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“1f you cannot explain it smply, you do not understand it well enough”

Albert Einstein



PREFACE

Is there any reason to read the preface?

You may want to read the preface if you are interested in learning how this book differs from other
existing science educational in publication. Otherwise, you can skip it.

It is no secret that science education in general does not place much emphasisin comprehending
concepts and topics. Students learn mainly by rote memorization and by following procedures
causing the actual understanding of concepts to be often very limited.

Good grades or marks are not necessary an indication how well a student has understood
acourse material.

The process of understanding involves an abstract quality that allows a person to conceive ideas,
visualize, and understand things that one cannot actually see.

Many science concepts in this book are abstract and are generally very difficult to visualize.

| have put great amount of time and effort not only to the content of the text but particularly to huge
number of illustrations included in the book to make it easier a person to understand and visualize
these type of concepts.

One magjor concern regarding science educational textbooks is that core topics and conceptsin
books are seldom throughly explained.

Too frequently the explanation or theory is*hidden” inside of massive amount of text, sometimes
even spread out among several pages or sections. At times the explanation included is mostly in
aform of mathematical derivation.

What encouraged me to write this book was the fact that thereis clearly aneed for thistype of
abook. That is, to explain various fundamental science topics and concepts more clearly and
concisely than istypically donein educational textbooks.

Eureka was not designed to replace any existing textbooks but rather to complement them and to be
used in conjunction with textbooks.

That is the reason why this book contains only examples but no problems.

My background as an educational consultant for over 1t years have allowed me to develop and
refine various visualization and other learning techniques included in the book. My major areas of
academic studies have included astronomy, computer science, electronics, mathematics, and
physics.

The writing style | chose is a conversational, lecture type. Since the main purpose of thisbook isto
explain various science concepts, the lecture type writing styleis far more conducive to learning
that some other amore rigid style.

The style in this book is sometimes wrongly called as “ spoon-feeding”. It istrue, that there are just
few instances in the book that | leave the discovery to readers and not completely answer to

a question. Spoon-feeding promotes rote learning, however, this book does the opposite.

The Eureka enables students to visualize and understand various concepts in such as way that rote
learning is drastically reduced.



Vi

Asyou will see, most of the paragraphsin this book are relatively short. The purpose of thisisto let
aperson to read a small segment of the text at atime and try to understand it before continuing to
the next paragraph.

Also, the questions asked by the “1C-guy” serves the same purpose, that is, to provide additional
breaksin the text.

Chapters are generally written in “reader’s digest version” or in concise and to the point manner.
Afterwards, astudent can refer to the actual textbook for more information. You could think that the
purpose of the Eurekaisto lay asolid foundation to various science topics so that a student is better
able to comprehend the content of his/hers textbook(s).

Although some chapters in this book seem to loaded with mathematics, | have kept the use of math
to the minimum. Because the Eureka is a science educational book, it is sometimes impossible to
explain a concept without aid of mathematics. Although some concepts can be explained without
mathematics, to fully explain many other concepts, can be done only with an inclusion of math.

Although | have painstakingly made sure that information in this book is accurate, | can only hope
that the reviewers of this book have found all the errors including the mental ones.

While reading this book, if you notice any errors or ambiguous statements, please, let me know so
that | can make the appropriate corrections.

Onelast thing. Thisis about the punctuation.

Once you begin reading this book, you may notice that the use of commas and periods does not
seem to be consistent when utilizing mathematics and/ or equations.

In some science educational books, the commais included after every step of a mathematical
solution to a problem or an equation derivation followed by the period.

Other science educational books do not use either commas or periods in those situations mentioned
above.

| have taken sort of middle of the road approach where | have only used a period after an equation
or caculation if it is clearly part of a more comprehensive sentence.

Being from Finland, | have to say that us Finns we really love the use of commas.

Therefore, | may have used commas in the text more liberally in this book than is traditionally done
in books written in English.

The main purpose of using commas s to separate various elements from each other and thus to
make sentences easier to follow and understand. In English, beyond the mandatory punctuation
rules, the style of writing isthe less commas, the better whereasin Finnish, it is the opposite.

My use of commas is somewhat a compromise of the two writing styles.

Harry Pirkola
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INTRODUCTION

At first glance, one would assume that Eurekais written solely for electrical engineering and
electronics students since bulk of the topics are related to the electricity / e ectronics and magne-
tism. However, Eurekais more than that. It is a physics book with emphasisin electricity, electron-
ics, and magnetism. Eureka al so explains many topics in other areas of science such as classical
mechanics, quantum mechanics, chemistry, and optics.

Many of the topicsin this book are explained in terms of physics. In other words, concepts are
explained from a point of view of aphysicist. What this means s that, for example, many funda-
mental concepts in electricity and magnetism are discussed in more detail than are typically donein
electrical and electronics textbooks.

Eureka begins with the topic of electric charges. Electric charges are very important because

they play a centra rolein properties and structures of all matter.

Along with electric charges, the first chapter covers topics from structures of atomsincluding
electron orbitals to chemical bonding and a discussion of the Coulomb’s law.

The subsequent chapters discuss topics such as electric fields, potential energy, electric current, and
resistance. The concept of resistance can be correctly explained only in terms of wave mechanics or
guantum mechanics. Therefore, fundamental ideas of quantum mechanics are introduced already in
the chapter 6.

Although topics in guantum mechanics are often quite abstract, this book iswritten by using aplain
and simple language that requires no background in quantum mechanics.

As amatter of fact, anyone with some high school science background should be able to understand
even the most advanced topics discussed in this book.

The usage of aplain and concise language allows a layperson to comprehend topics that are usually
reserved to students at senior undergraduate levels and at graduate schools.

Asin any comprehensive science educational book, many of the topics and concepts in Eureka are
not new to a“serious’ science student.

Some newer technologies are included in antenna sections 35.4- 35.5 that cover not only

the standard antenna theory and types but also discusses of the fractal antennas including various
fractal antenna designs. Additionally, this chapter has a discussion of the RFID tags that are becom-
ing increasingly popular in many applications such as passports.

Another example is the chapter 36, Memory Devices that also includes discussions of the latest and
future memory technologies. Some of these technol ogies are discussed briefly and some in more
detail. For instance, the basic theory or physics of spin electronic (spintronic) type memory devices
isincluded.

Also, memristors that are part of memristive systems are discussed in this book.

A detailed explanation is given to one of the memristors applications, a crossbar latch, in aform of
ahalf-adder crossbar latch.

Additionally, some topics included seldom appear in science educational books such as watt

bal ance experiment that is explained with conjunction of two better known topics:

the quantum Hall effect and the Josephson effect.

Those are found in the appendix Il as part of the more thorough discussion of the Planck constant.

The content in some chapters are discussed in such a detail that a non-electronics student
does not need to read everything. It is of course left to each student and/or science enthusiast to
decide how much of each chapter he/ she wants to read.



2 ELECTROSTATICS

1

ELECTROSTATICE

1.1 Introduction

How many times have you walked on a carpet and touched a metal
object such as a door knob and got “zapped”
Tiny spark that appears is very hot and can be quite painful.

What is causing the spark?

Before we can answer to that question and to many other related
questions, it is a better to first discuss of some basic properties
of electrostatics.

Electrostatics is physics that deals with attraction and repulsion between electric charges.

We begin the discussion by describing couple of very simple experiments that you have probably
done or seen done before and any conclusions that can be made from each experiment.

In the first experiment, two inflated balloons are hanged from separate strings

as shown in the illustrations.
If only the blue balloon is rubbed with awool cloth.
What do you observe?

The wool cloth and the blue balloon are attracted Wool Cloth {
to each other. @

Also, both balloons are attracted to each other.

S o
If both balloons are rubbed with the wool cloth, C 3
you would see that the balloons are actually repelling P <
each other. They are moving away from each other. S “«—— x

What does this experiment teaches us?

A rubbing action between two different materials, such as rubber balloon and wool cloth, causes
them to attract each other. However, when both balloons are rubbed with awool cloth, the balloons
repel each other.

We can conclude that both balloons and the cloth have acquired a charge.

Also, since the cloth and the balloon are attracted to each other, we can conclude that one object
has a negative charge and the other has a positive charge. Both balloons have the same type of
charge since they repel each other.

What are we talking about when describing an object having a“charge’

Ancient Greeks used to attract light objects by rubbing amber with fur. In today’s terms, amber i<
said to be electrically charged or possess an electric charge.

These terms are derived from Greek word elektron, meaning amber.

Why is a charged blue balloon and an untouched yellow balloon attracted to each other?
This suggests us that the yellow balloon has somehow acquired an opposite charge without any
contact with any other object. How thisis possible, will be discussed later in this chapter.
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The first experiment has taught us that there are two kinds of electric charges: positive charges and
negative charges. Like a magnet with two opposite poles, like charges repel and opposite charges
are attracted to each other.

We also leant that by rubbing two different materials together, both materials acquire an electric
charge with opposite polarities.

Let'stake alook at another similar experiment.
A plastic rod is rubbed with awool cloth. Alternatively, asilk cloth is rubbed with aglass rod.

If therod is slowly brought towards some small Styrofoam pellets,
we observe that a certain distance from the rod, Styrofoam pellets are captured by the rod.

¥
Wool cloth@} i I &
v C ]
Plastic ro i
/_’—booooogoo
Styrofoam
pellets
C O O © [

In other words, Styrofoam pellets are attracted to the plastic and R 4 R At certain distance
they attach themselvesto the rod. 02083 the rod captures pellets.

Once again, it is premature to discuss why uncharged Styrofoam pellets are captured by a charged
plastic rod.

However, what we can learn from this experiment is that there must an attraction force that pulls
pellets towards the rod.

By experimenting, we notice that this force gets stronger as the distance between the rod

and the pellets decreases. At a certain distance from the rod, the pellets begin to straighten.

Asthe distance to the rod gets smaller, the attraction force becomes high enough so that the pellets
leap onto the surface of the rod.

Does rubbing or scuffing cause charges to -
transfer from one object to another?

Yes, it does. However, rubbing one material with another (such as wool cloth and plastic rod) is not
necessary to transfer charges. Simply by bringing those two materials together, will transfer certain
amount of chargesto therod. Thisis called the triboelectric effect.

However, if one materia is coarse (such aswool), then it is not always possible to transfer many
charges to another material by simply touching two objects together.

Coarse material ¢
Contact area /—C/és——\
ARV ARG — Charges . S > Contact area

Coarse material hasrelatively

omall contact area By rubbing and pressing down

the contact areaisincreased

By rubbing objects together, we can increase the overall contact surface area and thus transferring
more charges to the other object (plastic rod in our example).

What are el ectric charges and the force(s) associated with them?
Before we discuss these topics any further, thisis agood place to take alook at a basic structure
of an atom.



4  STRUCTURE OF ATOM

An atom isthe smallest unit of an e ement that retains all the characteristics of that element.

Let’stake alook at illustration below of a composition of an atom.

Atoms are made up of nucleusin the center and electrons that are orbiting the nucleus.
Electrons have an electric charge of -1.

Nucleus is composed of protons and neutrons. Protons and neutrons are each composed of three
elementary particles called quarks.

A proton is made up of two up quarks each having a charge of +2/2 and one down quark having
achargeof -1/3. Thetota electric charge of aprotonis +2/3+2/3-1/3=+1

A neutron is made up of two down quarks each having a charge of - 1/2 and one up quark with
acharge of +2/3. Thetotal electric charge of aneutronis-1/3-1/3+2/3=0.

Atom (Rutherford model)

Mass of proton = 1.6726 x 10” kg
Mass of neutron = 1.6749 x 10% kg
Mass of electron = 9.1094 x 10¥ kg

Up quark Neutron

Down quarks
.11
Charge: -3 73
Proton
Up quarks T

Charge:+2 , +2 @U Total electron electric chargeis-1
? Down quark Total neutron electric chargeis 0
Charge;_% Total proton electric chargeis +1

Atom - Greek word atomos; uncuttable, indivisible

Nucleus - Latin word nux; nucleus, kernel, nut.

Electron - Greek word elektron; amber.

Proton - Greek word proti yli; first constituent of matter.

Neutron - Latinword ne utrum; none of both.

Quark - Murray Gell-Mann assigned the name from the phrase “ Three quarks for Muster Mark!”
from the novel Finnegans Wake by James Joyce (1882 - 1941).

The number of protons and electronsin an atom is the same. So, if agiven element (atom) has 14
protons, it aso has 14 electrons orbiting around the nucleus.

Hence, the net charge of an atom is zero. An atom is electrically neutral.

Virtually al of atom’s massislocated in the nucleus.

Protons and neutrons have roughly the same mass, but the proton’s mass is about 1836 times that of
an electron.
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It isan interesting fact that the magnitude of an electric charge is the same for both proton and
electron. This may seem odd considering the fact that a proton has almost 2000 times the mass of
an electron. Think about this. If the magnitude of charges were dependent on a mass of a particle,
then all atoms would be positively charged due to a huge positive charge in the nucleus.

What would happen to electrons around a nucleus? Would matter consists of only small particles?

The simplest atom is the hydrogen atom. Its nucleus consist of Hydrogen Atom (H)
one proton and no neutrons. Since we know that the number of " Electron
protons equals to number of electrons, we can conclude that there Proton @

can be just one electron about the nucleus (proton).

To draw atom structures to scale is not possible because the diameter of nucleusis so much smaller
(10,000 times smaller) than the diameter of the whole atom.

10 Cm The diameter of atoms ranges from less than 10°cm to more than 5x 10° cm
@ The diameter of atypical nucleusis ~ 10" cm.
100 m
To give you a better picture of relative size of a nucleus
1{\? Icm compared to a diameter of an atom, let’s pretend that @
ucleus

the diameter of anucleusis 1cm. That is about the size of a shirt button. 1 Cm
The diameter of an atom would be 100 m which is about a length of afootball field.

Thistells usthat except avery small and dense nucleus, most of the atom is just empty space.

Asyou have learnt by now, there are two kinds of electric charges: positives and negatives.
In atoms, protons are positively charged and electrons are negatively charged.

Neutrons have no charge. They are electrically neutral. -~ Electron

An electric chargeis the source of the electrical force. Proton

Charged objects exert electrical forces on other charged objects.
The attractive electrical force, in ahydrogen atom, is due to a positive
charge, a proton and a negative charge, an electron.

Chargesexert electrical
forces on each other.

What force causes an electron to orbit around a nucleus
of an atom? Does gravity play an important role?

Electrons and protons exert electrical forces on an each other.

Also, particles exert magnetic forces (discussed in chapter17) on each other. Magnetic forces are due
to magnetic fields that are generated when charges are in motion.

Hence, the combined force is called the electromagnetic force.

It is the electromagnetic attraction between electrons and protons that causes el ectrons to orbit
around a nucleus of an atom.

The electromagnetic force is much larger than the gravitational force between two electrically
charged bodies. So, effects of the gravity can be ignored.

5



6 STATICELECTRICITY

You and I are made up of atoms. Atoms are made up of electrically charged particles (with
exception of neutrons). A neutral atom has the same number of positively charged and negatively
charged particles. Thisis also true with any electrically neutral object. This means that an el ectri-
cally neutral object may have billions of charged particles.

In theory, to give an neutral object a negative charge (-) Adding i

, : e (-), R Negativel
we may either add negative charges or remove positive E.SJ Ch?rgéé bgdy
charges from that object. Neutral body

In reality, we may only either add or remove electrons
from objects. (In some cases adding positive chargesispossible.  Remgying

In semiconductors by process called doping we can add holes .
Electron Postlvely

which are missing e ectrons but act like positive charges.) charged body

Typically, a positively charged object (+) is the one that

has lost some of its electrons. Neutral body

Charges can be transferred from one body to another so that one body has excess of electrons and
the other one deficiency of electrons (negative charges).
The charge "imbalance” between two bodiesis called Satic Electricity.

This charge imbalance causes objects to cling or attract to &= -
each other due to attraction of opposite charges.
PP J =8 A Charge imbalance

Another example of acharge imbalance can take place when

you scuff your shoes on a carpet and then touch a metal object such Electrons
as adoor knob. The spark that develops neutralizes the large

difference in the magnitude of charge between two bodies.

Electrons |leap across the gap from the body with excess of e ectronsto T/
abody with deficiency of electrons or to electrically neutral body.

Air is heated rapidly which a person experiences as heat pain. Charge imbalance

NNNNNNNNN

Which body has excess of electrons and which has deficiency of electrons?

It depends largely on the materials. Some materials donate more readily electrons than the others.
Also, some materials more readily accept electrons than other materials. For example, wool and fur
easily donate electrons whereas a rubber and plastics, silicon, and vinyl readily accept them.

When your shoes pick up charges, it depends on the material of the sole of the shoes and the
material your shoes make contact which polarity of charge your body acquires.

Once an object is charged, does the charge remain
on that object forever? If not, where do charges go?

By experimenting, one can see that the charge do not remain on a body for an extended period.
Let’s assume that an object, such as the plastic rod, is negatively charged. Positive
It has excess (above neutral level) electrons on the surface of the rod. airion
Let’s also assume that the rod is suspended in the air so nothing can touch it. v
Where do the charges go from the rod? Nowhere.

Positiveionsin the surrounding air “neutralize” or attach themselves next to the
excess positive charges on the rod and thus nullifying the total charge on the rod.
[ion - an atom or amolecule that has either lost or gained electron(s)

molecule - asmall number of tightly bound atoms]
Where do these ions come from?




