a traveling
electron will encounter thermally generated phonons in
a crystal lattice and then will acquire an average velocity
that is also called the drift velocity, vd. But what are
phonons and where do they come from? It is quantum
mechanical concept and refers to the unit of vibrational
energy originating from the oscillations of atoms within
a crystal lattice. The atomic oscillations increase with
increasing temperature resulting in larger number of
thermally generated phonons. Phonons are the coun-
terpart of photons and both being quantum mechanical
concepts. They are the two main types of elementary
particles associated with solids.

The magnitude of the drift velocity will be propor-
tional to the applied electric field. The coefficient of
proportionality is called the electron mobility (𝜇e).
Alternatively, it can also be defined with the help of the
following equation:

𝜇e =
(Δvd

ΔE

)
(1.10)

The electron mobility is a very important property and
plays a vital role in designing a transistor. Materials with
larger values of mobility are desired because that trans-
lates to faster transistors. We will discuss this parameter
again in Chapter 7. Its unit is m2 V−1 s−1.

We can easily visualize that electrical conductivity (𝜎e)
and electron mobility (𝜇e) to be related somehow. We
can in fact find this relationship simply by assuming that
there are n number of electrons involved and their trans-
port from one point to another is facilitated by the onset
of mobility (𝜇e) and the applied electric field (E) such that

𝜎e = ne𝜇e (1.11)

where e is obviously the electronic charge. Equation (1.11)
is the standard expression and gains a special importance
while dealing with semiconductor materials where the
conductivity is the sum of the contributions made by
electrons and holes. This is discussed also in Chapter 7.

1.4 Temperature Dependence
of Electrical Conductivity

Resistivity of solids is highly temperature-dependent.
Strong thermal dependence of resistivity is exhibited by
metals and semiconductors. However, their trends are
opposite to each other. They are displayed in Figure 1.2.
We can see here that metal resistivity first remains con-
stant in the low temperature regime until a temperature
is reached above which it starts increasing rapidly as the
temperature increases. At high temperature regime, it
follows approximately a linear relationship with tem-
perature yielding a positive temperature coefficient of

http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html
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resistivity
(

Δ𝜌
ΔT

= 𝜂

)
. The semiconductor resistivity, on

the other hand, increases rapidly with decreasing tem-
perature following an exponential thermal dependence.
At sufficiently low temperatures, all semiconductors
become good insulators. At higher temperatures, its
resistivity decreases at a vastly reduced rate such that
the change is almost monotonous. Resistivity of a
typical insulator follows qualitatively the same temper-
ature dependence as semiconductors. Obviously, the
resistivity of an insulator is much greater than that of
semiconductors as can be concluded from Figure 1.1.

In Figure 1.2, we have included the temperature depen-
dence of resistivity also for a superconductor simply to
demonstrate the distinction one can make between met-
als, semiconductors, and superconductors based on the
behavior of their electrical resistivity with temperature.
In superconductors, the resistivity goes through a phase
change at a critical temperature, called the superconduct-
ing transition point below which a normal metal becomes
superconducting. Its resistance vanishes and the material
acquires infinite conductivity and remains in the super-
conducting state so long as temperature remains below
the transition point. Above the critical temperature, it
loses its superconducting nature and behaves like a nor-
mal metal. The thermal behavior of solids, as shown in
Figure 1.2, can be easily explained on the basis of physics
as describe below.

1.4.1 Case of Metals

The thermal behavior of electrical resistivity of metals
can be expressed empirically by Matthiessen’s rule that

Superconductor

Metal

Temperature, T

Residual resistivity, ρ0

R
esistivity, ρ

Semiconductor
(also semi-insulators)

S
uperconducting
transition point

ρ0

Figure 1.2 Temperature dependence of resistivity of metals,
semiconductors, and superconductors.

is given by Eq. (1.12).

𝜌net = 𝜌0 + 𝜌(T) (1.12)

where 𝜌0 the temperature-independent part and
𝜌(T) the temperature-dependent part. The origin of
temperature-independent part of the resistivity lies in
the presence of impurities and imperfections in the
sample. It dominates at low temperatures following
the 𝜌0 ∝T5 law. Below a certain temperature called,
the Debye temperature, it remains constant. Above the
Debye temperature, the resistivity increases linearly
with temperature obeying the 𝜌≈ 𝜂T relationship. The
temperature-dependent part is due to the thermal vibra-
tions of the lattice. At high temperatures, more and more
phonons are excited impacting the thermal behavior of
resistivity. The knowledge of the thermal dependence
of metal resistivity above room temperature gives us
the value of the temperature coefficient, 𝜂, which has
important practical applications in temperature mea-
suring devices such as thermocouples and thermistors.
We can easily determine its value by measuring the
resistance at some well-defined temperatures. Let us say
that at temperature T0, the resistance is R0, and it is R
at temperature T , which is greater than temperature T0.
Then 𝜂 can be expressed as in Eq. (1.13) (Table 1.4).

