15BECC203, 15BTCC203 MATERIALS SCIENCE 3003

OBJECTIVE:

e To enrich the understanding of various types of materials and their applications in
engineering and technology

INTENDED OUTCOME:
Bloom’s
Level
C203.1 Explain the ideas of classical and quantum electron theories and | K
energy band structures.
C203.2 Illustrate the basics of semiconductor physics and its related concepts. | K
C203.3 Compare the different magnetic materials, its properties and infer its | K
role in various fields.
C203.4 Identify the properties of superconducting materials and its | S
engineering applications.
C203.5 Extend the various polarization techniques and applications of | K
dielectric materials.
C203.6 Summarize the basics of nano structures and synthesizing techniques | K
UNIT I CONDUCTING MATERIALS 9)

Conductors — classical free electron theory of metals — Electrical and thermal conductivity — Wiedemann —
Franz law — Lorentz number — Draw backs of classical theory — Quantum theory — Fermi distribution
function — Effect of temperature on Fermi Function — Density of energy states — carrier concentration in
metals.

UNIT 11 SEMICONDUCTING MATERIALS €)]

Intrinsic semiconductor — carrier concentration derivation — Fermi level — Variation of Fermi level with
temperature — electrical conductivity — band gap determination — extrinsic semiconductors — carrier
concentration derivation in n-type semiconductor — variation of Fermi level with temperature and impurity
concentration — compound semiconductors — Hall effect —Determination of Hall coefficient — Applications.

UNIT I MAGNETIC AND SUPERCONDUCTING MATERIALS 9
Origin of magnetic moment — Dia and para magnetism — Ferro magnetism — Domain theory — Hysteresis —
soft and hard magnetic materials — anti — ferromagnetic materials — Ferrites — applications.
Superconductivity : properties - Types of super conductors — BCS theory of superconductivity(Qualitative)
- High Temperature superconductors — Applications of superconductors — magnetic levitation.

UNIT IV DIELECTRIC MATERIALS 9

Electrical susceptibility — dielectric constant — electronic, ionic, orientational and space charge
polarization — frequency and temperature dependence of polarisation — internal field — Claussius — Mosotti
relation (derivation) — dielectric loss — dielectric breakdown — Applications of dielectric materials —
ferroelectricity and applications.

UNIT V ADVANCED MATERIALS 9)
Metallic glasses: preparation, properties and applications.

Shape memory alloys (SMA): Characteristics, properties of NiTi alloy, applications.

Composite materials, Aircraft materials and non-metallic materials.

1



Nano materials:

synthesis — Physical and chemical vapour deposition — ball milling - properties of

nanoparticles and applications. Carbon nanotubes: structure — properties and applications.

Total- 45
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SUBJECT: MATERIALS SCIENCE

SUBJECT CODE: 15BECC203/15BTCC203

COIMBATORE-641 021
DEPARTMENT OF SCIENCE AND HUMANITIES

TOTAL HOURS -52

UNIT-I CONDUCTING MATERIALS HOURS REQUIRED -10
S.No Topics Hours
1. | Introduction about conducting materials, Classical free electron 1

theory of metals
2. | Electrical conductivity of metals 1
3. | Thermal conductivity of metals 1
4. | Wiedemann — Franz law , Lorentz number 1
5. | Tutorial-I 1
6. | Draw backs of classical theory , Quantum theory 1
7. | Fermi distribution function 1
8. | Effect of temperature on Fermi Function 1
9. | Density of energy states — carrier concentration in metals. 1
10. | Cycle test 1
UNIT-II SEMICONDUCTING MATERIALS HOURS REQUIRED -10
S.No Topics Hours
11. | Introduction about semiconductors 1
12. | Intrinsic semiconductor,carrier concentration derivation 1
13. | Fermi level , Variation of Fermi level with temperature 1
14. | Electrical conductivity , band gap determination 1
15. | Tutorial-Il 1
16. | Extrinsic semiconductors 1
17. | Carrier concentration derivation in n-type semiconductor
18. | Compound semiconductors ,Variation of Fermi level with 1
temperature and impurity concentration
19. | Hall effect Determination of Hall coefficient ,Applications 1
20. | Cycle test 1
UNIT-I1 MAGNETIC AND SUPERCONDUCTING MATERIALS
HOURS REQUIRED -12
S.No Topics Hours
21. | Origin of magnetic moment 1
22. | Bohr magneton, Dia and para magnetism 1




23. | Ferro magnetism 1

24. | Domain theory, Hysteresis 1

25. | Tutorial-Ill 1

26. | Soft and hard magnetic materials, 1

27. | Anti, ferromagnetic materials, Ferrites & applications

28. | Properties of superconducting materials and Types of super 1

conductors

29. | BCS theory of superconductivity (Qualitative). 1

30. | High Temperature superconductors. 1

31. | Applications of superconductors — SQUID, cryotron, magnetic 1

levitation.

32. | Cycle test 1
UNIT-1IV  DIELECTRIC MATERIALS HOURS REQUIRED -10
S.No Topics Hours

33.| Introduction about dielectric materials 1
34.| Electrical susceptibility — dielectric constant 1
35.| Electronic, ionic, orientational and space charge polarization 1
36.| Frequency and temperature dependence of polarization 1
37.| Internal field 1
38.| Tutorial-IV 1
39.| Claussius — Mosotti relation (derivation) 1
40.| Dielectric loss — dielectric breakdown, ApplicationsS of 1
dielectric materials
41.| Ferroelectricity and applications 1
42.| Cycle test 1

UNIT-V  ADVANCED MATERIALS

HOURS REQUIRED -10

S.No Topics Hours

43. | Basics of glass materials, Preparation of metallic glasses, 1
properties and applications.