ATOMIC SHELLS, SUBSHELLS AND ORBITALS

Air always contains some positively and negatively charged air ions.

Air ions are formed when a charge particle from radioactive elementsin rocks, in asoil, in building
materials, or from (secondary) cosmic rays from the outer atmosphere collides or is absorbed by a
neutral air (oxygen or a nitrogen) molecule which loses an electron. This positively charged
molecul e attracts mainly water molecules. The molecule combines with around 10 -15 water
molecules and the resulting cluster iscalled a positive air ion. A free electron can attach itself to an
oxygen molecule which also attracts water molecules. This cluster of around 10 water molecul es
and an oxygen molecule is called a negative air ion. Weather conditions influence the number of
positive and negative ions. During heavy rain and thunder, the number of ionsincreases greatly.

1.2 Atomic Shells, Subshells, and Orbitals

To be able to discuss various topics more in detail, we need to take a closer look at structures of
atoms. This discussion involves explaining many topics by combining both classical and some
basic concepts of gquantum mechanics or wave mechanics.

We know that atoms are made up of nucleus and el ectrons around the nucleus.
Shell 4 (N) Electrons are distributed to various levels called shells.

Energy level 4 Shells are identified by the number or its equivalent
letter designation.

Shell 2/(L) :
Energy level 2 The lowest level |_slabeledasnumber 1.
The next level up is number 2, and so on.
Shell 1 (K) The numbers are called principal quantum numbers.

Energy level 1 The equivalent letter designations of principal quantum

EnS:rg')'/ |3e\(/'\é||)s numbersareK, L, M, N, O, P, and Q.

Hence, intermsof shellss K=1,L=2,M =3, ...
There are three other quantum numbers.
Those numbers will be discussed shortly.

Nucleus

@

Individual shells cannot accommodate any number of electrons.
There isalimit how many electrons can occupy each shell.

Thisis determined by the formula2n’, where n isthe principal quantum number.
For instance, the O-shell isequal to n value of five.

Sa, the maximum number of electron allowed in the O-shell is 2-5° = 50.

The lowest shell, the K-shell, can therefore have maximum of two e ectrons.

Electrons can move from one shell to another aslong as there is a vacant space available.
This movement is associated with atom’s ability to absorb and emit (energy) radiation.
This absorbed or emitted energy radiation can be in aform of visible light.

Since the electron movement between shells deals with a change in energy, it is often more conve-
nient to call this movement in terms of a change in energy levels.
Each shell then also corresponds to a certain energy level.

At any time, an electron moves either up or down from its current shell, energy is either released or
absorbed by that electron.

An electron in the K-shell requires more energy to move to the N-shell than an electron in

the L-shell. If an electron moves to a higher shell, then the electron must first absorb energy to
move to that higher level.

When an electron returns to alower energy level (shell), it must release its gained energy.



8 ORBIT vs ORBITAL

Under certain conditions, an electron can gain enough energy to actually

leave an atom and become a free electron. A staircase model

To help you to visualize a concept of energy levels, a staircase Free
model is often used. ’X ) electron
Each step (energy level) can occupy a certain number I

of electrons that can move either up or down along the staircase. %’?l? Energy level 3
Thereisasmaller energy difference between two higher energy @@ | Energy level 2

levels (2 and 3) compared to two lower energy levels (1 and 2). ,

In other words, the stepsin the staircase become smaller Energylevel 1 " qowards higher
the higher energy (shell) an electron occupies, and less energy @ Nudleus energy.

isrequired to move to the next energy level.

Energy isemitted 4

When an electron has absorbed energy to move from its most
stable energy state, called aground state, to a higher energy level,

: Energy'jsabsorbed
the electron is said to be excited and an atom isin excited state. ’

On itsway back to alower level an electron has to emit the same
energy it had absorbed so it can land on alower level it came from.
Depending on the energy levels, this emitted energy can be

in the form of visiblelight.

Energy level
Energy level

Energy level

Orbit vs. Orbital

At this point, it is necessary to explain the difference of two terms.

An electron or bit is used in an outdated Bohr’s model where an electron is moving around
anucleus at a certain orbit or energy level. However, to further explain the properties of atoms, we
need to use the theory of quantum mechanics (wave mechanics). Quantum mechanics uses orbital s
in place of orbits. Orbitals represent energy levels of electrons and their location or distribution in
Space.

Let'stry to clarify what is meant by an electron location or distribution in space.
In wave mechanics, alocation of an electron around the nucleus is often expressed
in aform of electron density distribution.

Sometimes aterm electron cloud is used to describe this distribution.

Electron cloud

What this means is that the actual locations of electrons around nucleus are not known.

We can only calculate the probability that an electron islocated at certain region around the
nucleus. The darker the area (more dense), the greater the probability that an electron islocated in
that region. In theillustration above right, the location of an electron is not known but by looking at
the electron cloud or density distribution, we can say that the probability is higher that an electron
islocated near the nucleus rather than further away.

When drawing geometric shapes of orbitals,

acontour representation is used.

This type of representation depicts a more definite, 3-dimensional,
region within which an electron isfound 90% of the time.

Many orbitals have quite complex geometrical shapes.

Electron density Contour
distribution representation

Note: The electron density distributions and energy levels, thus orbitals, can be described as mathematical
equations. The set of equations are called wave functions, y (not covered in this book).
This meansthat electrons are treated not only as particles but also as waves (more about this in section 6.5).



Note: The energy diagram on the right

isnot that straightforward.

For many elements there is considerable
overlapping of energy levels. For example,
there are some e ements whose 3d subshell is
at higher energy level than 4s subshell.

ATOMIC ORBITALS

Atomic energy diagram including shells and subshells

Energy

""Energy is absorped

Similarly, there are elements that have 4d at NN #i?f Orbi:);lsel I
higher energy than 5s and 5p. SN\ O 1O S-su
Even more elements have 4f subshell at p- %N B for p-subshell

higher energy than 5s, 5p, 5d, 6s, and 6p. ¥ /‘/5 f%g;?ﬂgﬂg}' ol
To correctly illustrate this would have NN

required a different diagram.

Ener'gy‘ is emitted

Subshell | m  #of orbitals kOl 1ls
S 0 0 1 2
p 1 -1,0,1 3 6
d 2 2,-1,0,1,2 5 10 @ ........... 2 2€6e. .. 2€.6€10¢..... 2¢ 6€10e14e
f 3 -3-2-1,0123 7 14 K L M N
Nucleus

Take alook at the atomic energy diagram above right. You see that shells also have subshells.
Notice that the number of subshellsin each shell isthe same as the principal quantum number.

The subshells are labeled with letters s, p, d, and f. These | etters corresponds to the second quantum
number, called or bital angular momentum quantum number, | or azimuthal quantum number .
These numbers begin from zero so that for asubshell s, | =0, for asubshell p, | = 1, and so on.

What are azimuthal quantum numbers? They define the shape of the orbital or geometric electron
density distribution.

Below are some geometric shapes of different orbitals of a hydrogen or hydrogenlike atoms that
contain only one electron.

1s 2s 3c .
The 2p orbitals
Electron density 7 z
distributions P, p p
s y y / y 2 | e y
Contour . X . X § X
representations e | ’

Asyou see, al sorbitals are spherically symmetric. The electron density distributions are different.
Whereas in the 1s orbital, the electron density decreases with the increase in distance from
the nucleus, in the 2s and s orbitals, the electron density varies with the distance from the nucleus.

The number of orbitals for each subshell s, p, d, and f is different. A subshell shas only 1 orbital,
asubshell p has 3 orbitals, a subshell d has 5 orbitals, and a subshell f has 7 orbitals.

The 2p subshell hasthen z orbitals as shown above. The electron density is concentrated on two
sides of nucleus or two lobes separated by a node at the nucleus.

Notice that the three orbitals have three different orientations. This brings us to the third quantum

9



10 ATOMIC ORBITALS

number, called the magnetic or orientational quantum number, m..

This number describes the orientation of the orbital in space.

This number may have integral values ranging from | to -I.

Thismeansfor | =0, m is zero. However, for | = 1, m, can have values of -1, 0, or 1.

Note that there isn’t necessary any connection between m, values and for example the orientation of
the three 2p orbitalsin the previous page.

For | =2, m, can have values of -2, -1, 0, 1, or 2. The values represent 5 orbitals of the d subshell.
Below are contour representations of the five 3d orbitals of a hydrogen.

The 3d orbitals

Note: The subscript designations d,, ,d:-y;,

and so on relate to orientation of lobesin

a Cartesian coordinate system.

For example, dy:.y the lobes are orientated
along x - and y-axes.

The orbital d,, lobes are orientated in between
the xz-axis.

The designation of d isan abbreviated version
of alonger designation.

The shapes of four of the five orbitals are the same. However, the fifth orbital, 1abeled d 2 d,
has a different shape. The equivalent electron density distribution for this orbital i<
shown on the right. The contour representation makes the orbital shape to appear
vastly different from others.

All of the five 3d orbitals have the same energy. Thisis called degeneracy, that is,
when there exist two or more distinct states with same energy.

Although all the orbitals shown here are for a hydrogen or hydrogenlike atoms, these shapes are
also approximately correct for more complex atoms with many electrons.

A maximum of two electrons (€) can occupy each orbital.

For example, we already know that shell M has three subshells: 3s, 3p, and 2d.

The 3s has one orbital, 3p has three orbitals, and 2d has five orbitals. If each orbital can have
maximum of two electrons, the maximum number of electronsin M shell is1-2+3-2+5-2=18.
Of course, this number can be determined from 2n* wheren =3 or 2-3*=18.

Anyway, the distribution of electronsis: a 3s subshell can have 2 electrons, a Zp subshell can have
3-2=6 electrons, and 3d can have 5-2 = 10 electrons.

This does not mean that two electrons aways occupy each orbital and that subshells are full.
These are the maximum number of electrons that each subshell can possible have. We can look at
asimple example of an electron distribution among various orbital of an oxygen atom.



ELECTRON DISTRIBUTION OF AN OXYGEN ATOM

An oxygen atom has 8 electrons. How are all the electrons distributed?
We begin at the lowest energy level which isK shell or 1s. It can have 2 electrons leaving us 6
electrons. The next energy level is 2s and thislevel can also have 2 electrons leaving 4 electrons.
Finally, the 2p has three orbitals and can have 3-2 = 6 electrons.

Oxygen

How are 4 electrons filled in 2p that has room for 6 electrons? unpaired dlectrons
Each orbital first gets one electron, then the last electron
must occupy an aready occupied orbital. 2 2p

Therefore, 2p has two unpaired electrons as shown on

3 orbitals
theright.
erng orbital

Energy

15

Electron distribution in various
orbitals for an oxygen atom.

What are the arrow symbols inside the orbitals?

Each arrow represents an electron.

Besides orbiting a nucleus, an electron also spins about an axis
which together with electron’s orbital motion generate a magnetic field around it.

An electron and its direction of the spin is often represented by up-arrowst and down-arrowsy or
values of +3 and -3.

The value is our forth quantum number and is called the electron spin quantum number, m..
Paired electrons spin in the opposite directions and unpaired electrons spin in the same direction.

This type of representation is useful to aid in understanding magnetic properties of matter which
will be covered later in this book. Also, electron spin plays avital role in a new type of technology,
called spintronics or spin electronics (section 36.12) which is utilized in today’s magnetic storage
devices.

Why don’t electrons fall into positively charged nucleus?
Also, if Iike charges repel each other, then what force
Reeps protons together in a nucleus?

Generally, electrons cannot fall into alower energy than itslowest alowed
energy level, the K-shell.

.....
~

However, there are situations where it is possible electrons
to end up inside the K-shell. & N
For example, a high-speed electron can pass in between the nucleus /

and the K-shell. @ X
K-Shdll

An electron that collides with a nucleus is seldom absorbed by a proton. Nudleus

An electron most likely just scatters off the proton.

Electron absorption by a proton can happen under a very high pressurda star collapsing, for example)
The processis called the inverse beta decay

Extra: When a proton absorbs an el ectron, the result is a creation of a neutron and an dectricaly neutral
elementary particle called electron neutrino. Neutrino has a minuscule but a non-zero mass and is very
difficult to detect. This particle can pass through normal matter virtually undisturbed.

The force that keeps the positive charged protons and the neutral neutrons together in a nucleus of
an atomis called the nuclear force or the strong nuclear force. Typicaly, aterm strong (nuclear)
force isused as the force between quarks that make up the protons and neutrons.

The discussion of thisforce is beyond the cope of this text.
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PERIODIC TABLE OF ELEMENTS

1.3 Periodic Table of Elements

So far we have been discussing of electric charges and how to transfer these charges from one
object to another. These objects have been made of nonconductive materials (insulators) such as
plastic. You aso know about the basic structure of an atom.

Do you understand why certain materials do not easily transmit electric charges and heat energy
whereas other materials have opposite properties? What makes one material an insulator and other
a conductor? Why do atoms get together to form various substances?

For instance, why do two hydrogen atoms get together with one oxygen Water molecule
atom to form a water molecule? O H.O
Why certain materials are brittle and break apart easily and other materials H H °

can be reshaped without breaking?
Before we can answer to those and many other questions, we need to first ook at periodic table of
elements and try to understand how elements are grouped together and what properties they have.

Studying the periodic table may seem arather boring endeavor particularly if chemistry is not one
of your favorite subjects. But if you are a science student or just a science enthusiast, learning about
the periodic table isimportant in order to form a more complete picture of your science discipline.
When we talk about “acomplete picture”, we are referring a person having a broader understanding
of one'sfield of study. There are very few fieldsin science that understanding of basic chemistry
conceptsis not necessary. This field you are studying is no exception.

Thefirst periodic table was invented in 1869 by a Russian chemist Dmitri Mendeleev or
Mendeleyev (1834 - 1907).

He arranged the elements (62 known at the time) in his periodic table in the order of increasing
atomic mass. He observed that similar chemical and physical properties recurred “periodically” in
vertical groupings. Modern periodic table is based on the periodic nature of electron configurations
and elements are listed in the table by the atomic number of an element. (Element is a pure substance
that consists of only the same type of atoms; for example pure silver, pure oxygen, and so on).

Periodic Table of Elements

Active metals

ST ——— Nonmetals ————_
1A 8A
1 2
H 2A 3A 4A 5A  6A 7A | He
3 4 5 6 7 8 9 10
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ELEMENT GROUPS

Today’s periodic table consist of 118 known elements of which 88, 92, or 94 (depending on definition)
elements occur naturally. It should be noted that new elements that are discovered are not found

in nature but are often result of a high-energy collisions between atoms and ions taken place in
particle accelerators. The resulting new element consists of usually just one or two atoms that
disintegrate (decay) very fast, often in less than 1ms (millisecond).

The main tableis divided into 18 columns. These columns are called chemical groups.

18 columns are called chemical groups. oA

2A 3A 4A 5A 6A TA

3B 4B 5B 6B 7B _—8B —_ 1B 2B

The groups are labeled from 1A to 8B. Typically, the groups are labeled by using Roman numerals.
For ssimplicity, thisis not done here. The letters A and B designation is arbitrary.

There may be some common characteristics between the groups that share the same number, but in
general, there is no connection.

Let’slook at some of the groups:

Group 1A iscaled Alkali Metals. Lithium (Li), sodium (Na), and potassium (K) are some of the
elements that belong to this group. The elementsin this group are soft, shiny, and have low density.
The alkali metals are very reactive that is, they readily combine with other elements.

Hydrogen (H) has very littlein common with elementsin group 1A.

It is colorless, odorless, and highly flammable gas.

Group 2A iscaled Alkaline Earth Metals. Beryllium (Be), magnesium (Mg), and calcium (Ca) are
few examples from this group. The elements are harder and more dense than alkaline metals and
have higher melting points. These elements are also reactive but not as much as alkali metals.

Groups 1B to 8B are caled Transition Metals. One of the characteristics of these groupsis that
their properties are much alike. Most of the transition metals conduct well electric charges and hest.
They generally have a high melting point and are quite hard.

Groups 3A to 6A contain properties of both metallic and non-metallic elements. (The dash line
indicates the division between metallic and non-metallic elements.) The names of the groups are
based on the first element of each group such as 3A is Boron Group (B), 4A is Carbon Group (C),
5A is Nitrogen Group (N), and 6A is called Oxygen Group (O), also known as Chal cogens.

Group 7A iscaled Halogens. They aretotally non-metallic with low melting and boiling points.
Halogens readily combine with metals to form salts. For instance, chloride (Cl) and sodium (Na)
from group 1A form together a compound called sodium chlorine (NaCl) which is better known as
ordinary table salt. Some halogens include fluorine (F), chlorine (Cl), bromine (Br), and iodine (1).

Group 8A iscalled Noble Gasses or Inert Gasses. The term inert comes from the fact that these
gasses do not readily combine with any other elements. They are unreactive or inactive whichever
term you prefer to use. Noble gasses are found in small amountsin our atmosphere.

Helium (He), neon (Ne), argon (Ag), krypton (Kr), xenon (Xe), and radon (Rn) are all noble gasses.