𝜂 =
(R − R0)

R (T − T0)
=
(ΔR
ΔT

)
⋅

1
R

(1.13)

1.4.2 Case of Semiconductors

For intrinsic semiconductor, the conduction can only
take place when electrons closest to the surface of the
bandgap acquire sufficient energy to escape the bandgap
and reach the conduction band. The temperature
dependence of the resistivity (𝜌) is given by Eq.(1.14).

𝜌 = 𝜌0 exp
(
−

Eg

2kBT

)
(1.14)

Table 1.4 Temperature coefficient of resistivity (𝜂) of some
common metals.

Metals 𝜼 × 10−3 (per ∘C)

Silver, Ag 3.8
Copper, Cu 3.9
Gold, Au 3.4
Aluminum, Al 4.3
Iron, Fe 6.5
Tungsten, W 4.5
Platinum, Pt 3.92

Nichrome is an alloy of Ni and Cr.
Source: From http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html.

http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html
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Figure 1.3 Frequency dependence of real and imaginary parts of dielectric constant. The polarizations with respect to real part of
permittivity are shown as Pd for dipolar polarization, Pi for ionic polarization, and Pe for electronic polarization, respectively.

In Eq (1.14), 𝜌0 is the temperature-independent part of
the resistivity, Eg the bandgap, and kB the Boltzmann
constant. Equation (1.14) tells us that the resistivity of a
semiconductor material increases exponentially as the
temperature decreases. This can be seen from Figure 1.2
as well.

1.4.3 Frequency Spectrum of Permittivity
(or Dielectric Constant)

So far we have paid more attention to metals and semi-
conductor, while discussing the nature of electrical
conductivity. Let us now consider the case of an insula-
tor. We may recall that even a standard semiconductor
material can become a good insulator when cooled to
very low temperatures. The electrical conductivity is
of no special interest while discussing the nature of
insulators. It is the dielectric constant, or polarizability,
that is of greater interest for understanding the dielectric
nature of electroceramics. Comparatively speaking,
electroceramics show much higher permittivity than
semiconductors. Equation (1.7) gives us an expression
for the displacement (D) when an insulator is subjected
to an external electric field (E). Permittivity is strongly
dependent upon the frequency of the applied electric
field. Permittivity measured at any frequency (𝜔) consists
of real and imaginary components as shown in Eq. (1.15).

𝜖(𝜔) = 𝜖′(𝜔) + j𝜖′′(𝜔) (1.15)

Here 𝜖(𝜔) is the measured permittivity at frequency
(𝜔), 𝜖′(𝜔), the real part and 𝜖′′(𝜔) the imaginary part.
The real part is related to the stored electrical energy
of the medium such as a capacitor, and imaginary part
is related to the dissipation of the energy which is also

called the energy lost. The ratio between the two com-
ponents defines the loss tangent. Loss tangent is also
referred to as tan 𝛿 and is a measure of the efficiency
of a capacitor device. Taking into consideration the loss
angle, 𝛿, Eq. (1.15) can also be expressed as in Eq. (1.16).

𝜖 = P
E
(cos 𝛿 + isin 𝛿) (1.16)

There are three types of permittivity that are dipo-
lar, atomic, and electronic. Their presence is distinctly
noticeable when 𝜔 changes from low frequencies to
optical frequencies covering the frequency spectrum of
microwave, infrared, visible, and then finally ultra-violet
as shown in Figure 1.3.1 The dipolar part dominates
between 103 <𝜔< 109 Hz and ceases to exist once the
microwave range (≈1011− 13 Hz) sets in. Then the ionic
polarization begins and it persists for approximately
1012 <𝜔< 1013 Hz. The electronic polarization is the
only polarization that prevails in the optical regime
of 1014 <𝜔< 1017 Hz. Notice that both the ionic and
electronic components go through a resonance that
occurs approximately at 𝜔≈ 1012 Hz and at 𝜔≈ 1015 Hz,
respectively. Comparatively speaking, dipolar polariza-
tion, Pd, is much larger than the ionic polarization, Pi, or
electronic polarization, Pe.