13



14 ATOMIC NUMBERS

3B

The two separate groups from the main table are Lanthanoids or Lanthanides and
Actinoids or Actinides.

|+ ceotnoias || G511 57 %0 | o S0 01 [ [ [ 8] (v [£2] 7m0 ][
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The name lanthanoids comes from the element lanthanum (La). This group is aso known as rare
earths. Thisterm is somewhat misleading since most of the elementsin the group are not that rare.
Lanthanides (pure) are silvery metals with high melting points. The chemical and physical proper-

tiesare very similar and they behave aimost identically. Lanthanides are in high demand in
advanced materials that are used in electronic, magnetic, and optical devices.

The name Actinoids comes from the element actinium (Ac).

Most of these elements are not found in nature. Many are produced in nuclear reactions and all
actinoids are radioactive.

All actinides are a'so metals. The most well known actinides are silver-grey metal called pluto-
nium (Pa) and silver lustrous metal called uranium (U).

1.4 Atomic Numbers

All elements are numbered in the periodic table. What are these numbers for?

A number 1 has been assigned for hydrogen (H), helium (He) has a number 2, and so on.

This number is called an atomic number .

Each atom or element has certain number of protonsin its nucleus and recall, in a neutral atom, the
number of protons equal the number of electrons.

Atomic number s show the number of protonsin each element.

Let’'slook at an example.
Some of the group 1B elements include copper (Cu) silver (Ag), and Gold (Au).
Copper has an atomic number of 29. It has 29 protons and 29 el ectrons.

Since silver has an atomic number of 47, it has 47 protons and 47 electrons. 1B

It means that silver is heavier than copper and gold with 79 protons & | Copper (Cu)

and electronsisthe heaviest of these three elements. i

So, the higher the atomic number, the heavier the element. ag | Siver(Ag)
21 Gold (Au)

The weight of an atom depends on the number of protons and neutrons.
Unlike protons, the number of neutrons can vary in a given element.
The different number of neutrons in the same element are called isotopes.

More detailed periodic tables have additional numbers. 27 | Atomic number

Oneis called the atomic weight. Ag Atomic Weidht
Atomic weight isthe average value of all isotopes of that el ement. 107.87 omicivelg
For instance, silver has two isotopes 107 and 109. These numbers are called mass numbers.

The symbol for silver-107 isotopeis 4 Ag or just ' Ag.

Both isotopes can be represented as ““'Ag and ‘*Ag.

Mass number showsthe sum of protons and neutrons of an element.

The number of neutronsis calculated as : # of neutrons = mass number - atomic number.

A lighter 107Ag atom has 107 - 47 = 60 neutrons and
a heavier logAg atom has 109 - 47 = 62 neutrons.
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Optional
What about the silver’s atomic weight (AW) of 107.87? How is the weight calculated and what are its units?
Atomic weight isthe average value of al isotopes while taken into account their relative natural abundances.
Silver-107 has abundance of 51.84% with mass of 106.905. Silver-109 has abundance of 48.16% with mass of
108.905. The average atomic weight is calculated as (51.84%)(106.905) + (48.16%)(108.905) = 55.42 + 52.45 =
107.87 atomic mass unit (amu). Note: When talking about atomic weight, we are actually referring to atomic
mass. Although technically wrong, atomic weight is commonly used. Atomic mass unit comes from
the assignment of an atomic mass of exactly 12 amu to carbon-12 isotope.

(Carbon has two stable isotopes: carbon-12 C and carbon-13 “’C and a radioactive cohort carbon-14 “C that is used to
date or determine ages of organic material. Carbon AW is 12.011 amu)

Counting and weighing one atom at atime is not possible so the counting atoms is done indirectly by weighing
large quantities of atoms or molecules. The unit of massis usualy expressed in grams (g).

It is experimentally shown that in 129 of carbon-12 there are 6.022 x 10” (Avogadro’s number) carbon-12 atoms.
This quantity is called a1 mole or mol. The word mole comes from Latin word moles meaning a mass.

In other words, one mole of anything weighs the sum of its AW and has 6.02 x 10% of that “anything”.

One mole of silver weighs 107.87 g and has 6.022 x 10* Ag atoms. One mole of water H,0 weighs 2(1.008) + 16 =

18.016 g and has 6.022 x 10 H,0 molecules or 2x (6.022 x 10”) hydrogen atoms and 6.022 x 10 oxygen atoms.

_ (V12)(12g-mol’) _ o0 _ 27
Hence, lamu= o 1.661x107g=1.661x 10" kg.

Example1: A pure silver coin weighs 30 g (1.06 ounces). How many silver atoms is the coin made up?
Ag atoms = ((30gAg) / (107.87gAg)) x (6.022 x 10°) = 1.67 x 10 Ag atoms.

Example2; Calculate the mass of 1 billion carbon atoms. Mass = (1 x 10°/6.022x 10°) x (12.011g) = 1.994x 10 g.

Where do the names of all the elements come from?

The names of atoms are derived from many sources. Some elements are

known since prehistoric times. Elements such as copper comes from Latin word
cuprum, silver from Latin word argentum hence the symbol Ag. The name for gold comes from Latin
word aururr and therefore the symbol for gold is Au. Many elements get their names from the main
component of associated mineral. Others got their names based on the chemical and/or physical
properties including color and odor of that element. Names are a so given to elements based on the
region or place where elements was discovered or mined or just named after a particular continent:
americum and europium for example. Names have also given after names of celestial bodies such as
uranium or names of mythological figures, and even scientists have elements named after them such as
einsteinium and copernicium.
The symbols for elements are most often straightforward except those that have Latin origin.
Typically, asymbol is either just first |etter of the element or one additional |etter to distinguish that
from an element that has the same first letter. Some elements have two common names. Potassium is
used in English speaking countries but in many parts of the world potassium in known as kalium thus
the symbol K. Sodium is another element that is also known as natrium thus the symbol Na.

Why are certain elements grouped together?

Let’sfirst look at some group 1B elements and their grouping.

It makes sense to group copper, silver,
Copper (Cu)  and gold together. All of them are
metals with characteristics of luster.
They are malleable and ductile.
Gold (Au) Metals are also excellent conductors of
electric charges and transfer of heat.

Silver (Ag)
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Why are for instance group’s 3A first two elements boron (B) and aluminum (Al) grouped together?
What properties do they have? Do they have anything in common?

Both are never found free in nature.
Boron has less metallic characteristics than
aluminum. Unlike aluminum, boronisa
Aluminum (Al) poor conductor of electric chargesin aroom
temperature. Impure boron is a brownish-
black powder. Boron is used as an antiseptic
(boric acid), used in textile industry, making insulating fiber glass, making glass, used in pyrotech-
nics, and possess optical characteristics. Aluminum is strong and light and can be formed, cast, and
machined and is used in many industries including car and aircraft manufacturing.

Boron (B)

EdF:

Although it seems that these two elements have very little in common, the elements actually have
quite similar properties. Why isthat? It is because the properties of an element are determined
by the electron arrangement of its outermost electron shell which is called the valence shell.
The electrons in that shell are called valence electrons. It isthose electrons that take part in chemi-
cal bonding (i.e., why atoms get together to form various substances)

2

2n

Let's first review the electron arrangementsin various shells. ~Max# of electrons--> 32 ,
Asyou may recall, the maximum number of electronsin each Max # of electrons——> 18

shell is based on formula 2n*where n is the integer number Max # of electrons.> 8 3

carresponding to shell lettersK, L, M, N, ... L 2

1

For instance, the M-shell (n=3) can have maximum of
2 x (3°) = 18 electrons.

K Max # of electrons--> 2

Boron (B) has an atomic number of 5. Boron  Aluminum - Aluminum’s (Al) atomic number is 13.

It hastherefore 5 electronsintotal. .= = TheshellsK and L are completely filled.
e

The K-shell requires 2 electrons. QK/ R \K\j\? i That leaves 3 electrons in the M-shell.

Thisleaves 3 electronsin the L-shell. - .L.*" \cﬁf/ For aluminum the valence shell isM.

For boron the valence shell isL.

Due to an arrangement of atomsin the periodic table, it is not necessary to mathematically figure
out the number of electronsin avaence shell for many of the atoms. Some of the atomic group

numbers correspond to the number of electronsin avaence 1A 8A
shell. The group number is the number of valence electrons 2 R
for the following groups. akaline metals (1A and 2A), —53—1828

nonmetals (3A, 4A, 5A, 6A, 7A, 8A), and transition metal

groups 1B and 2B . For example, boron and aluminum belong to group 3A and both have 3 elec-
tronsin their respective valence shells.

The remaining groups numbers do not correspond to the number of valence electrons.

Transition metals are much alike and the number of valence electronsin given group is either one
or two. Both lanthanides and actinoids have two valence electrons.

The horizontal rows are called periods, thus the name periodic

table. Therows arelabeled 1, 2, 3... or (K, L, M, N, ...) which L H|
are, asyou probably figured out, the valence shells. H
For instance, boron is located in the second (from the top) row o
and the corresponding shell isL. Aluminumislocated inthe  §

third row and its 3 valence e ectrons are in the M-shell.
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o
>

Look at the group numbers. What is the highest number
you see? The correct answer is of course eight. What is
significant about number eight? It tells us that the S\ e o [ 8
maximum number of electronsin an atom’s valence shell

canonly be eight. Let'slook at group 8A. Recall that

elementsin that group are noble gasses or inert gasses.

These gasses do not easily combine with other elements and thus are quite inactive.
Everyone, except helium (H), in that group have eight electronsin their outermost shell (valence
shell). Helium has two electrons.

So, why do atoms get together to form substances?

1.5 Introduction to Chemical Bonding

=11 Py | |

Group 8A elements have very stable electron arrangements and the chemical inertness of this
group is quite desirable.

Elements in other groups combine (get together) so that they themselves have eight valence elec-
trons. Thisis called the octet rule (octet meaning group of eight). Obtaining an electron arrangement
of anaoble gas atom is done by either sharing, losing, or gaining electrons.

If aneutral atom either loses or gains electron(s)s, the resulting charged particleis called anion
(lonin Greek means “goer”). Note: A molecule with net chargeis called a polyatomic ion. (poly- = many)

When a hydrogen atom loses its only electron, y° electron
the resulting positively charged particleis called
a“hydrogen ion”. (Note: In this case the resulting ion

ST : s Ht
consists only of aproton and the ion is actually called a proton). pro‘-",” ® _ @

L proton

A positiveion isalso called an anion (Anionin Greek means “upgoer”).

The symbol for protonisH " When an atom loses electrons, the number of electronsit losesis
written in superscript integer before the + sign as: Fe2+, Fe3+, Sn4+,

When an atom gains electrons, it then becomes a negatively charged particle called a negative ion.
A negative ion is also called a cation (Cation in Greek means “downgoer”).

. : R n- . - 2 3 .
The number of electrons, it has gained, iswrittenas X ; for instance, F,O ,N , C4’, ...wherenis
the number of electrons gained.

Let'slook at an example of sharing electrons.

Since group 8A helium (He) has two valence e ectrons, a hydrogen atom needs only to gain one
electron to have a stable helium electron configuration. A good way to accomplish thisisto have
two hydrogen atoms share one electron each.

Shared electrons

The sharing of electrons are shown by
using an electron density distribution
asillustrated on the | eft.

Hyﬂrogen Hydrogen Hyd ogen -

atom (H) atom (H) molecule (H,)
In thisillustration, a positive nucleus (proton) isin the middle of an atom surrounded by an “elec-
tron cloud”. The darker the area (more dense), the higher the probability to find an electron in that
region. If you think about it, it will make sense. It isin the darker areas, the closest to the nucleus
and in between the nuclel (in aH, molecule), where one would expect to find an electron(s).

17
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LEWISSTRUCTURES

What force Reeps atoms together?

It isthe electromagnetic for ce that causes atomsto maintain bonds.

When two hydrogen atoms are near each other,
the valence electrons are simultaneously attracted to both nuclei.
Mt e':; p+ Thisis called electron-nucleus attractive force.
& This attraction increases with decreasing atom separation.
Theideal distance between atomsis the one that balances the electron
H, attraction to nuclel and the repulsions between nuclei and repulsions
between electrons. Thisis called the equilibrium bond distance
At the equilibrium distance, the electron orbits (energy states) overlap each other.

Sharing electrons between atoms is called the covalent bond.

Sharing electrons in covalent bonds typically take place between nonmetallic elements.
Bond formation is often expressed in symbolic form called electron-dot symbols or more common

name is Lewis symbols or L ewis structures.
Valence electron

Let’slook at some examples. For a hydrogen bond, the Lewis structureis H 'T-l oo H-H.
Lewis structure shows two valence electrons that are shared, and as a practice, the shared electrons
areshown as aline. If two pairs are shared, then two lines are used; three pairs have three lines, etc.

In case of two oxygen atoms combining, we have a situation where each oxygen atom has six
valence electrons and each atom needs two more to have eight electrons (an octet)
0, © O initsvalence shell in order to achieve an electron configuration of neon of arare
gasses group 8A.
The Lewis structure shows al the valence electronsasdots A, | .~ =LA = _ A
and the shared el ectrons (€l ectron pairs) are shown as lines O:+ O e OO 7 O_O
between atoms. Do you see the sharing?

Let’slook at the left oxygen atom (circled) and count the electrons. O
The left oxygen atom has six valence electrons (numbers 1 to 6) and it and L
the right oxygen atom both needed two additional electrons to have an octet. ')

So, the right atom is sharing electrons 7 and 8 with the left oxygen atom.
On the other hand, left oxygen atom is sharing electrons 5 and 6 with the right
oxygen atom so both atoms have eight valence electrons (octet).

oe eu
0® @~

we
~ho

If we combine two hydrogen atoms with one oxygen atom, we have a water molecule
that is well-known by its symbol H,O.

. unshared pairs
Q) Its Lewis structure shows that oxygen has .. s
o 9 two pairs of electrons that are shared and :O:|—| — :01H
~ [ Q

two pairs that are unshared. 5
H shared pair <

Note: Energy is released when atoms are joined during chemical bonding. A molecule must absorb energy if
the bonded atoms are to be separated. The bond energy depends on the nature of the bond.

A single bond is weaker than a double bond and a triple bond is stronger than double bond.

Also, abond distance, a distance between the nuclei of bonded atoms, is related to bond energy.

The shorter the distance between the nuclei, the stronger the chemical bond.
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Note: Not all covalent bonds attain an octet. Some molecul es have odd number of e ectrons, such as NO,
some molecules have less than eight electrons, such as BF,, and some have more than eight valence

shell electrons such as PF,, AsF,, SF,, and PCl..

When two identical atoms bond, the electron pairs are equally shared. This was the case in our
examples when two hydrogen atoms bonded and when two oxygen atoms bonded. However, in the
formation of water molecule where two hydrogen atoms bonded with one oxygen atom, the sharing
was not equal. Some atoms have stronger attraction for electrons than other elements.

To give you a better idea which elements have greater attraction for electrons, let’s look at general
tendencies of various properties of elementsin relation to the periodical table.

The general direction isfrom left to right and from bottom to top (the direction of arrows)
1. Decrease in atomic size

v

2. Increase in ionization energy
- energy required to remove an electron from
a gaseous atom or ion.

3. Increase in electronegativity

- tendency of an atom to attract electronsto itself
5 (noble gases have no attraction for electrons;
group 8A isexcluded.)

4. Increase in electron affinity
- ener gy (enthalpy)change when an electron is absorbed by a gaseous atom or ion.
- the higher negative (energy isreleased) value, the stronger attraction for electrons.
Noble gases have no attraction for additional electronsand energy isrequired to add an electron.

If you think about it, these properties should not come as a surprise. Noble gasesin group 8A are
unreactive, meaning that they do not easily give up electrons. So, the energy to remove them
(ionization energy) is the highest of any group. The group 7A halogens require just one electron to
reach octet, therefore, one would expect those elements to have the highest tendencies
(electronegativity) to attract electrons.

Does atomic size effect how easily an electron can be removed from the atom? You bet it does.
Electrons closest to the nucleus are at the lowest energy level (most stable).

Energy is needed to move electrons from lower energy level to ahigher level. "X ) Removed
It takes less energy to completely remove an electron from a higher I electron
%%%1 Energy level 3

level than from alower level. So, the closer the el ectrons are from

the nucleus, the stronger the nuclear-electron attraction force. Energy level 2
Outer electronsin larger atoms are further away from Nucleus L1 Towards higher
nucleus and thus, the attraction force is weaker. @ Energy level 1 energy.

Theforceisinversely proportional to the square of
the distance between charged particles. If the distance is doubled, then the attraction force is 2° = 4
times weaker. (It is of course same for repulsive forces when like charges repel each other.)

Optional

There is another factor that further weakens the attraction force between
the nucleus and electronsin the outer shells. Negatively charged electrons
in lower levels shield (screen) the positively charged nucleus from
electronsin the higher levels. This effect is called the screening effect.

Screening
Effect

Nucleus @
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IONIC BONDSE

Let’slook at the water molecule and the el ectronegativities of hydrogen and oxygen.

.. Electronegativity is the tendency of an atom to attract electrons to itself.