We find a strong resonance of ionic polarization in
the infrared (IR) regime covering the frequency range
between 300 GHz and 430 THz (equivalent wave lengths
being 700–106 nm). The imaginary dielectric constant,
𝜖′′ also undergoes pronounced resonances at frequencies
corresponding to the resonances of the real part of three
types of polarization. We furthermore notice that the

1 https://en.wikipedia.org/wiki/Permittivity

https://en.wikipedia.org/wiki/Permittivity
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imaginary part decreases with increasing frequency and
the largest change occurs in the dipolar region. What
actually causes the onset of these polarizations? We shall
discuss this now.

The dipolar polarization that is also known as orien-
tation polarization is randomly oriented dipoles in the
absence of an electric field. However, when an external
electric field is applied, these dipoles orient themselves
in the direction of the field. At frequencies (𝜔) below
1011 Hz the applied field can induce periodic rotation.
At moderately high fields, the rotations become rapid
and energy is absorbed as heat. This is the basis for
microwave heating. As can be seen from Figure 1.3,
this polarization dominates in the frequency domain
covering 0<𝜔 < 1011 Hz.

At moderately high frequencies, molecules may not
rotate because the high energy that is absorbed results
in the emergence of the resonance peaks. On the appli-
cation of electric field with frequencies in the microwave
domain (1011 <𝜔< 1013 Hz), small displacements of ions
from their equilibrium positions can result. As a con-
sequence, a net dipole moment can be induced. These
dipoles will absorb energy that like in the previous case
will give rise to resonance. Such a response is mostly
present in the infrared region. The electronic polariza-
tion, on the other hand, sets in at the optical frequencies
with 𝜔> 1014. The dipolar and ionic polarizations are
negligible at optical frequencies because of the inertia of
molecules to respond to optical frequencies. At optical
frequencies, the square of the refractive index, n, equals
the value of the relative dielectric with good accuracy.
Some examples are given in Table 1.5.

Then there is another type of polarization that occurs
only in heterogeneous materials such as in a ceramic
where grain boundaries are present or at the interface
such as material–metallic electrode interface. Its origin
lies in the limited movements of charges under the influ-
ence of an applied electric field at very low frequencies.
Charges accumulate at the grain boundaries or at the
interfaces giving rise to interfacial polarization. This
effect has no fundamental value but is of considerable
importance to electronic technology.

Table 1.5 Comparison of refraction index and permittivity for
some materials.

Materials 𝝐r n2 Comments

Diamond, C 5.7 5.85 Electronic
Germanium, Ge 16 16.73 Electronic
Sodium chloride, NaCl 5.9 2.37 Electronic and ionic
Water, H2O 80 1.77 Electronic, ionic

and dipolar

1.5 Essential Elements of Quantum
Mechanics

We are well familiar with the fact that quantum mechan-
ics is a powerful branch of physics that provides us
with the requisite tools for understanding the physical
phenomenon that cannot be adequately described by
classical physics. Since its emergence in the early twen-
tieth century, it has dominated the field of solid-state
sciences of which electroceramics is a part. In this
section, we will try to appreciate the essential concepts
that form the pillars of quantum mechanics leading
to a better understanding of the physical properties of
electroceramic materials. Of particular interest are the
concepts of Planck’s radiation law, Einstein’s photoelec-
tric effect, Bohr’s theory of the hydrogen atom, de Broglie
principle of duality of matter and waves, Schrödinger’s
equations, Heisenberg’s uncertainty principle, and the
quantum mechanical interpretation of the periodic table
of elements.

1.5.1 Planck’ Radiation Law

Until 1900, classical physics could explain satisfactorily
most of the physical phenomena observed. However,
a time came when it was not possible to explain some
of experimental results using the concepts of classical
physics. One of them was the true nature of emitted radi-
ation from a black body. Ideally, a black body is a perfect
radiator and an absorber of energy at all electromagnetic
wavelengths. Energy is considered to be continuous
according to classical physics. However, physicists at
the time failed to explain black body radiation using
the concepts of classical physics. In 1901, Max Planck
of Germany took a bold step and postulated that light
energy is not continuous, but rather it exists in discrete
packets which he called quanta. The emitted energy (E)
is proportional to the frequency of emitted radiation (𝜈).

E = nh𝜈 (1.17)

where n = 1, 2, 3, … and h Planck’s constant which is
equal to 6.625× 10−34 J s.