: O —H The range for electronegativity is between 4.0 high for fluorine and 0.79 low for
| cesium. The value of 2.€ for carbon is used as a reference.
H Oxygen’s electronegativity value is 3.4 and hydrogen'svalue is 2.2.
When there is a difference in electronegativity, the bond is called polar (meaning it

has two poles). A polar moleculeis called adipole. The bigger difference in electronegativity,
the more polar the bond. (Note that the bond between two oxygen atoms is non-polar) negative
Since the oxygen’s electronegativity value was higher than the one of hydragen, " charge
the attraction force for the shared electronsis higher for oxygen. The shared
electrons or more specifically the electron density is pulled away from the hydrogen . T.7<H
atoms towards the oxygen atom. This creates a partial negative charge around ' i

the oxygen and a partial positive charge around the hydrogen atoms. Zhef‘:[fgns*»~~H - et
These kind polar molecules (dipoles) are also called [;'Ipot'e.
electric dipoles and permanent dipoles (dlectric)

Electricfield,
Even an individual atom can be induced to become a dipole.
For instance, when aneutral atomis placed in v ¥
between alarge negative charge and alarge positive _
charge (an electric field), the electrons are attracted . - e +
towards the positive charge and the protons towards _ _
the negative charge. A neutral atom An induced dipole

Thisforces an atom to “ stretch” or elongate and it becomes an induced dipole.
As soon as the charges (field) are removed, the atom resumes its original shape.

1.6 lonic Bonds

Now, we are going to look at a situation where the difference of electronegativity is large.

Electronegativity = -

HH o[
A violent reaction takes place when a sodium (Na) metal and a chlorine (Cl) gas come together to
form a substance called sodium chloride (NaCl) which is better known as ordinary table salt. Due to
alarge difference in the electronegativity, electrons are not shared but rather the valence electronin
asodium atom is completely transferred to a chlorine atom to form a chlorineion and a sodium ion.
(Remember, when an atom either loses or gains electron(s), it iscalled anion.)
Take alook at Lewis structures below. The two ions each have an octet of el ectrons.

Na=s -Cl: — Na*+,»Cl- — Na*+ CI~

D O

Electron istransferred to chlorine Sodiumion Chlorineion

The type of bond where electrons are transferred from one atom to another is called an ionic bond.
Theterm “ionic bond” refersto electrostatic interactions or forces between opposite charged ions.
lonic bonds take place between nonmetallic elements and metallic elements.

A process of gaining electronsis called reduction. Oxidation is a process of losing electrons.
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Non-metallic elements gain electrons and have excess negative charge and hence form negative
ions (anions).

Metals lose electrons and have a positive overall charge and are called positive ions (cations).
An ionic compound forms because it is more stable or lower in energy than its elements.

lons are arranged in such away as to maximize the attraction forces between
ions with opposite charges and to minimize repulsion forces between ions
with like charges. For instance, in NaCl crystal each positively charged
sodium ion is surrounded by six negatively charged chlorine ions and each
chlorineion is surrounded by six sodium atoms. The electrostatic interactions
give sodium chloride a high lattice ener gy and a high melting and boiling

point. (Lattice energy is the energy required to completely break up ionic crystal of 1 mol
of anionic substanceinto ions or visaversa, that is, it is aso the energy given out whenions  Crystal structure
come together to form ionic crystal compose of 1mol of a compound. ) of NaCl

1.7 Metallic Bonds

To this point you have seen two kind of bonds: covalent bonds that deal with electron shearing and
ionic bonds that are based on electrostatic forces between ions. The third kind of bond, we need to
look at, isametallic bond. Thistype of bond has some similarities with both covalent and ionic

bonds. Free electron

Towards higher @ conductionband  Most of the metal atoms have e| ther one or two
energy. v valence electrons. The energy to “ promote’
avalence electron to aeven higher energy level i<
Energy level very small. An electron readily movesto what is called
Energy level aconduction band as afree electron. A free electron is not
bound to its atom and can freely move along the conduction band.
Energy level It isthiskind of freedom that allows metals transmit electric charges.

Note: Theterm “band” is used to describe alarge number of closely spaced (energy) levelsin a material.

Let’slook at the bonding of metal atoms.
Metal ion Free (delocalized) electrons

]

@
8

&S
s

Note: Theseillustrations
are for visualization
purposes only. lons and

< Y 3
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Cubic close-packed
structure :
~.._ Cross-sectional
In metallic bond each atom contributes at |east e Area 7
one electron to the conduction band, and an atom _
becomes a positively charged ion. Metal ions ( () _ [ sdlid
tend to arrange themselves in such away as to Copper wire

minimize any empty space. Thiskind of lattice is called a close-packing arrangement. In case of
copper metal, the copper ions are arranged in cubic close-packed structure. Each copper ionisin
contact with twelve other copper ions. In this kind of arrangement, the valence shells overlap each
other. This causes the conduction band to extend from one ion to al other neighboring ions and
their neighbors. Electronsin the conduction band are free to move throughout the lattice.

These electrons are called delocalized. It means that an electron in not bound to its parent or any
other atom in the structure (lattice).

electrons are NOT to scale.
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The delocalized or free electron flow through metal is often called an electron sea or electron gas.
An electron gas refers to a movement of a gas thorough densely packed particles such as sand.
Electrons move through a metal ion lattice in a sSimilar manner.

How are metal ions bound together if the electrons
are free to move anywhere in the lattice?

If you recall, it isthe electrons in the outermost shell that take part in bonding. In this case, we are
talking about the free (delocalized) electrons. How can afree electron take part in bonding if it is
not bound to its parent or any other ion (atom)? That is the key to metallic bonding. Each positive
ion is attracted to negatively charged electrons and each electron is attracted to ions. Electrons are
then shared with all ions throughout the metal structure and it is those el ectrostatic attractions that
hold the metal |attice together to form metallic bonds.

Thiskind of bonding give metals useful properties. Metals are malleable, which means that they
can be shaped without breaking the bonds. Metals are also ductile, which means that they can be
drawn out into wires.

Thisis possible because ions are not bound together like in covalent and ionic bonds.

. . Metal pipe
If you bend ametal pipe, it does not have to break. D

Instead of breaking metal bonds, some of the
layers of ions dlide with respect to other layers.
Thisdliding of ionsis called the dlip.

Metal ions have moved but they still maintain
bonds with free electrons as before the dlip. One layer of metal ions

We can ook at two reasons why metals are both malleable and ductile. A
Bent pipe

Another factor are dislocations which are defectsor  pigiocation The dislocationis moving
missing ionsin the lattice structure. Inthe areaof @ (missingion(s) ~ © therignt.

defect, other layerstry to compensate and reduce the o%
strain by moving slightly. When ametal pipeis bent,

these dislocations move easily and cause very little

disruption elsewhere in the lattice.

Metals are often made from cast molten liquid.

When molten liquid begin to cool and solidify,
individuals crystals or grains begin to grow and
eventually meet other grains (crystals).

The edges of the grains are called grain boundaries.
Grain boundaries can effectively hinder the movement
of dislocations and can influence many properties

of metal including strength and stiffness.

Grain boundaries play an important role in conduction
of electric Charg$ (DIS')USSQd later inthe text.) Grain (crystal) boundaries
Many electronic devices, particularly integrated circuits (IC's),

are fabricated from single crystal wafers and hence eliminating the “problem” of grain boundaries.




CONDUCTOR VS. INSULATOR

Besides being a good conductor of electric charges, metals are also good conductors of heat.
When heat (energy) is applied to one end of a solid object, Heat transfer >
the atoms (ions) in that region begin to vibrate vigoroudly.
The vibrating atoms then interact with neighboring

atoms (cooler ones) and cause those atoms to vibrate more L )
vigorously. Thisway the heat energy is passed along towards cooler regmn
or conducted from warmer regions to cooler regions.
This type of conduction is same for both metallic and non-metallic solids. So, what makes metal <
better conductors of heat than other solids? The key is in the abundance of free electronsin metals.
In a hotter end of the metal, the vibrating ions cause electrons to gain more energy and they speed
up. Some of the electrons end up in the cooler regions and undergo collisions with various particles.
The energy gained from these collisions make ions vibrate more vigorously. In other words,
electrons carry “kinetic” energy freely in metals and transfer this energy more efficiently to cooler
regions than vibrating ions alone.

1.8 Conductor vslnsulator

We have aready stated that metals are good conductors of electric charges because of the free
electrons that can freely move from one region to another along the conduction band with very
little energy applied.

Insulator materials do not conduct electric charges well because of lack of conduction electrons
or other conduction charges withing the insulator. Let's look at some examples. Plastics are
considered insulators. The Lewis structure of atypical plastic (polyethylene) H

shows the bonds between the carbon and hydrogen atoms. Carbon has four Cl
valence electrons and it needs four more to obtain an octet (eight valence
electrons). Every carbon atom is therefore bonded with two neighboring

carbon atoms and with two hydrogen atoms. The resulting covalent bond Plastic (Polyethylene)
leaves the valence band full. There are no higher energy levels available

for valence electrons to move within the band. The energy band gap between the valence band
and the conduction band is large which virtually eliminates el ectron movement from the valence
band to the conduction band. (More about thisin chapter 25, Semiconductors.)

oL
JoN
SN
T H

When we give a hegative charge to a plastic rod, it should be clear that the excess charges
(electrons) are always located on the outside surface of the plastic and

these electrons cannot move anywhere because the covalent bonds do &&= _ - [
not have any available electrons in valence shell or in the conduction Plastic rod with excess
band to transmit charges. Remember, the excess charges are just tiny negative char ge
fraction of total charges that an object such as plastic rod is made up.

The reason why the rod acquired those excess el ectrons from wool was that polyethylene molecules

have a stronger attraction for electrons than the electron attraction in wool. ‘ Wool has weak
Other materials such as glass, silk, and hair have also weak attraction to ++++ attraction toits
their electrons and quite readily impart electrons to materials with electrons

astronger attraction.

Sodium chloride (NaCl) is an ionic bond that forms when a sodium atom loses one
of its electron to a chlorine atom. This gives both ions an octet and |leaves the
valence band full and alarge energy gap between the valence and the conduction
band, thus making sodium chloride, in crystal (solid) form, an insulator.
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A water molecule is formed when two hydrogen atoms share their electrons with O -H
one oxygen atom. |
Water is also considered to be an insulator.

Why are we warned about dangers of using live
electrical equipment near water if water is an insulator?

To put it Ssmply, only pure water is an insulator. For instance, tap water always contains some ions
and additionally, when you take a bath, your body donates impurities to the water such as salts.
Interesting thing happens when crystal salt (NaCl) is dissolved into water. The salt brakesinto its
components. sodium ion Na" and chlorineion CI'.

Take alook at the illustration on the | eft.

Battery terminals are connected to metal plates (electrodes).
These plates are then submerged into a solution of water

and salt (NaCl).

The plate that is connected to the positive terminal of the battery
has a positive charge. Negatively charged chlorineions are
Water solution attracted to the plate (called anode) and move towardsiit.

Anode Cathode  spdium jons are attracted to the negatively charged plate

(called cathode) and move towardsit.

The movement of Cl" ionsand Na" ionsis called current or more specifically an electric current or
acharge current whichever term you prefer to use.

Thisis agood example where electrons were not the charge carriers.

It isabig misconception that only electrons are responsible for an electric current.

Aswe discussed earlier, a human body isfull of electrical activities but none of those activitiesis
due to an electron current.

Note: Even purewater is not totally a perfect insulator. A process called self-ionization or autoionization
occurs when two water molecules (2H,0) collide and break into a hydroxide (OH’) ion and a hydronium
(H,O") ion. The amount of ionsin pure water due to self-ionization is fractionally small. However, these and
other “defects” play important role in the electrical conduction of ice. Ice is called a protonic semiconduc-
tor because the electric current is carried by protons (H"). The outer layer, quasi-liquid layer, conducts
electricity 100 times better than solid ice due to its abundance of protons. This layer can be used as a heating
element by moving protons (current) through the layer.

Semiconductor materials have characteristics that lie somewhere in between conductors and
insulators. Semiconductors are used in el ectronics industry to make electronics devices and inte-
grated circuits (IC's). The properties of ice, as a semiconductor, can be used in applications such as
deicing power lines, airplane windows, and wings, or reducing friction between skies and snow.
You will learn more about semiconductor materials and applications starting in the chapter 2&.

Superconductor s are materials the conduct electric charges with no resistance and very low losses.
Initially superconductors operated only at very low temperatures but with invention of ceramic
superconductors, the operating temperature has increased considerable. The ultimate goal isto have
superconductors that operate at room temperature. Superconductors are used today in many appli-
cations. Medical industry is using this technology in magnetic resonance imaging (MRI), electron-
icsindustry to manufacture faster digital devices, used in transportation to design high speed trains
that float or “levitate’in the air due to superconducting magnets, used in power transmission lines
to carry energy without energy losses, and to design more efficient generators and energy storage
systems.



CHARGING BY INDUCTION

1.9 Charging by induction

You have learnt how to transfer charges from one insulator to another such as the wool rubbing
against the plastic rod. Let’s see what happens when a charged rod is brought near a conductor such
asameta sphere. When anegatively charged rod is brought near a neutral metal sphere, some of
the free electrons in the sphere are repelled by the rod and move towards the right side of

the sphere. Since the free electrons cannot escape the sphere,

they accumulate onto the right surface of the sphere. Metal Sphere
That leaves the left surface of the sphere with a deficiency of

electrons or a positive charge.

These positive and negative charges are called induced char ges.

If we took the rod far away from the sphere, the accumul ated | nsulator
electrons distribute themselves uniformly in the sphere.
The sphere returns to its original neutral state. Charged
plastic rod
Surface view
2 Conductor
Moist hand A A
L eft side of sphere has

A conductor istouching the sphere a positive char ge Negative charged rod isremoved.

and electronsarerepelled from That leaves a uniform positive

the sphereto the conductor. char ge on the surface of the sphere.

If the charged rod is brought near the sphere and we touch the sphere with a conductor, such as
amoist hand, some free electrons are repelled to the conductor. Once the conductor is removed,
the left surface of the sphere has a positive charge. After the negatively charged rod is removed,
the positive charges distributes themselves uniformly on the surface of the sphere.

Note: When a charged rod is placed near a sphere, only some of the free el ectrons move onto the surface.
Thisis because the induced surface charges (negative and positive) exert forces on the free electrons inside the
sphere. The direction of these forces istowards left (towards the rod). That is, el ectrons on the surface exert
repulsion force and the positive surface charges exert attraction force on free electrons inside the sphere.

The movement of the free el ectrons onto the right surface stops when the repelling force (due to rod) to the
right equals the force (due to induced charges) to the left. Think about this. What would happen to metal

bonds if you could easily “drain” a metal object, such as a sphere, most of its free eectronsjust by driving
free electrons onto surface and repel them to aanother conductor? There would not be enough free electrons

to exert attraction forces on metal ionsto hold metal bonds together.

Another way to demonstrate induction is to use two spheres. When the spheres are touching each
other, you could think that they are just one large sphere that has a positive charge on the | eft
surface and a negative charge on the right surface. Once the spheres are separated and the rod
removed, the left sphere has Right

Left
an uniform positive charge on

the surface and the right sphere > —>

has an uniform negative charge 2 AN

on the surface.

It should be clear that since the rod did not touch the sphere, the rod did not lose any of its negative
charges (electrons).
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INDUCED CHARGESON INSULATORSE

1.10 Induced Chargeson Insulators (Dielectrics)

How is it possible a charged insulator, such as
a plastic rod, to attract uncharged insulators ?

L2244
In other words, if we have a Styrofoam ball suspended from the ceiling
and a negatively charged plastic rod is brought near the Styrofoam 3] '
ball, then why is the uncharged Styrofoam attracted to the rod?
If the Styrofoam had a positive charge, then the attraction force Styrofoam
would be easy to understand. Unlike in conductors where charges Nagativey T
can move, the charges in insulators cannot move or can they? charged rod
Few pages back we talked about permanent dipoles and induced dipoles.
Water molecule was a good example of a permanent dipole. T >
If the insulator material (also called dielectric) & =
% ﬁ Q consists of polar molecules, the dipoles are F >& >
oriented randomly. If acharged object is brought Dipoles oriented in
ﬁ _ _ near these dipoles, the dipoles orient themselves the same direction
Dipolesoriented g4 that positive end of the dipoles are pointing

ramdomly towards the negatively charged object (opposite charges attract).

Induced dipoles align the same way as permanent dipoles when near a charged object.

An induced dipole can be created when a charged object,

such asaplastic rod, is brought near a non-polar atom or molecule @ — @
of aninsulator. The electron density in the molecule moves away Non-polar

from the negatively charged rod and this stretches the molecule and  ,ojecule

it becomes an induced dipole.

Induced dipole

//2//
Inside view

If we wereto look at theinside or cross-sectional view of

the Styrofoam, we could see al dipoles aligned in

the same direction. Thisis called polarization.

Thereis an induced excess charge in the two thin surface layers
indicated by the blue and red colors. These charges are bound to
the molecules near the surface.

From the outside view, the Styrofoam has
an excess negative charge on one surface
and an excess positive charge on the
opposite side. The positive excess
charges are then attracted to the
negatively charged rod and the negative
excess charges on the Styrofoam surface
Outsideview arerepelled away from the rod.

Since the positive charges are physically
closer to the charged rod than the negative charges, the Styrofoam ball experiences a net force
(attraction) towards the rod.

Once the charged rod is removed, the el ectron density of the molecules moves towards left and the
Styrofoam ball returns to its uncharged state.