This simple equation tells us that the radiated energy
from a black body can only assume values in integral
steps of h𝜈 with n = 1, 2, 3, … In the vocabulary of
quantum mechanics, such a situation is described as
quantized. That makes radiative energy a quantized
parameter that is one of the cornerstones of quantum
mechanics. The concept of quantization plays a vital role
in quantum mechanics. With this assumption, Planck
was finally able to explain successfully the nature of
radiated energy from a black body. Planck received
Nobel Prize in Physics in 1918 for this very fundamental
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contribution. Equation (1.17) can be written in other
forms as well; one of them being as in Eq. (1.18).

E = nh𝜈 = n h
2𝜋

(2𝜋𝜈) = nℏ𝜔 (1.18)

The symbols ℏ and 𝜔 are reduced Planck’s constant and
angular frequency, respectively. From Eq. (1.18), it fol-
lows that the photon energy, Eph, between any two suc-
cessive quantum number is given by

Eph = nh𝜈 − (n − 1)h𝜈 = ℏ𝜔 (1.19)

It is interesting that neither Planck nor Einstein later, in
explaining the photoelectric effect, used the word photon
in place of light quanta. It was Gilbert N. Lewis, an Amer-
ican Physical Chemist, coined the word photon in 1926
to describe light quanta. Ever since, this word has been
in use universally to mean light quanta.

1.5.2 Photoelectric Effect

The photoelectric effect was discovered by Heinrich
Hertz of Germany in 1887 while experimenting with
electromagnetic waves whose existence he conclusively
proved. Electromagnetic waves were theoretically pre-
dicted in 1864 by James Clark Maxwell of England in
his celebrated “electromagnetic theory of light.” It was
Heinrich Hertz of Germany who had discovered the
photoelectric effect in 1887 while illuminating metallic
surfaces with ultraviolet light. He noticed during his
experiments, the emission of bursts of sparks. It is the
same Hertz who had also discovered radio waves and
experimentally showed the existence of electromagnetic
waves predicted by Maxwell. Today, in his honor, Hz
(Hertz) is used as the unit for frequency.

The photoelectric effect phenomenon could not be
explained on the basis of classical physics. It offered a
dilemma to the physicist of the time and remained unex-
plained until 1905 when Albert Einstein successfully
explained the effect for which he received the Nobel
Prize in Physics in 1921. It is interesting to note that
though he had earlier developed the “special theory
of relativity” that gained him international stature and
respect, it was his work on the photoelectric effect that
was recognized by the Nobel Committee and not the
celebrated “special theory of relativity.” The photoelec-
tric effect is defined as the emission of electrons or other
charged particles from a material when irradiated by
light of suitable frequency. This effect can be observed
by doing a simple experiment with the setup similar to
the one shown in Figure 1.4.

When a cathode made of a metal is irradiated by pho-
tons (light quanta of Planck) of suitable energy, electrons
are emitted. These electrons are collected at the positively
charged anode resulting in the onset of a photocurrent,

Cathode

Vaccum

Anode

0 <V> 0

– + – + – +

P
hotocurrent, Iph

Iph

Photons

Electrons, e–

A

Figure 1.4 Sketch of experimental set up for photoelectric effect.

Iph. However, the emission can take place only when the
Einstein’s equation of electron emissivity is obeyed which
states that

h𝜈 = Ωmax + W (1.20)

Here Ωmax is the maximum kinetic energy of the emitted
particles and W the work function which is a material
constant. From this equation, we can infer that for pho-
toemission to set in the threshold energy equivalent to W
must be overcome. That is W must be equal to the photon
energy of h𝜈0, where 𝜈0 is the frequency corresponding
to the threshold energy. Then Eq. (1.20) takes the form of
Eq. (1.21).

Ωmax = h(𝜈 − 𝜈0) (1.21)

Equation (1.21) tells us that the maximum kinetic
energy of emitted electrons is directly proportional to
frequency with the slope of the straight-line giving us
the experimental determination of the value of Planck’s
constant, h. This is another important implication of
Einstein’s equation of photoemission. In Figure 1.5,

M-3
Maximum kinetic

energy, Ωmax
(emitted electrons) ΔΩmax

Δv

v1 v2 v3 Frequency, v
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WM-1
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–Ω1

–Ω2

–Ω3

0

Figure 1.5 Kinetic energy of emitted electron vs. frequency for
different metals M-1, M-2, and M-3.