14//7

Induced positive
surface charge

Induced negative
surface charge




COULOMB’'SLAW

1.11 Coulomb’sL aw

Recall the basic model of a hydrogen atom. The nucleus consists of apositively

charged proton which is attracted to the negatively charged electron. / 9
The two charged particles exert electrical forces on each other. " V4
The forces obey Newton’s third law. In other words, the force that the proton ya Ry
exerts on the electron has the same magnitude as the force the electron exertson F,

the proton but has the opposite direction. This also true if the magnitudes of qlg F=-F,

charges are not equal.
Theforceis avector quantity, it requires both the magnitude and direction.

These forces are inversely proportional to the square of the distance between
particles. If distance is doubled, then the force (attraction or repulsion) is 4 times weaker.

The force between two charged particlesis also directly proportional
to the product of the charges.

The force between two charged particles can be written as

amathematical expression. Thisisknow as Coulomb’slaw. |F =k 19 G|

r.2

Coulomb’slaw is considered as the fundamental equation of electrostatics.

units newtons (N)

kis called aproportionality constant = 8.99 x 10° Nm’C”

The direction of the force is along the line joining the two particles.

The absolute value bars are needed because the magnitude of a vector quantity is always positive.
Should the product g, g, be negative, thisindicates that charges exert attraction forces on each other
since they have opposite signs (one negative and one positive).

The unit of electrical chargeisone coulomb (1C).
The magnitude of charge (electron or proton) ise= 1.602176487 x 10°C or e=1.602x 10°C.

1 coulomb is therefore 6.24 x 10 electrons. For comparison, there are about 1.4 x 10” free electrons

in one cubic inch of copper at room temperature and about 8.5 x 10” free electrons in one cubic
centimeter of copper.

Note: Although two different classes of phenomena, the equation of Coulomb’s law has the same
ml m2

form as the Newton’s law of gravitation F=G
G=6.674x10"N -m’-kg”. r
You have now enough information to make the relative comparison of the magnitudes of both
electrostatic and gravitational forces of a hydrogen atom.
The radius of the hydrogen atom (r = 5.29x 10™ m) is not needed for comparison.
Mass of proton = 1.673x 10* kg and mass of electron = 9.109x 10°'kg.

where G isthe gravitational constant.

8.99 x 10° Nm’C~(1.602 x 10 °C)? >> 6.674 x 10N -m? - kg (1.673x 107 kg) (9.110x 10¥ kg)

I:EL ECT

(electrostatic) 2.31x 10 >> 1.02x 10 (gravitational) or = 2.26x10%

I:GRAV

Electrostatic force is much larger than gravitational force. Fg . >> Feray

27



28 couLOMB'SLAW

Should there be more than one particle exerting force on another particle,
the total force exerting on that particle is the vector sum of individual forces.

Let’slook at an example.

There are four charges: g, islocated 3cm from charge Q, g, is 2cm from Q, and . is4cm from Q.

ql Q q2 q3 Q — +2 X 10_9C
d & @ € G=3x10°C  |p_, Q)
d,= +4x 10°C e
003m  0.02m e 5y 10°C

0.04m
What isthe total force exerted on Q by charges q,, 9,, and g.7

First, we calculate the individual forces exerting on Q.
(8.99x 10°Nm’C?) (3x10°C) (2x10°C)

F= (0.03m)’
Since like charges repel, the force F, is trying to push charge Q to the right (away from q,).

=5.9933x10°N — Right

- - (8.99x 10°Nm’C?) (4x10°C) (2x10°C)
2 (0.02m)°’
Force F, isalso arepelling force and thus charge g, is pushing Q to the left.

=1.798x10°'N <«—— Left

. (8.99x 10°Nm°C?) (5x10°C) (2x10°C)

3 2
(0.04m)
Force F, is an attractive force and is trying to pull Q to the right (towards q.).

=5619x10°N — Right

To calculate the total force, we must add all the forces exerting to the right and subtracting the
forces exerting to the left (or visaversa, you choose the direction).

Total force F,,= F, - F, + F.= 5.99x10°N - 1.79x10"' N + 5.61x10°N = - 6.37x10°N

We chose the right direction as a positive direction.
The minus sign indicates that the total forceon Q is 6.37x10 N to the left.

The Coulomb’s law is often written as |F = Too nlg _lqlrgz

1 —_ 9 2 -2
where Are, - 8.987552x 10 N-m"-C
and the constant ¢,= 8.854188x 10 °C?*-N™-m?. (Discussed in chapter 16 “ Capacitance and Capacitors’)

Note that 8.987552x10° = ¢*- 10" where ¢ = speed of light ~ 3x 10°m/s.



ELECTRIC FIELD

2

ELECTRIC FIELD d,

We have discussed that two charged particles exert electrical =
forces on each other. The force exerting on Q by g, has <« ®—’
the same magnitude as the force exerting on g, by Q but has 0;

an opposite (negative) direction. ) q,
The charge Q is also exerting electrical forces on g, and g.. @
In fact, Q is exerting forces on every charged particle around it. ’
Thisis easier to visualize if we made charges q,, Q,, and Q. ,
so small that the forces they exert are negligible. field Q_ G
We call these kind of chargestest charges (q,’, @,’, and g.’). Q """"" o
So, charge Q isthe only one exerting electrical force in the region. .

Imagine that Q produces an electric field around it and the forces % field
areexertedonq,’, g,’, and g.’ by the field rather than Q directly. o

We say that it isthe electric field, produced by Q, that exerts forces on test chargesq,’, @,’, and q.’.

The strength of the field at a certain point depends only on the charge Q
and its distance (r) from atest charge. Q

Mathematical expression for the electric field (E) strength is| E =k

10
-
Te

mvim

r

. . . . Fl—— . »
The relationship between the field and force is E = . where g,’ is a positive test charge.

For a positive charge, the direction of the force is the same as the direction of the field.
For a negative charge, thedirection of theforceis oppositeto the direction of thefield.

The electric field unit is 1% or 1% ( volt j Note the familiar term volts. The connection between
meter volts and E-field is explained in the next chapter.

Let’slook at a concept called field lines.

Field lines are imaginary lines whose direction at any point

is the same as the direction of thefield at that point.

Remember, field exists everywhere around the charge

and not only where the lines are drawn.

Field lines help you better to visualize the direction of the field.

A term flux can be used to describe the number of field lines
crossing a surface. For simplicity, in this book, flux isthe same asfield lines.

When lines are straight and parallel and equal distance apart, the field is
called homogeneous or uniforrr. Electric field in that region does not vary.

The direction of the field lines is outwards for the positive charge and
inwards for the negative charge.

Where do the field lines terminate?
How far do they extend?
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30 ELECTRICFIELD LINES

Field lines terminate so that in one end there is a negative charge and in the other end a positive
charge. The field lines extend until this has happened.

Inside aroom field lines are then terminated by the floor, ceiling, walls, or objects in the room.
The spacing of field linesis directly proportional to the field strength. The field lines are closely
spaced in between the positive and negative charge because the field islarge in that region.

The illustration on the right shows field lines (flux) for twao

equal charges, one a positive and one a negative charge.

Thefield linesfor this “electric dipole” are similar to the magnetic
field lines created by two bar magnets.

Besides being closely spaced, the field lines are also more
uniform in between the two charges.

What happens when a positive charge encounters
another positive charge?
Since like charges repel each other, the field lines will also repel.

Field lines cannot
inter sect

It is important to understand that at any point,
the resulting field can have only one direction.
This meansthat the field lines cannot intersect.

Example 1. + =
Some table salt (NaCl) is dissolved into water to form
an electrolyte solution. Electrolyte is an ionic solution that can

transmit or conduct electric charges.

A battery is connected to two metal plates so that one metal plate <« Ng > |

has a positive charge and the other one has a negative charge. + «Cl RS I
Chlorineions Cl are attracted to a positively charged plate <«Cl Na >
(anode) and sodium ions Na" are attracted to a cathode. Electrolyte solution

The movement of ionsis called an el ectric current. Anode Cathode

Field lines (red lines) have been added to show the electric field between the metal plates.
This example clearly demonstrates the correlation between an electric field and the movement of
charges. Here, the charges do not move without the presence of an electric field.

Example 2. Solid Metal Sphere  Inside View - A Inside View - B

A solid metal sphere has a positive
charge. The charges are distributed
uniformly on the surface of the sphere.
The question is, what is the electric
field inside the sphere?

Let'sfirst look at the point in the center

of the sphere (view A). Due to symmetry, the E-field is zero. Think about it. Each charge on

the surfaceis a source of an electric field. Therefore, the total E-field from all surface chargesin
the center must be zero. How about a point off-center (view B)? The E-field is till zero.

Although the off-center point is closer to one part of the charged surface, the amount of surface
charge area on that sideis smaller compared to the surface charge area on the opposite side, greater
distance away from the point. A larger charge area with greater distance balances the smaller charge
areawith smaller distance. Hence, the electric field everywhere inside the sphere is zero.



POTENTIAL ENERGY
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POTENTIAL ENERGY and VOLTAGE

3.1 Potential and Potential Enerqy

Let’sfirst review few concepts. Energy is often defined as capacity to do work or to transfer heat.
Energy isfound in many different forms: gravitational, mechanical, chemical, electrical, heat
energy, light energy, and nuclear energy.

Kinetic energy (KE) is associated with moving objects, that is, it is the energy of motion (E = 3 mv?).
Potential energy (PE) is the energy stored in an object by virtue of its position or displacement

Theillustration on the right is an example of a gravitational
potential energy. When an object with weight mg (mass of
an object times accel eration due to gravity) is pulled up from
aheight b to aheight a, an object is said to have potential to
do work. This object has gained energy by virtue of increasing
the height of an object. In other words, the energy that was
used to bring an object to the height of h is now stored as
apotential energy.

Potential energy (PE) can be expressed a< W .., = mgh
where m is mass of an object, his height and

g is acceleration due to gravity constant ~ 9.8ms”.

The unit of energy is1joule (J). (1J=0.239 ca)

An example.
A mass of 60kg weight is lifted from the ground (height b) to the height of 3 meters (height a).

Calculate the potential energy of the weight. W, = 60kg x 9.8ms’ x 3m = 1764 J

One should realize that potential energy does not automatically have a zero level. Thislevel hasto
be chasen. It is often convenient to choose ground as a zero level or a reference level.

If the reference level is not zero, then the displacement value is derived by subtracting the end
height from the initial height (the height difference).

Potential energy does not depend on path but only on the different height between two points.

If the (green) cart was pulled up to the 3m level (height a) and the mass of the cart was 60kg,

the potential energy of that cart would be the same as the object’s PE in our example. PE = 1764 J.
The cart took longer path to reach the height of 3 meters, but the potential energy is the same
because the gravitational potential energy does not depend on the path.

When we deal with electric fields, we can talk about potential and potential energy ,;Om ‘g

separately.
Although term “potential” is not really used in mechanics, we can try to visualize

the concept anyway. On the right is an object with massm and it islocated at height h. ;
Since potential energy isthe energy stored in an object by virtue of its displacement, =
then what is just “ potential” ? If we removed the object, what do we have left? 1=
Gravity (g) and the displacement (height h) are still there. _zero | level

Gravity and the displacement without an object cannot gain energy nor do work.

We can only conclude that there is “potential” for it.

You could think that if potential is gravity with height (g - h), then potential energy is
an object with potential W, =m - (g - h) or W,, = mgh. Do you see the difference?
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POTENTIAL ENERGY

Take alook at theillustration on the right.

Here, we have a negative test charge that is moved towards + . nitial focation B
amore negative end of an uniform electric field (E). y Z—Gf,‘%—:
This means that the potential energy of the test chargeisincreasing. I — B 2 _
For instance, if a particle (an electron) is moved from HL ”m —
“height a” to “height b”. the work done or the energy used to move + - o
the particle from ato b is stored as a potential energy. I . —
We can express the potential energy (W) as the product of ¢ a- heighth b d

the force on an electron and the displacement or height. W.,, =F-h=qgE - h

Note: A symbol g can be used for atest charge aslong asit is understood that the magnitude of g
isvery small; for example, q is an dectron or a proton.

From the illustration (top right) you can see that the maximum displacement (height) for
the particleis the distance between points ¢ and d.

Potential energy is the highest when the displacement the highest.

Potential energy does not depend on path. It is only the displacement (h) that matters.

A zero level isamost always chosen to be ground or 4 > _
a conductor connected to ground. At that level, potential H > —
energy is zero. If apositively charged particleis moved + - ~ zero
towards the positive end of thefield (E), theenergy isused  + > e F=QE |~ level
to increase potential energy of the charge. Thisis like +1_—;;faj"ng@—' ?L
moving an object to a higher level against the force of gravity. I > _ L

) + i — Ground
Should the particle “fall” towards a zero level (the same “a@ heghth-b 4
direction asthefield), the “loss’ of potential energy isthen zero potential

energy

converted to akinetic energy of the particle. W, =W,,,= qE -h=3mVv’
(Note: Negatively charged particles “fall” to the opposite direction, against the field.)

In mechanics, we pictured potential being gravity with height (h). How would we describe potential
when we talk about a charge in an electric field?

The electric potential energy depends on the magnitude of _ Potential (V)

the field, the magnitude of charge, and the displacement P s

value (height). If we were to remove the charge, what is|left? I > B

Are there any work done on anything? No. | > Vs _

The electric field (E) and the displacement (h) are still present, +{ > — f

which are independent from the charge (g). HL Vv —

You can think that if potential (V) is the electric field (E) H [ad - J_

with the displacement (h), then potential energy is acharge (q) I > =

with potential (E - h) and thus W,,, =gE -h or W, =qV. = ! Ground
a‘-::-\-‘hei ght rl‘j;’:;b A

The potential between pointsa and b can be expressedasV, =E - h TV, zeropotential

volt

Since the unit for an eectric field is 1Y (—
m meter

] , the unit for the potential is expressed in volts (V).

Since potential energy and charge are both scalars, it follows that the potential is also scalar.

Potential is always measured between two points. If we ask, what is the potential at point a (V,),
we need to know with respect to what other point. If that information is not given, then we assume
that potential iswith respect to ground (zero potential).

Potential difference is often used in place of potential to avoid confusion.



VOLTAGE

3.2 Voltage

The term potential may have been new to you but volts and voltage should be familiar to everyone.
When you buy batteries, you need to know not only the size of the battery but also how many volts
isrequired, 1.5 volts or 9 volts, for example. Most of your household appliances run on either 120
volts or 240 volts.

You know now that potential is same as voltage. Electric fields exist around
charge particles. We know that field lines terminate so that in one end

there is a negative charge and in the other end a positive charge.

Potential or voltage exists everywhere in the electric field.

Voltage can be measured by using a voltmeter.

+9 volts _ Hereisanillustration you have seen few times. A battery i<
connected to two metal plates that have acquired an opposite
charge, a one positive and the other one a negative charge.
Between plates there is an electrolyte solution (water and salt).
We know that when a battery is connected to the plates, ions
<Cl__ Na > move and we call this movement as e ectric current.
;q_‘_ﬁ — _ | _
'|‘a o NP - Suppose the battery voltageis 9 volts. What is the potential
” between points a and b? We do not have to know the

Electrolyte solution . . .
Anode Y Cathode  electric field nor the displacement since we know the poten-

tials at each end of thefield (pointsaand b). vV, =V, -V, =9volts- 0 valts= 9 volts.

Recall that zero potential is chosen to be at the negative end or ground (point b).
So, potential at that end is zero.

9 volts
+

What about the situation where an electrolyte is replaced with pure
water? What happened to the electric field or potential between
points a and b? Nothing. The field is still there and so is the potential.
There is no current because of lack of ions, but there is “potential”.

If the potential V,, is 9 volts, then what is the potential between
pointsa and c (cisahalf way point). Water
Since the potential decreases linearly from anode to cathode, #ﬁ —
we do not need to know the displacement. The potential V. =45V 9
(half the battery voltage) . How about potential between b and c~
V,=V,-V,= 0V-45V=-45V.Asyou see, potential canbe ~ Anode Cathode
negative. It al depends on a chosen direction. Thisis equivalent of measuring battery voltage using
avoltmeter and putting a negative lead to the positive terminal and a positive lead to the negative
terminal and reading negative volts.

3.3 Equipotential Surfaces

If acharge (q) movesin an electric field so that thereisno
T — displacement (h), it means that there is no changein
. potential, and thus no work is done to move the charge.

A A 4

A A 4

Displacement h =~ -

Potential distribution can be represented by equipotential surfaces (shown in black
circles). The potential has same value on every point on any one circle. No work is
required to move a charge over an equipotential surface. As you can see from both
illustrations, an equipotential surface is aways at right angles to the direction of the field.
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34 EXAMPLESOF POTENTIAL DIFFERENCES

3.4 Examples of Potential Differences

Although the term voltage is familiar in our everyday life, how many of usreally know
the immense voltages associated, for instance, with static electricity?

If you were to rub your hair with arubber balloon,
your hair would impart electrons to the balloon.
Because air is considered a poor conductor of charges,
there is a huge charge imbalance between the hair and
the balloon. The electric field is very strong and

the potential difference between the hair and the balloon 2
can be tens of thousands of volts.

5000 - 15,000V
When you get “ zapped” by a door knob,

did you know that right before the spark develops, the voltage
between your finger and the knob can be as high as 15,000V~
Asamatter of fact, it takes several thousand volts of potentia
difference before you can actually feel any sparks.