Nature and Types of Solid Materials 9

the maximum kinetic energy as a function of radiation
frequency for three arbitrary metals (M-1, M-2, and
M-3) is plotted. We can easily find that the slope of the
plots gives us the value of the Planck’s constant. The
intercepts on the x-axis gives the values of the threshold
frequencies for the three metals, respectively, which are
labeled as 𝜈1, 𝜈2, and 𝜈3. The intercepts on the negative
side of the y-axis and identified as Ω1, Ω2, and Ω3 are
the potentials that must be applied to stop the photo-
electric effect entirely. It is important to remember that
photoemission is a frequency-dependent function and is
independent of the photo-current, Iph,

When a voltage, V > 0 is applied in the circuit of
Figure 1.4 the photocurrent, Iph, will be amplified and
similarly a negative potential will make it smaller. This
is shown in Figure 1.6. From this figure, we also find
that the photocurrent increases with the increase in the
intensity of light. However, the process of photoemission
itself remains unaffected by the intensity of light.

As the positive potential increases, the photocurrent
is first amplified and keeps on increasing until it begins
to saturate. However, exactly the opposite happens when
the sample is biased with a negative potential. The pho-
tocurrent, as expected, becomes smaller and finally dis-
appears completely when the photoemission stops. This
characteristic negative potential, −V s, is called the “stop-
ping potential.” The work done by an electron in trans-
porting against the “stopping potential” must be equal
to its maximum kinetic energy, Ωmax. Substituting it in
Eq. (1.21), we get Eq. (1.22).

h𝜈 = eVs + W (1.22)

When V approaches the stopping potential, the photo-
emission stops so that for 𝜈 = 0, Vs = −W

e
. In Figure 1.5,

the intercepts along the y-axis at 𝜈 = 0 correspond to
kinetic energies at the stopping potentials which are

Region of saturated
photocurrent

Voltage, V0–Vs

Intensity III

Intensity II

Intensity I

Photocurrent,
Iph

Figure 1.6 Photoelectric current vs. voltage for three different
intensities of light at constant wavelength.

−Ω1 ≡ WM-1

e
,−Ω2 ≡ WM-2

e
, and − Ω3 ≡ WM-3

e
. This enables

us to determine the work function of a metal accurately
because V can be measured more accurately than the
kinetic energy.

Work function is an important physical parameter
that plays crucial roles in solid-state electronics, field
emission, thermodynamics, and chemical processes.
It is defined as the minimum energy required for an
electron to escape from the surface of a solid to reach the
vacuum level. By convention the energy of the vacuum
level is assigned the value of infinity. Its experimentally
determined values vary from one technique to another
depending upon the method used. We present its value
for some selected group of metals which are commonly
used in electronics. A list is presented in Table 1.6. There
are many good applications based on the photoelectric
effect. Some of them are night vision devices, image
sensors, and photomultipliers.

Exercise 1.1
In a photoelectric effect experiment, a polished surface of
Ca with work function of 2.9 eV is radiated with the ultra-
violet (UV) radiation having the wavelength of 250 nm.
What is the velocity of the emitted electrons?

Solution
We have from Eq. (1.20)Ωmax = h𝜈 − W = ch

𝜆
− W . Here,

Ωmax is the maximum kinetic energy of the emitted elec-
tron, c = velocity of light = 3× 108 m s−1, h = Planck’s
constant = 6.63× 10−34 J s, W the work function of
Ca = 2.9 eV. Substituting these values in Eq. (1.20)
we get

Ωmax =
(

3 × 108 × 6.63 × 10−34

1.60 × 10−19 × 250 × 10−9

)
− 2.9 = 2.1 eV

Now, Ωmax =
1
2
me(vm)2 where me = 9.1× 10−31 kg.

Table 1.6 Work function of some commonly used metals.

Metal Work function, W (eV) Average value (eV)

Silver, Ag 4.26–4.74 4.50
Aluminum, Al 4.06–4.26 4.16
Gold, Au 5.1–5.47 5.29
Copper, Cu 4.53–5.10 4.82
Platinum, Pt 5.12–5.93 5.53
Palladium, Pd 5.22–5.6 5.41
Iron, Fe 4.67–4.81 4.74

Source: https://en.wikipedia.org/wiki/Work_function. Licensed under
CC BY 3.0.

https://en.wikipedia.org/wiki/Work_function
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Substituting this for Ωmax, we get the maximum veloc-
ity, vm, for emitted electron to be

vm =

√
2Ωm

me
= 8.6 × 105 m s−1

1.5.3 Bohr’s Theory of Hydrogen Atom

In 1911, Lord (Ernest) Rutherford of England (originally,
from New Zealand; Nobel Prize in Chemistry in 1909)
proposed a model for an atom in which he compared
an atom to an ultra-miniaturized prototype of our solar
system. According to this model, an atom consists of a
nucleus that is surrounded by a number of orbits. The
entire mass of the atom is densely packed at the core of
the nucleus that consists of many subatomic particles of
which neutrons and protons are just two examples. Pro-
ton is positively charged, whereas neutron is electrically
neutral. Both of them are of approximately equal mass,
and each is roughly 1840 times heavier than an electron
with the mass of 9.1× 10−34 kg. The atomic number, Z,
of an element is equal to the number of protons residing
at the nucleus. A very strong Colombian force between
the proton and the electron holds the atom together and
gives stability to the structure.

Niels Henrik David Bohr, a Danish physicist, used
Rutherford’s model of atomic structure to develop his
celebrated theory of the hydrogen atom for which he
received the Nobel Prize in Physics in 1922. This theory
is also considered to be one of the pillars of quantum
mechanics. In the field of optical spectroscopy, it was
well known that the wavelengths of hydrogen spectrum
obeyed an empirical relationship as given in the following
equation.

1
𝜆
= R

(
1
n2

i
− 1

n2
f

)
(1.23)

where 𝜆 is the wavelength of light, R the Rydberg constant
that is equal to 1.097× 107 m−1, ni and nf are integers
associated with specific spectral series. For example,
when nf = 2, then ni = 3, 4, 5, …, then the spectral series
is called the Balmer series. The next series is called the
Paschen series with nf = 3 followed by the Lyman series
with nf = 4. There are many more spectral series for
hydrogen atom (Z = 1), and we need not account for
all of them. It is possible that the integer ni can assume
the value of infinity. We would agree that this type of
empirical explanation does not offer a sound scientific
reasoning. Obviously, it was beyond the capacity of
classical physics to come forward with a sound scientific
theory to explain the experimental results found by spec-
troscopists of the time. This must have inspired Bohr to
look at this problem from a completely different angle,

and for this, he made use of the concept of quantized
photon energy proposed earlier by Planck. Bohr made
three assumptions:

Assumption 1: The electrons can traverse around the
orbits but without emitting or absorbing any radia-
tion. The order of orbits in an atom, beginning with
the first orbit nearest the nucleus, follow the ascending
order of the principal quantum number, n, which can
only have only the integral values of 1, 2, 3, …

Assumption 2: The electrons can transit from one orbit to
another. Because the energy of each orbit is different,
during the process of transition, the electrons can
either absorb or emit radiation in order to satisfy the
law of conservation of energy. In either case, Planck’s
radiation law must prevail, and as such the photon
energy must be equal to h𝜈.

Assumption 3: The angular momentum, L, is quantized
and can have only the values equal to integral multiples
of ℏ. This was his boldest assumption and has the same
importance as Planck’s quantized energy. Quantized L
is called the orbital quantum number.

Mathematically, we can express the third assumption
in the form of Eq. (1.24).

Ln = mern
2𝜔n = nh

2π
= nℏ (1.24)

where me is the electron mass, rn the radius of the nth
circular orbit, 𝜔n, its angular velocity and ℏ =

(
h

2π

)
.

It follows from Eq. (1.24) that 𝜔n = nℏ
mer2

n
. That gives us

rn =
(

nℏ
me𝜔n

) 1
2 . Using this relationship, Bohr accurately

calculated the radii of the orbits and their respective
angular momenta for different spectral series, and these
calculations were found to be in agreement with exper-
imentally determined values. In Figure 1.7, the Bohr’s
model of hydrogen atom is shown. Here p+ and e−
represent the positively charged protons and negatively
charged electrons, respectively. It also shows the energy
emitted by the electron when transiting between the
orbits n = 1, 2, 3.

Since the orbits are quantized, its energies must also
be quantized, which would lead to the onset of discrete
spectra. In the emission and absorption processes, pho-
tons are involved whose energy is quantized. Therefore,
the change in energy during the transition from one orbit
to another must satisfy the following condition.

ΔE = h𝜈 = Ef − Ei (1.25)

where Ei and Ef refer to the energies of the initial and final
orbits involved in the transition.

We know that the hydrogen atom is the simplest
element of the periodic table having the atomic num-
ber, Z= 1. Bohr’s elaborate calculation resulted in the