ANONNNNNNNN

Besides static electricity, there are other sources of very high potentials. Your household voltages of

40,000V

/ W F13.240V/120V

POWER PLANT

SUBSTATION I
TRANSFORMER

In order to minimize losses in transmission, potential in the transmission lines can be over half
amillion volts. That voltage is then reduced by substations that redirect linesto various industries
and residential areas. Typically, the voltage that your local street transformer receivesis 7200 volts.

During thunderstorms the potential difference between
athunder cloud and ground can be as high as a hundred

million volts.
100,000,000V J

— + -
___+++ =

Earth isa good conductor of electric charges. Above the surface
of the earth, there is apoorly conducting layer that extends to
about height of 50 km. Above that begins the ionosphere which S00km
isaquite good conductor. Earth is negatively charged and the

outer conductor has a positive charge. The direction of et 90km
the electric field is downwards. The potentia difference lonosphere I Querace ~45x 10°C 50km

between these conducting layers is about 400,000 volts. Poorly
conducting layer
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As stated before, a human body isfull of electrical activities.
Voltages, that can be measured, are usually quite small.

Voltage

Electrocardiogram (ECG) measures potentials in 7mv
person’s heart and levels are given in millivolts.
(12 millivolt = 1 mV = 1 thousandth of volt) 0
ELECTROCARDIOGRAM
(EEG) (Brain Wave Tracing) Brain wave activities can be observed by use of EEG.

There are many different waves:. alpha, beta, delta, and
theta waves. These voltages are quite small.
Potentials are usually less than 40 microvolts
ELECTROENCEPHALOGRAM (1 microvolt = 1pV = 1 millionth of volt).
The exceptions are some sleep cycles where potentials are somewhat higher.

Optional

Nerve cedlls (neurons) transmit electrical signals by changing a cell’s polarity from anegative to a positive
and back to a negative and propagating this change along the cell.

When aneuron is at rest, the potential difference between inside and outside the cell is-70mv.

It means that due to negatively charged organic (A") ions, the cell inside is more negative than outside.

If a (sensory) nerve cell receives a stimulus, such as atouch, some positive sodium ions (Na) leak through
channelsinto the cell moving its potential towards a more positive direction.

If enough Na’ ions flow in so that potential reaches the threshold potential, large influx of Na"enters

the cell and this starts an action potential.

Surge of Na"drives the potential difference NEURON
to +30mV. Thistakes placein about 1 ms. Dendrite

l/ Cell Body Myelin
Axon Sheath

Synapse

Na' channels close and potassium ion (K”)
channels open.

ThisalowsK™ ions leave neuron and

the cell beginsto reverseits polarity.

The potential actually goes below the rest

potential for a brief period.
Thisis called hyperpolarization. > > = = > > P Terminalf
Chlorine (CI") ions inhibit the transmission of Direction of electrical impulse Branch

nerve impulses by opening CI- channels and
letting CI” ionsinto the cell. ) )
The original potential levels are restored by 1 Action Potential
so called Na'/K* pump. +30mV

Although it is not clear from theillustration,
the action potential begins at the dendrite and
travels down along the axon to the terminal
branches. The impul se transmission between
two neurons at the synapse is chemical.

omvV +

. . . -55mV Threshold potential
Note: Many painkillers work by blocking various / \ N
channels in order to impede the transmission -70mvV - gp
of pain signals. For instance, local anesthetic, —
used by dentists, works by blocking Hyper polarization
sodium (Na’) channels. >

Lime Time (ms)
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4

ELECTRIC CURRENT

4.1 Introduction

Most of the previous sections have dealt with electrostatic forces between charges.
Now, we introduce a new term called electrokinetics.
Electrokinetics is study of charges in motion.

Note: It isimportant to understand that electrostatics does not only involve charges at rest.
When charges are in motion, the electrostatic forces do not suddenly disappear somewhere.
Electrostatic forces effect char ges whether they are moving or stationary.

In previous sections we called moving charges as electric current. We have also discussed that
moving charges can consists of el ectrons, positively charged ions, and negatively charged ions.
Later, when discussing of semiconductors, another kind of “charge”, called a hole is introduced.

The moving chargesin metals are electrons. Recall, electrons “fall” or accelerate due to influ-
ence of an electric field. In the “real world” this may not be true. Electronsin conductors, at room
temperature, gain thermal (heat) energy and accelerate and move very fast without the presence of
an electric field. This movement is random so that el ectrons do not have any net gain to any direc-
tion. Electrons accelerate in the straight line and soon collide with various particles and get scat-
tered to other directions. Some of these scatterings are collisions that result electrons losing their
kinetic energy. Electrons have to gain thermal energy to be able to accelerate again.

In the presence of external force, such as an electric Direction of electric field
field, an electron path is curved.

Although the direction of an electron acceleration is __ | Anelectronis*“drifting” to theright.
random, the electron will have a net gain to one direction. > /
Thisisdueto acurved path an electron travels between ™ NV

collisions. This path is curved towards the direction of — \A“‘/

ahigher potential. /
The electron movement is called “drifting” at a certain V>

average velocity (v). Thisdrift velocity is much smaller than Drift velocity isvery slow
the random velocity.

++++

What is (electric) current?

Current |S asca|al’ quan“ty, that iS, |t haS no d| reCt| on. Current m isthe rate of Chargeﬂow
Current tells you the rate at which charges flow across across an area per unit time.

an area per unit time (gray circular areain this example). . 09> _
Thisis same as you filling a bucket with a water hose, > }4 A
and the rate at which water is coming out of the hose s, >0 lld, O

for instance, 1 gallon per minute (1gal/min).

Current (1) isthen|| = TQ where Q = coulombs (C), t = seconds (s), and | = amperes (A)

Current is therefore one coulomb per second. The unit of current is 1 ampere (1A).

If you recall, one coulomb equals to 6.24 x 10 electrons. That is a huge number.

In electronics, currents are typically much smaller than 1A and are often expressed in either
milliamperes (1 mA = 10°A) or in microamperes (1uA = 10°A).
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Although current itself has no direction, we still need to determine the direction of charge current
that will be used throughout this text.

Itis clear that, in thisillustration, the negative charges 2% o
flow to the right and positive charges flow to the left. “F ce ® <o
However, when analyzing electric circuits, there can be s , <@ s .
only one electric current direction. y >

How can we choose only one direction
if we have two directions?

Let'slook at the illustration above and see what effect the charge flow has on each end of the
cylinder. If positive charges move towards | eft, what does that do to the right side? It becomes more
negative and the | eft side becomes more positive. Since electrons are flowing to the right, it makes
the left side even more positive and the right side more negative. Do you see the point? It does not
matter whether the negative charges or positive charges or both are responsible for the charge flow.
The net effect is the same: right side acquires more negative and left side more positive charge.
This means that we can choose just one direction. Let’s say that the right direction is towards
ahigher potential and left side istowards alower or zero potential, then we can choose the direc-
tion to either from a high potential to alower potential or vicaversa. Or can we?

Since the moving charges in metallic conductors consist of only electrons, it would make
sense that we choose the electric current direction in the same direction as the flow of
electrons. Unfortunately, that is not possible. During the time of discovery of electricity, it was
wrongly assumed that positive charges were responsible for the charge flow in conductors, and
the direction of electric current was chosen to be in the direction of positive charges.

As stated earlier, it does not matter which

direction is chosen aslong as everyone i< o > e /

using the same convention for LOW “~® .9 2> HIGH

the direction. POTENTIAL - <@ ® <@ E :POTENT|AL
S0, today as a convention, electric > SRV,

current direction in conductorsis from Direction of electric current (1)

high potential to lower potential. <

4.2 Electron Sea

The flow of electrons is often described as Copper wire ( _ O
electron gas or electron sea P
Imagine if you could take a picture of the turbulent
flow of electronsin a conductor.

This“sea” would probably look like white capsin
astormy ocean.

Silvery or whitish streams are electrons flowing inside
aconductor.

Question: Why isit impossible that theimageon theright ~ Note ThiSISNOT an actual photograph of

N - an electron flow in a conductor but rather
isan actual photo of an electron flow? agood “guesstimate’ how it probably looks like.
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38 CURRENT DENSITY

4.3 Current Density

We have discussed that in the presence of electric field, electrons move or drift against the direction
of the field at certain average velocity. Thisis called the drift velocity (v).

We have aready established that current is arate at which —
charges flow across an area per unit time. - %ﬁ }9 —> w

: Vv
However, there is another way we can express current (1).

The magnitude of current depends on the density of

free electrons (n), often expressed in electrons per cubic meter, Q
on the charge of an electron (g), on the drift velocity (v) of electrons, | === ngvA
and on the cross-sectional area (A). t

Current (1) divided by the cross-section area (A) is called the current density (J) J= i

A
Current density (J) can also be written as|[J = nqv|. The unit of Jis amperes per square meter (Am’)

Example 1.
A A cylinder 1 has a cross sectional area of A, and acylinder 2 has

; across sectional area of A,. Three charges cross an area A, per
@ )ﬁv second and four charges cross an area A, per second.

If the drift vel ocities are the same in both wires, which
cylinder has higher current density? (area A,> area A))

You don’t need to do any calculations to conclude that the
cylinder 2 has higher current density. Area A, has a higher
concentration of charges per area (higher density). Remember,
current density depends on the density of free electrons (n),

on the charge (q), and on the drift velocity of charges (v) [J=nqv] .

@0 >
e

Example 2.
There are two copper wires with cross sectional areas

Al of A,and A,. Thearea A, equalstwicethe area A, .
The drift velocities and the density of free electrons (n) are the

same for both wires.
K} If the field (voltage) was the same for each wire, how much

electric current would flow in one wire relative to the other?
@ \@ } Although the current densities are the same, awire2 istwice

1

as big and thus contains twice as many free electrons.
We can conclude that the charge flow isaso twice aslargein
awire2 thaninawirel.

If the electric field strength (voltage) in awirel is doubled, the drift velocity of free electronsis
also doubled. Electrons would move (drift) twice of their original velocity and twice as much
electrons would flow across the area A, per unit time than before making the electric current in the
wirel equal to the current in the wire 2.

By doubling the voltage in the wire1, how does that effect the magnitude of the current density (J)7

The electric current is doubled, and since J = % , the current density is also doubled.



RESISTIVITY

5

RESISTANCE

5.1 Resistivity

We have discussed of the relationship between the electric field and the current density.

By increasing the field strength (voltage), we can increase the current density (J).

In a perfect conductor there would not be any resistance for the charges to flow.

However, even very good conductor substances such as silver, copper, and gold will resist
the charge flow. Thisis called in a substance aresistivity (p).

If the resistivity isincreased, the greater the electric field (E) is needed to maintain the current
density (J). £

The proportionality between E and J can be expressed as p = 3 where p isresistivity.

Resistivity isthe electric field per unit current density. The unit is Q m (ohm meter)
As you might expect, the resistivity is the smallest among metals and the largest anong insulators.

The p value for semiconductors such as carbon and silicon can SUBSTANCE | p,, Qm | a, °C’
vary from 3.5 x 10° Q m for carbon to about 1000 Q m for silicon.

Silver | 1.64x 10" | 0.0038
Copper | 1.72x 10 | 0.0039¢

Resistivity values are usually given at room temperature. Carbon | 3.50 x 10° | -0.0005
Resistivity varies with temperature. If we need to know p value Glass | 10°- 10" |-
for other than at room temperature, this can be accomplish by
using the equation p,=p,[ 1 +a(t-t,)] wherep,isresistivity at 20 °C (room temperature) and
o is called the temperature coefficient of resistivity at reference temperaturet, at 20 °C.

If you look at the right column for o values, you will notice that for semiconductor carbon, the o i<
negative whereas metals, such as silver and copper, the temperature coefficient of resistivity are
both positive.

What this meansisthat the resistivity in metalsincreases with the increase in temperature.
The straight line portion on the graph indicates that a metal
within that temperature range is a linear conductor.

p METAL

nonlinear
In the curved (not straight) portions of the graph, the conductor | £
issaid to be nonlinear. In thisillustration, the nonlinear linear
regions are located at each end of the graph.
nonlinear
= ' »°C
Semiconductors (Chapter 25) have negative AbZS%U{g ggro 0°C

temperature coefficients.
This means that the resistivity in semiconductor s decreases with the increasein temperature.
One application is a semiconductor called thermistor which can be used as a temperature sensor.

Superconductors at higher temperatures behave like conductors. At temperatures below -100 °C
(called the critical temperature T.) the resistivity suddenly dropsto zero.

p (Pure) SEMICONDUCTOR p SUPERCONDUCTOR

| » °C | /
Absolute zero 0°C Absolutezera Tc  0°C
-273.15°C -273.15°C

v
O
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40 RESISTANCE AND OHM'SLAW

5.2 Resistance and Ohm’s Law

Resistivity (p) depends on the substance (material) and on the temperature.
|s resistance same as resistivity? Not exactly but they are related.

Let's say that we have a conductor with length | and |
across-section area A. The current density (J) i<

constant and the potential difference between | —> @
the ends of the conductor isV. The electric Vv
field is uniform along the length of the conductor.

Y

'y

>

'y
Yy

Review: If the resistivity isincreased, for instance, by increasing the temperature, the electric field (E) has
to be increased in order to maintain the same current density (). ——» E=pJ

Electric current (I) depends on current density (J) and cross-section area (A).—> |1 = JA

If the length (1) is constant, then electric field (E) varies with voltage (V). ——» V = EI

Measuring current densities and electric fields can be quite difficult. M ultimeter
It will be much easier to define resistance in terms of voltage and electric current.
Most of the people have a multimeter at home that allows

measuring at least volts, electric currents, and resistance. \Y

(/Ezl_

We can re-arrange the above equations so that p = —

J T RESISTANCE

(&
Il

il
A
Substituting the equations, we obtain the following rel ationships: p_l = \i
A |
The |eft side of the equation P_l is caled theresistance (R). R:p—A! or R:\I/—
A

The equation is often written as This eguation is known as the Ohm’s law.
Instead of memorizing the Ohm’s law, it is better to understand the relationships in the equation.

What isit we are trying to establish? Flow of charges (electric current).

How do we do that? By applying voltage. We aready know that current is directly proportional
to the voltage. What factor istrying to prevent the flow of charges? Resistance.

We can then write a rel ationshi ps between electric current, voltage, and resistance.

V Causingtheelectric current
Trying to establish | = —
R Opposing the eectric current

. I : .
From the equation R = % we can determine four factors that effect resistance.

v

1) Material >p

2) Temperature

3) Cross-sectional area (A)
4) Length (1)

e |

()~

>




Abort, 614

Absorption Spectrum, 64

Acceptor, 2032

Accessright, 622

Accesstime, 522

Accumulator, 575

Acidic solution, 73

AC circuits, 164 - 173
current divider rule, 173
parale configuration, 172
series configuration, 170
voltage divider rule, 170

AC generator, 156 - 157

Acoustic phonon, 54

AC power, 174 - 181

Action potential, 35

Actinoid, 14

Activefilter, 357 - 372

Activelow, 481 - 482

Active high, 481 - 482

Active matrix, 518

Adder, 485

Addition, 451, 643

Address, 522

Addressbus, 523, 571

Addressing mode, 633 - 640

Addresslatch enable (ALE), 571, 595

Address multiplexing, 527

Affinity, 19

AFLC, 520

Aliasing, 375

Alignment layer, 515

Alkali metal, 13

Alkaline earth metal, 13

Alternating current waveform,

156 - 163

Aluminum, 16

AM diode detector, 379

Ammeter, 99

Amorphous, 551

Ampere, 134

Ampere’'slaw, 135, 420 - 421

Amplifier gain control, 379

Amplitude, 47

Amplitude modulation 376 - 377

Analog-to-digital, 461

AND - gate, 444, 464, 478

AND operation, 464

Angle modulation, 386

Angular momentum, 141, 553, 558

Angular velocity, 158

Anion, 17

Anode, 24, 71

Antenna, 422 - 439

Antennaloading, 429

INDEX

Anti-ferromagnetic, 555
Anti-vortex, 560

ASCII code, 460

Assembler, 632

Assembler directive, 659
Astable multivibrator, 502
Asynchronous binary counter, 498
Asynchronous data transfer, 496
Asynchronousinput, 495
Auroraborealis, 62

Atom, 4

Atomic number, 14

Atomic weight, 14
Attenuation constant, 408
Automatic gain control, 380
Auxiliary carry flag, 575
Avalanche effect, 212
Average current, 161
Average power, 177
Avogadro’s number, 15
Azimuthal quantum number, 9

Backplane, 517
Balanced ring mixer, 385
Balun, 385, 416
Band gap, 198, 205, 230, 231
Band-pass filter, 192, 368 - 269
Band-stop filter, 194
Bandwidth, 185, 427
Barkhausen criterion, 347
Base, 238, 240
Base bias, 248
Base-loading, 429
Base pointer, 574
Base register, 574 - 575
Barrel shifter, 604 - 606
Batteries, 71- 77

inparallel 80

in series, 81
BCD counter, 501
Bessal, 371
Bessel function, 387 - 388
Biasing, 210, 287
Biasline, 289
Bilateral switch, 478
Binary addition, 451
Binary-coded decimal (BCD), 459
Binary division, 455
Binary multiplication, 455
Binary subtraction, 454 - 455
Binary system, 450 - 451
Binary-to-octal, 456
Bipolar junction transistor (BJT)

238 - 277
AC - load line, 252

base bias, 248
beta, 241
biasing, 239, 246 - 251
collector characteristic, 244
collector feedback (self) bias, 249
common base amplifier, 264
common - collector amplifier
(emitter follower), 262 - 263
common emitter amplifier, 250 - 51
congtruction (transistor), 240
current gain, 241
current gain factor, 241
currents (transistor), 241
cut-off, 244, 246 - 247
DC analysis, 242
DC - load line, 246 - 247
emitter bias, 248
frequency response, 271 - 277
h parameters, 255 - 256
multistage amplifier, 265
Q - point, 246
r parameters, 257
saturation, 244
voltage-divider bias, 249 - 251
voltage gain, 251
Birefringence, 514
Bistable multivibrator, 289
Bitline, 528
Blackbody radiation (curves), 60, 662
Blackbody radiation law, 663 - 664
Bode plot, 330- 334
Body effect, 296
Bohr, Niels, 665
Bond distance, 18
Bond energy, 18
Bookshelf geometry, 519
Boolean algebra, 462
Boolean theorem, 479 - 480
Boron, 16
Boron group, 13
Boundary cell scan, 632
Branch current analysis, 93 - 96
Branch point, 86
Branchytherapy, 66
Breakdown voltage, 112, 212
Break frequency, 404
Bremsstrahlung, 65
Buffered, 596
Built-in potential, 209, 212, 242
Burst cycle, 607 - 608
Burst mode, 531
Buscontroller, 581
Bus high enable (BHE), 580
Businterface unit (BIU), 569
Bus master, 630
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Bustiming, 594 - 596
Butterworth, 371 - 372

Cache, 606 - 609, 626
Cache hit, 607
Cache miss, 607
Calamitic, 515
CALL, 657
Call gate, 613, 622
Capacitance, 109, 233, 406
Capacitor, 108 - 121
inparalel, 120
inseries, 118
Capacitor charging phase, 112 -114
Capacitor current, 116
Capacitor discharge phase, 115
Capacitor markings, 118
Capacitor types, 117 - 118, 121
Capacity (memory), 523
Capture range (PLL), 400
Carbon group, 13
Carry flag, 575
Carry look-ahead adder, 487
Carson'srule, 389
Cathode, 24, 71
Cation, 17
CBRAM, 561
Center frequency, 189
Cell voltage, 73
Challogenide, 551
Channel length modulation, 294
Characteristic impedance, 406 - 407
Charge current, 24, 70
Charge imbalance, 6
Charge pump, 536
Chebyshev, 371 - 372
Chemical bonding, 17 - 22
Chemical groups, 13
Chevron structure, 391, 520
Chip sdlect, 524
Chiral, 518
CHMOD command, 457
Choke, 146, 392
Circular polarization, 430
CISC, 660
Clamber, 223, 270
Clapp, 352
Clock, 492
Clock generator, 594
Closed loop, 69
Closed packing arrangement, 21
Coaxia antenna, 430
Coaxia cable, 405 - 406
Code segment, 574
Coefficient of coupling, 155
Coercivity, 144
Coherent, 237
Collector, 238, 240
Collpits oscillator, 351
Column address strobe, 527
Common-base amplifier, 264

Common-collector amplifier, 262 - 263

(emitter follower)
Common-drain amplifier, 310
Common-emitter amplifier, 258 - 261
Common-gate amplifier, 310
Common-mode current, 412 - 413
Common-mode input, 318
Common-mode rejection, 318
Common-source amplifier, 304 - 306
Commutator, 138
Comparator, 341, 445, 461
Compiler, 633
Complex numbers, 166
Composite fermion theory, 673 - 674
Compton scattering, 50, 67
Conductance, 88, 206
Conduction band, 21, 198
Conductive-bridging RAM, 561
Conductivity modulation, 301
Cooper pair, 667
Constructive interference, 47 - 48
Continuos spectrum, 62
Contour representation, 8, 9, 10
Control bus, 571
Control register, 615 - 616
Control register zero (CR0), 609, 615
Corner frequency, 361
Cosinewave, 158
Cosmic rays, 7, 66
Coulomb, 27
Coulomb’'slaw, 27, 28
Counterpoise 428
Count register, 575
Coupling capacitors, 252
Critical frequency, 189, 271
Critically damped, 362
Critically underdamped, 362
Crossbar junction, 561, 566
Crossbar latch circuit, 566 - 568
Cross-sectional area, 45
Crosstalk, 402
Crystallography, 66
Crystal momentum, 54, 200, 202
Crystal oscillator, 352 - 354
Cubic closed-packed, 21
Curietemperature, 143
Current, 36
Current density, 38
Current divider rule, 88
Current gain, 241
Current noise, 402
Current reflection coefficient, 410
Current-sinking, 473
Current source, 101
Current-sourcing, 472
Current tailing, 301
Cutoff frequency, 18t
Cyclic redundancy check (CRC),

546 - 549

Daisy-chained, 584

Damping factor, 362

Damping torque, 559

Dark current, 234

Darlington pair, 263

d Arsonval ammeter, ohmmeter,

voltmeter, 99

Databus, 523, 571

Dataregister, 575

Data segment, 574

DC generator, 138, 156

DC load line, 246 - 247, 289 - 290

DC operating point, 246 - 247,
289 - 290

DC restorer, 223

DDR SDRAM, 533 - 535

de Broglie, Louis, 50, 666

Debug registers, 612

Decade, 330

Decibels, 327 - 330

Decimal system, 450

Decoder, 524

De-emphasis, 404

Defect scattering, 55, 204 - 205

Degeneracy, 10

Delocalized electrons, 21

DeMorgan'stheorems, 479 - 480

Demultiplexing, 571

Density of states (DOS), 553, 672

Depletion layer, 208

Descriptor, 621, 627

Dedtination index, 574

Dedtructiveinterference, 47 - 48

D flip flop, 494 - 495

Diac/ Triac, 280 - 281

Diamagnetic, 140 - 141

Dielectric, 26, 109, 112, 292, 405 - 406

Dielectric constant, 110, 406
Dielectric strength, 112
Difference amplifier, 346
Differential amplifier, 317
Differential input, 318
Differential mode, 412
Differentiator, 340
Diffraction, 48

Diffusion, 208 - 209
Diffusion current, 208, 240 - 241
Diffusion layer, 77

Digita clock, 513

Digital onmmeter, 100
Digital-to-Analog, 462 - 463
DIMM, 534 - 535

Diode, 212 - 237

Diode limiter, 222

Diode mixer, 383

Dipole, 20, 26, 131, 563
Dipole moment, 131
Direction flag, 576

Direct mapped cache, 606

Direct memory access (DMA), 590 - 93

Director, 516
Direct semiconductor, 202



Didocation, 22, 55

Dispersion curve, 200 - 201
Displacement, 573

Displacement current, 420 - 421
Division, 455, 647 - 648

D latch, 494 - 495

DMA controller, 592 - 592
Domain, 142

Domain wall, 519, 560

Donor, 20z

Doping, 202

Doping density, 209 - 210
Doubled-ended input, 318

Drain characteristics, 284 - 285, 289 -
290, 293 - 294, 297, 305, 307 - 308
DRAM, 527,530 - 535

Drift current, 209

Drift velocity, 36, 38, 43 - 44, 201
Ductile, 22

Dynamic bus sizing, 611
Dynamic memory device, 522

ECL logic family, 474 - 475
EDC/ECC, 54z

Eddy current, 180
Edge-triggered, 492

EEPROM, 538

E=mc’, 676

Effective address, 622

Effective mass, 200 - 201
Effective value, 163

Efficiency (antenna), 427
Efficiency of transmitter, 378
8086, 570 - 599

8086 pinouts, 597 - 599

80186, 600

80286, 600

80386, 600 - 601

80486, 602 - 632

80486 Base architecture register, 612
80486 pinouts, 629 - 663

8237A DMA controller, 592 - 592
8255A PPI, 582

8259A Programmable interrupt
controller, 584

8284A Clock generator, 594
Einstein, Albert, 665

Electret microphone, 391
Electrical force, 5, 27

Electric charge, 2, 4, 27

Electric current, 24, 36 - 37, 70
Electric dipole, 20, 26, 131
Electric double layer, 77,121
Electric fidld, 29, 32, 422
Electrocardiogram, 32

Electrode, 24,71, 77
Electrokinetic microchannel battery, 76
Electrokinetics, 36
Electromigration, 55

Electrolysis, 71

Electrolyte, 30, 32, 71, 74, 76, 121

Electromagnetic force, 5
Electromagnetic radiation, 46, 49
Electromagnetic spectrum, 56 - 68
Electrometer, 109
Electromotive force, 69
Electron, 4,7,50-51, 122
Electron cloud, 8

Electron current, 199

Electron density distribution, 8
Electronegativity, 19, 20
Electron gun, 50, 51

Electron neutrino, 11
Electron-nucleus attractive bond, 18
Electron-phonon scattering, 54
Electron scattering, 54
Electron sea/ gas, 22, 37
Electron spin, 553 - 554, 558 - 559
Electron spin quantum number, 11
Electrostatics, 2

Element, 12

Emission lines, 62

Emission spectrum, 62

Emitter, 238, 240

Emitter bias, 248

Enable input, 494

Encoder, 482

Energy, 78

Energy band, 198

Energy diagram, 8

Energy level, 7, 231

Energy stored by capacitor, 116
Energy stored by inductor, 149
EPROM, 536 - 637
Equilibrium bond distance, 18
Equipotential surface, 3¢
Equivalent DC value, 162
Even parity, 467

Exceptions, 614 - 615

Excess minority carrier, 209
Exchange biasfield, 555
Exchange energy, 554
Exchange interaction, 554
Excited state, 8

Excited-state lifetime, 62
Exclusive-NOR, 467
Exclusive-OR, 467
Execute-in-place, 541
Execution unit, 596

Expanded memory system, 572
Extra segment, 574

Extrusions, 55

Fan-out, 469

Faraday’s law, 139, 421
Far-field, 425

Fault, 614

Fermi energy level, 207 - 211
Fermion, 207

Ferroelectric capacitor, 562
Ferroelectric RAM (FRAM), 562
Ferromagnetic, 140, 142, 144

INDEX |-3

Field Effect Transistor (FET), 282 - 314
Field ling, 29, 123, 135, 139, 422
First-order filter, 358 - 360
555 timer, 505 - 508
astable circuit, 507
monostable circuit, 506
Fixed address, 577
Fixed layer, 558 - 559
Flag register, 575 - 576, 612
Flash converter, 462
Flash memory, 538 - 542, 550
Flicker noise, 402
Flip flop, 444 - 445
Floating gate, 536
Floating point numbers, 618 -619
Floating point precision, 618 - 619
Floating point unit (FPU), 617
Fluorescence, 64
Flux, 29, 122
FM transmitter, 391 - 393, 404
Folded dipole, 431
Forbidden band, 198
Forter-Seely discriminator, 393 - 394
Forward biasing, 210, 213, 232, 240
Forward current, 211
Fourier series, 373 - 374
4-way associative cache, 606
Fowler-Nordheim tunneling, 538
Fractal antenna, 436 - 439
Fractional quantum Hall effect, 637
Frame check sequence (FCS), 546
Fraunhoffer region, 425
Free electron, 8, 21
Freelayer, 555, 558 - 559
Free-running multivibrator, 503
Front side bus, 570
Frequency, 46
Frequency counter, 509
Frequency deviation, 386
Frequency modulation (FM), 386
Frequency multiplication, 390
Frequency response, 315
BJT, 271- 277
FET, 311- 314
Fringing, 108
Fud cell, 76
Full-adder, 485 - 486
Full-wave rectifier, 161, 216 - 218
Fundamental frequency, 353

Gain (antenna), 427
Gain-bandwidth product, 334
Gallium arsenide, 197, 200 - 201, 236
Galvanometer, 99, 161
Gammaray, 66

Gate descriptor, 627

Gauss, 12t

Gauss law, 418 - 419

General purpose registers, 575
Generator matrix, 545
Generator polynomial, 546
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Germanium, 197, 200 - 201
Giant magnetoresistance, 556
Gibibyte, 522

Gigabyte, 522

Grain boundary, 22, 55
Gray code, 458
Gravitational constant, 27
Ground, 32, 89
Ground-plane antenna, 429
Ground state, 8

Group number, 16

Gunn diode, 236

Gunn domain, 236

Half-adder, 485, 567

Half-adder crossbar latch circuit,
566 - 568

Half-power frequency, 185

Half-wavelength dipole, 422 - 424

Half-wave rectifier, 214 - 215

Hall effect, 129 - 130

Halogens, 13

Hamming code, 543 - 546

Hamming distance, 548

Hamming weight, 548

Handshaking, 582

Hard switching, 56&

Hardware interrupt, 585

Harmonic, 372

Hartley oscillator, 352

Heat transfer, 23, 64

Heisenberg uncertainty principle, 51

Helical antenna, 430

Henry, 145

Hertz, 46

Heterodyne receiver, 381

Heterojunction bipolar transistor, 278,

671
Hexadecimal number system, 457 -458
hexadecimal addition, 458
hexadecimal subtraction, 458

High bank, 572

High-order filter, 371 - 372

High-pass filter, 189, 191, 360, 367

High potential, 37, 69

HLDA, 591

HOLD, 591

Hole, 198

Hole current, 199

Hot-carrier injection, 536

Hot-electron injection, 537

HRQ (hold request), 591

Huygen'sprinciple, 48

Hydrogen, 5, 17, 62, 76

Hyperpolarization, 35

Hysteresis, 144, 180, 342, 502, 555,

563, 56

Ice, 24,59
i486, 602 - 6332
1486 base architecture registers, 612

i486 pinouts, 629 - 631
IGBT, 300 - 301
Imaging principle, 428
Impact ionization, 212, 537
Impedance, 168 - 169
Impedance of vacuum, 425
Impurities, 203
Incandescent bulb, 60, 64
Incident wave, 409
Indirect semiconductors, 202
IN (instruction), 576, 642
Induced charge, 2%
Induced dipole, 26
Induced electromotive force, 136 - 138
Inductance, 145 - 155
Inductor

decay phase, 150

paralel, 154

series, 154

storage phase, 142

types, 152
Inductive coupling, 155, 380
Infrared radiation, 60
In-phase, 159, 164
I/ O (Input/Output) banks, 580
|/ O mapped, 577 - 579, 611
Input/ Output technique, 576 - 5832
Instability, 335
Instantaneous voltage, 159
I nstantaneous power, 163
Instruction format, 634
Instruction pointer, 574
Insulators, 23, 198
Integrator, 339
Interconnect, 55
Interference, 47, 48
Interlayer, 565
Intermediate frequency, 381
intermodulation noise, 402
Interrupt, 584 - 589, 614 - 615
Interrupt flag, 576
Interrupt service procedure, 584
Interrupt vector, 585
Interrupt vector table, 585, 614
INT 21H DOS function call, 587
Inverse beta decay, 11
Inversion layer, 292
Inverted mesa, 352
Inverter, 476
Inverting amplifier, 323
lon, 6
lonic bond, 20
lonization constant, 74
lonization energy, 19, 57
lonosphere, 34
IRET, 589
Isotope, 14
| sotropic antenna, 426

JFET, 282 - 291
biasing, 287 - 291

JK flip flop, 493

Johnson decade counter, 510
Johnson noise, 401
Josephson constant, 668
Josephson effect, 667 - 670
JTAG, 631 - 633

JUMP, 654 - 657

Kernal, 615

Kinetic energy, 31

Kirchhoff’s current rule, 86 - 88, 93
Kirchhoff’svoltagerule, 82 -84, 93
Knee current, 227

K-shell emission, 65

Lagging, 159, 164 - 165, 175
Lagging network, 190, 274, 333
Landau levels, 672 - 673
Lanthanoids, 14

Laser diode, 237

Lasing, 237

Latch, 489 - 492

Latency (memory), 533 - 534
Lattice energy, 21

L attice scattering, 54

L attice wave, 54,204

LCD, 514 -521

LCD backlighting, 517 - 518
Lead-acid battery, 73 - 74
Leading, 159, 164 - 165, 175
Leading network, 191
Leakage current, 112

L east-recently-used (LRU), 607
Lenz'slaw, 137

Lewis structure, 18, 2

Light emitting diode (LED), 202, 230
Limiter, 39¢

Linear address, 621

Linear region, 246, 284, 292
Linear regulator, 441 - 442
Line of action, 130- 132
Line spectrum, 62

Line voltage, 196

Liquid crystal, 514 - 521
Lithium-ion, 75

Lithium-ion polymer, 75
Lithium-phosphate, 75

Load, 70

L oad capacitor, 478

Local oscillator, 381
Logarithm, 326 - 327
Logica address, 622

Logica memory, 572

Logic gate, 463 - 468
Logicinstructions, 648 - 651
Longitudinal wave, 58

Loop antenna, 432

Loop field line, 424

Lorentz force, 127

Low bank, 572

Lower sideband, 378



Low-pass filter, 189, 190, 358, 361,
364 - 366
Low potential, 37, 69

Magnetic domains, 142

Magnetic field (flux density), 123

Magnetic field line, 123, 133, 135

Magnetic field strength, 143
(magnetic intensity)

Magnetic force, 5, 124 - 129, 132, 136

Magnetic moment, 131, 141, 553, 558

Magnetic quantum number, 10

Magnetic RAM, 557

Magnetic susceptibility, 143

Magnetic tunnel junction, 556 - 557

Magnetism, 122 - 144

Magnetization, 143 - 144, 553 - 554

558

Magnon, 554

Magjority carrier, 203 - 204

Magjority electron, 5523

Malleable, 22

Marconi antenna, 428

Mask, 53t

Mass number, 14

Matched line, 409

Matching circuit, 414 - 417

Matter waves, 50

Maximum mode, 581

Maximum power transfer, 107

Maxwell’s equations, 418 - 421

Memcapacitor, 564

M eminductor, 564

Memory array, 526,

Memory bank, 526, 572

Memory cell, 522, 528 - 531

Memory device, 522 - 568

Memory enable, 524

Memory, I/0 (M/10), 578

Memory mapped I/O, 577 - 578

Memory module, 524

Memory segment, 572

Memory storage cell, 528 - 530

Memory word, 522

Memristance, 56&

Memristors, 564 - 565

Mendeleev, Dmitri, 12

Mesh analysis, 97 - 98

Mesogen, 515

Mesophase, 515

Metal, 39

Metallic bond, 21, 22

Microcontroller, 569

Microinstruction, 602

Micraprocessor, 569 - 70

Microgtrip line, 405

Microwaves, 57,59, 68

Miller oscillator, 354

Miller’s theorem, 273

Minimum row accesstime, 534

Minority electron, 552

Mixer, 383 - 385
Mnemonics, 633
Mobility, 206
MOD-10 counter, 501
Modulation index, 377, 387
Modulation sengitivity, 387
Modulo 2, 545
Mole, 14
Momentum, 49, 51 - 52
Momentum uncertainty, 52
Moore'slaw, 471
Monochromatic, 237
Monopole antenna, 428
Monostable multivibrator, 397, 504
MOSFET, 292 - 299, 302 - 314, 671
biasing, 302 - 304
depletion, 298
enhancement, 292 - 297
power mosfets, 299
MOS logic families, 476 - 478
Multiple emitter, 471 - 472
Multiple feedback filter, 364 - 365
Multiple-level cell, 542
Multiplexed, 571
Multiplexer, 484, 604
Multiplication, 455, 645 - 647
Multistage amplifier, 265
Mutual inductance, 145
Mutually coupled coilsin series, 155

NAND, 465, 477

NAND Flash, 539 - 540, 550
NAND latch, 490
Nano-bridge, 562

Nano-RAM, 561

Nanotube, 121, 561

Nanowire, 560 - 561, 565
Nanowire crossbar array, 565
Nanowire junction, 565
Natural frequency, 361
Near-field, 42t

Negative feedback, 322
Negative-going transition (NGT), 492
Nematic, 515

Network, 90, 101

Neutrino, 11

Neutron, 4, 36

Newton’s law of gravitation, 27
Newton’s second law, 128, 200, 666
Newton’s third law, 27
Nickel-cadmium battery, 75
Nickel-metal hydride, 75
Nitrogen group, 13

Noble gas, 13

Noise, 401 - 403

Noise margin, 470, 476
Nominal zener voltage, 227
Non-inverting amplifier, 322
Non-maskable interrupt (NMI), 585
Non-volatile memory, 53&
NOR, 466, 477

INDEX

NOR Flash, 539 - 542, 550
NOR gate latch, 491
Normal frequency, 53
Normalized, 365, 618 - 619
Normal mode, 53, 61
Norton's theorem, 106
Not-a-number, 619

NOT operation, 464
N-type, 202

Nuclear force, 11
Nucleus, 4

Nyquist rule, 374

Octal number system, 456
Octal-to-binary, 456
Octal-to-decimal, 456
Octet rule, 17
Offset address, 573, 622
Offset register, 574
Ohm, 41
Ohmic contact, 232
Ohmmeter, 100
Ohm'slaw, 40
1/f noise, 402
1's complement, 452
One-shot, 397, 504
Opcode, 634
Open circuit, 69
Open-ended line, 410 - 411
Open-loop voltage gain, 319
Operand, 634
Operational amplifiers, 316 - 346
Optical activity, 514
Optical phonons, 54
Optic axis, 514, 519
Orbit, 8
Orbital, 8,9, 10, 11, 141
Orbital angular momentum quantum
number (1), 9
Oscillators, 347 - 356, 503 - 504, 507
astable, 503, 507
Clapp, 352
Collpits, 351
crystal, 352 - 354
Hartley, 352
Miller, 354
one-shot, 504
phase-shift, 350
Pierce crystal, 354
triangular wave, 355 - 356
square-wave, 356
Wien bridge, 348 - 350
Out-of-phase, 159
Overdamped, 363
Over-erasure, 542
Overflow flag, 576
Overrideinput, 49&
Overtone, 3532
Oxidation, 20, 72
Oxidation number, 72
Oxygen, 11, 18
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Oxygen group, 13

Page, 541, 624

Paging, 624 - 626

Paired electrons, 11, 141

Pair generation, 199, 204, 234

Pair production, 67

Parallel adder, 486

Parallel datatransfer, 497

Parallel elements, 86 - 89

Parallel plate capacitor, 108 - 112

Parallel resonance, 186 - 188, 233,

270, 411

Paramagnetic, 140 -141

Parasitic element, 431

Parity, 611

Parity checker, 467

Parity check matrix, 545

Parity flag, 57&

Parity generator, 467

Passive filter, 189 - 194

Passive matrix (addressing), 518

Patch antennas, 43t

Pauli exclusion principle, 207

PMC (programmable metallization cell),
561

Peak inverse voltage (PIV), 217

Peak-to-peak value, 157, 162

Peak value, 157, 162

Period, 16

Periodic table of elements, 12 - 20

Permanent magnet, 142

Permeability, 140, 406

Permeability of vacuum, 134

Permittivity, 111

Perovskites, 562

Phase change memory, 551- 552

Phase detector, 467

Phase locked loop (PLL), 398 - 400

Phase margin, 33t

Phase modulation, 386

Phase relations, 159 - 160, 195

Phase-shift oscillator, 350

Phase velocity, 408

Phase voltage, 196

Phasors, 166 - 167

Phonon, 54, 202, 204 - 205

Photocurrent, 234

Photodiode, 234

Photoelectric effect, 50

Photon, 49, 50, 202

Photon absorption, 67

Photon energy, 49, 57 - 58

Physical address, 573, 621

Physical memory, 572, 610

Pierce oscillator, 354

Piezoelectric effect, 352

Pinch-off voltage, 283, 292

PIN diode, 234

Pinned layer, 55&

Pipelining, 571, 602

Pitch, 518
Pixel, 517
Planck constant, 49, 662 - 676
P-N junction, 207 - 211
Polar form, 166
Polarization, 26, 563
Polarizer, 516
Pole (filters), 123, 359
Polling, 582
Polycrystalline, 551
POP, 588, 639
Port, 577
Port number, 577
Position uncertainty, 52
Positive carrier, 377
Positive going transition (PGT), 492
Positron, 67
Potential, 31
Potential difference, 32
Potential energy, 3132
Potential well, 671
Potentiometer, 42
Power, 78 - 80
Power amplifier, 266 - 270
classA, 266 - 270
classB and AB, 267 - 269
classC, 270
Power density, 426
Power dissipation, 79, 163
Power factor, 174 - 175
Power losses, 180 - 181, 413
eddy current, 180
hysteresis, 180
radiation, 181
skin effect, 181
Power triangle, 178
PRAM, 551
Precharge, 529
Precharge dlay, 532
Pre-emphasis, 404
Principal quantum number (n), 7
Priority encoder, 482
Privilege level, 613
Programmable peripheral interface, 582
PROM, 536
Propagation delay, 469, 498 - 499
Proportionality constant, 27
Protected mode, 621, 628
Proton, 4
Proton exchange membrane, 76
Protonic semiconductor, 24
P-type, 203
Pull-down transistor, 472
Pull-up transistor, 472
Pulse-steering, 492
Punch-through, 301
PUSH, 588, 639
PZT crystal, 562

Racetrack memory, 560
Radial force, 128

Radian, 47
Radiant energy, 46, 49
Radiation field, 424
Radiation reaction force, 424
Radiation resistance, 424
Radiotheraphy, 66
Radio wave, 58
Radius of hydrogen atom, 27
Random access memory (RAM), 522
Rank (memory), 535
Rare earth, 14
Ratio detector, 395
Reactance, 164
Reactive power, 178
READ bus cycle, 596
Read-only memory (ROM), 522, 535
READ operation, 522, 528, 530
Rea mode, 572, 626, 628
Recombination, 199, 211
Recombination current, 209, 240 - 241
Rectangular form, 166
Rectifier diodes, 213
Rectifier filters, 219 - 228
Reduced Planck constant, 200, 666
Reduction, 20, 72
Reflected wave, 409
Reflector, 431
Refractive index, 61
Registers, 496, 612
Relative gain, 426
Relative permeability, 140
Relative permittivity, 110
Relaxation oscillator, 356
Remanance, 144
Residual resistance, 55
Resistance, 39 - 55, 204 - 206
Resistivity, 39, 207
Resistors, 41 - 43

inparallel, 87

in series, 87
Resonance, 182 - 188, 423
Resonant frequency, 183,185, 188, 193
Return loss, 413
Reverse bias, 212, 213, 232, 235, 240
Reverse breakdown, 212, 226
Reverse current, 211
Reyleigh-Jeanslaw, 663
RFID (radio frequency identification),

433- 434

back scattering, 434

load modulation, 432
RGB (red-green-blue), 517
RICS, 660
Right-hand rule, 126, 134
Ripple carry adder, 487
Ripple counter, 499
Ripple factor and voltage, 220
Roll-off, 330
ROM, 522, 535
Root-mean-square, 162
Rotate, 604, 653 - 654



Row address strobe, 527

Q-point, 246

Quadrature detector, 396 - 97
Quality factor, 184, 186, 193
Quantum, 49

Quantum dot, 231

Quantum dot LED, 231

Quantum Hall effect, 671-674
Quantum mechanical tunneling, 226
Quantum mechanics, 46

Quark, 4

Quarter-wave transformer, 141 - 415
Queue, 570, 603

Sampling, 374, 461, 513

Saturation, 244, 247, 285, 292

Scattering, 54

Schmitt trigger, 342 - 343, 502

Schottky barrier diode, 232, 474

Schottky transistor, 474

Screening effect, 19

SDRAM, 531 - 535

Second-order filter, 361 - 370

Segment register, 574

Selector, 621

Self-bias, 287

Self-force, 424

Self-inductance, 146

Self-ionization, 24

Semiconductor, 24, 39, 197 - 212
groups, 197

Sense amplifier, 529 - 531

Serial adder, 486

Serial presence detect, 534

Series-parallel network, 90 - 92

Series resonance, 183, 186, 188, 411

Set state, 490

7415138 3-t0-8 decoder, 579

7-segment, 517, 521

Shadowing, 541

Shared pair, 18

Shell, 7

Shift, 604, 652 - 652

Shift flag, 576

Shift register, 497, 549

Short-circuit, 70

Short-circuited line, 410 - 411

Shunt resistor, 99

Sierpinski gasket, 436 - 438

Sign bit, 452

Signed number, 452

Silicon, 197, 200, 201

Silicon-controlled rectifier, 279

Silver-zinc battery, 75

Sinewave, 125, 158

Single-ended input, 317

Single-level cdl, 542

Sinusoidal wave, 158, 16

Skin effect, 181, 413

Slew rate, 321

Slip, 22
Slope detector, 395 - 396
Smetic phase, 515
Smith chart, 439
Software interrupt, 585
Solenoid, 135
Source, 69
Sourceindex, 574
Space charge neutrality, 210
Space charge region, 208
Specific absorption rate, 68
Speed of energy, 81
Speed of light, 61
Spin-transfer torque, 558 - 559
Spintronics, 553 - 560
Spinvalve, 555 - 556
transistor, 556
Spin wave scattering, 554
Spontaneous emission, 237
Square wave, 158, 162
Square-wave oscillator, 356
SRAM, 527 - 529
S-Rlatch, 491
SSFCL, 519
Stack, 588
Stack pointer, 574, 588
Stack segment, 574
Staircase model, 8
Standard electrode potential, 73
Standing wave, 53, 410
Standing waveratio, 411
Sate variablefilter, 370
Static electricity, 6
Static memory device, 522
Steady state, 357
Stefan-Boltzmann law, 662
Stimulated emission, 237
Strong nuclear force, 11
Subnormal, 619
Subshell, 9, 10
Subthreshold current, 295
Sum-of-product, 484
Subtraction, 454, 644
Subtractor, 346, 488
Summing amplifier, 345, 462
Supercapacitor, 121
Superconductor, 39, 667
Supercurrent, 667
Superheterodyne, 381 - 382, 404
Superposition, 102
Supertwisted, 516
Surface charge density, 110
Surface scattering, 55
Switch debounce, 491, 508
Switching regulator, 443 - 446
Switching toggle mode, 557
Synchronous counter, 500 - 501
Synchronous data transfer, 496 - 497
Synchronous operation, 492
System descriptor, 627
System segment, 627
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System stability, 357

Task gate, 628
Task switching, 628
TEM field, 405
Temperature coefficient
resistivity, 39
zener diode, 229
Temperature effect, 296
Test charge, 29, 32
Thermal equilibrium, 209
Thermal noise, 401
Thevenin equivalent circuit, 104 - 106
Thevenin resistor, 104
Thevenin theorem, 104
387 math co-processor (FPU), 617
Three-phase generator, 195 - 196
Three-state buffer, 576
3-t0-8 decoder, 579
Threshold voltage, 293
Thyristor, 279
Time constant, 113, 147, 379, 404
Toggle operation, 493
Top-hat loading, 429
Toroid, 135
Torque, 130 - 133, 558 - 559
Transconductance, 286, 296, 309
Transfer characteristics, 289 - 290, 298
304 - 305
Transient, 357, 364
Transient current, 212
Transient program area, 572
Transistor
bipolar junction, 238 - 277
heterojunction bipolar, 278
insulated gate bipolar, 300 - 301
field effect, 282 - 299, 302 - 314
spinvalve, 556
unijunction, 355
Transistor noise, 402 - 402
Transition metal, 13
Trandation lookaside buffer, 626
Transmission line, 405 - 417
Transverse domain wall, 560
Transverse electromagnetic wave, 405
Transverse wave, 53
Trap, 614
Trap flag, 576
T-ray, 59 - 60
Triangular oscillator, 355 - 356
Triangular wave, 158, 163
Tribodectric effect, 2
Triggerable, 504
True RMS multimeter, 168
Truth table, 463 - 468, 482, 484 - 485,
521, 490 - 495
TTL logic family, 471 - 474
Tunnel diode, 235
Tunneling, 226, 538
Twin lead, 405
Twisted nematic, 515 - 517
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2'scomplement, 452 - 452 Wear-leveling, 541
2-dimensional electron gas, 671 Weber, 125, 145
White noise, 401
Ultracapacitor, 121 Wien-bridge oscillator, 348 - 350
Ultraviolet radiation, 65 Wien-Planck law, 662
Unicode, 460 Wien's displacement law, 662
Unijunction transistor, 355 Word line, 528
Unit vectors, 126 World Health Organization (WHO), 68
Unity gain frequency, 331 Write-back cache, 607
Universal activefilter IC, 370 Write buffer, 610
Universal character set, 460 WRITE bus cycle, 595
Unpaired electrons, 11, 141 WRITE operation, 522, 529
Unshared pair, 18 Write-through cache, 607
Upper envelope, 376
X-rays, 65 - 66
Valence band, 198 - 199
Valence electron, 16, 21 Yagi antenna, 431
Varactor, 233, 391
Variable address, 577 Zener diode, 226
VCVSfilter, 366 - 369 Zener effect, 226
Vector product, 126 Zener resistance, 227
Velocity factor, 408 Zener test current, 227
Virtual address, 622 Zero-crossing detector, 397 - 398
Virtual ground, 322 Zeroflag, 576
Virtual mode, 601, 626 Zero (filters), 359
Visiblelight, 61 - 64
Void, 55
Volatile memory, 522
Volt, 29
Voltage, 33 - 35

Voltage controlled oscillator, 391
Voltage-divider bias, 290, 30¢
Voltage divider rule, 85
Voltage doubler, 224
Voltage follower, 322, 324
Voltage gain, 251
Voltage quadrupler, 225
Voltage reflection coefficient, 409, 415
Voltage regulator, 440 - 448

linear, 441 - 443

switching, 443 - 446
Voltagetripler, 225
Voltaic cell, 71
Voltmeter loading, 100
Volt-ohm-milliammeter (multimeter), 99
Von Klitzing constant, 672

Wait state, 594

Washboard potential, 668

Water molecule, 18, 20, 24, 59, 61
Watt-balance, 667, 674 - 676
Watt-bal ance equation, 675

Wave, 46 - 48

Waveform multiplication, 375 - 376
Wave function, 8

Wavelength, 46

Wavelet, 48

Wave mechanics, 46

Wave number, 200

Wave packet (wave pulse), 49, 52
Wave particle duaity, 51
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