44.| Characteristics Shape memory alloys (SMA), Properties of 1
NiTi alloy and Application, advantages and disadvantages of
SMA

45. | Introduction and applications Composite materials 1

46. | Tutorial-V 1

47.| Synthesis of Nanomaterials, Top down and bottom up 1
approach.

48.| Physical and Chemical vapour deposition, 1

49.| Sol-gels , Electrodeposition & Ball milling

50. | Properties of nanoparticles and Applications. 1

51. | Structure carbon nanotubes, Properties and applications of 1
carbon nanotubes.

52.| Cycle test 1




UNIT 11
ELECTRONIC MATERIALS

INTRODUCTION
Materials can be broadly classified into three types based on conductivity. They are,
1. Conductors (Example: metals),
2. Semi — conductors (Example: germanium, silicon) and
3. Insulators (Example: wood, mica, glass).
Conductors:
e Conductivity is the ability or power to conduct or transmit heat, electricity, or sound.
e Conductors are materials that electricity easily passes through, that do not resist the flow of
electricity.
e Examples are copper, aluminum, steel, silver, gold, electrolytes.
e Low resistive materials are generally called as conducting materials.
e The conducting property of the solid is due to valence electrons or free electrons.
ELECTRON THEORY OF METALS
The electron theory of metals explain the following concepts
e Structural, electrical and thermal properties of materials.
e Elasticity, cohesive force and binding in solids.
e Behaviour of conductors, semi conductors, insulators etc.
So far three electron theories have been proposed.
1. Classical Free electron theory
e It is a macroscopic theory.
e Proposed by Drude and Loretz in 1900.
e It explains the free electrons in lattice
e It obeys the laws of classical mechanics.
2. Quantum Free electron theory
e It is a microscopic theory.
e Proposed by Sommerfield in 1928.
e It explains that the electrons move in a constant potential.

e |t obeys the Quantum laws.



3. Brillouin Zone theory or Band theory:
e Proposed by Bloch in 1928.
e [t explains that the electrons move in a periodic potential.
e |t also explains the mechanism of semi conductivity, based on bands and hence called band
theory.
CLASSICAL FREE ELECTRON THEORY OF METALS

After the discovery of electron, Drude and Lorentz attempted for an explanation of electrical
and thermal conductivities based on the assumption that metal contains a certain number of free
electrons and hence called free electron theory. All the free electrons freely move in the crystal like
molecules of a gas in a container. Mutual repulsion between electrons is ignored and hence potential
energy is taken as zero. Therefore the total energy of the electron is equal to its kinetic energy.
Postulates of Classical free electron theory:

In the absence of Electric field:

All the atoms are composed of atoms. Each atom have central nucleus around which there are
revolving electrons. The electrons are free to move in all possible directions about the whole volume of
metals. In the absence of an electric field the electrons move in random directions making collisions
from time to time with positive ions which are fixed in the lattice or other free electrons. All the

collisions are elastic i.e.; no loss of energy.

In the presence of Electric field:
When an external field is applied the free electrons are slowly drifting towards the positive

potential. Since the electrons are assumed to be a perfect gas they obey classical kinetic theory of

gasses. Classical free electrons in the metal obey Maxwell-Boltzmann statistics.

Free electrons
> -
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Drift velocity (Vad):

The average velocity acquired by the free electron in a particular direction due to the
application of electric field is called as Drift velocity.
Mobility (l):

Mobility is defined as the drift velocity acquired by the free electrons per unit electric field (E)
applied to it.
Where, | is the distance travelled by the electron.
Relaxation time (t):

It is the time taken by the free electron to reach its equilibrium position from its disturbed

position in the presence of applied field.

-t
T— Vs
Collision time (tc):

It is the average time taken by the free electron between two successive collision.

T_k
\%

Where, A is the mean free path.
Mean free path:
The average distance travelled between two successive collisions is called mean free path.

(i.e) A =Ct¢, where ¢ is the root mean square velocity of the electron.

QUANTUM FREE ELECTRON THEORY

Classical free electron theory could not explain many physical properties. In 1928, Sommerfeld
developed a new theory applying quantum mechanical concepts and Fermi-Dirac statistics to the free
electrons in the metal. This theory is called quantum free electron theory. Classical free electron theory
permits all electrons to gain energy. But quantum free electron theory permits only a fraction of
electrons to gain energy.

According to Classical free electron theory the particles (electrons) of a gas at zero kelvin will
have zero kinetic energy and hence all the particles are found to be in rest. But according to quantum
theory when all the particles are at rest, all of them should be filled only in the ground state energy

level, which is impossible and is controversial to the Pauli’s exclusion principle.



Thus inorder to fill the electrons in a given energy level, we should know the following.
I.  Energy distribution of electrons
ii.  Number of available energy states
iii. ~ Number of filled energy states
iv.  Probability of filling an electron in a given energy state
As the “free electron gas” obeys Fermi-Dirac statistics, all the above can be very easily
determined using it.
Fermi energy level (EF)
Fermi energy level is the maximum energy level upto which the electrons can be filled at OK.
Importance:
1. Fermi energy level act as a reference level which seperates the vacant and filled states at OK.
2. It gives the information about the filled electron states and the empty states.
3. At 0K, below Fermi energy level electrons are filled at above Fermi energy level it will be
empty.
4. When the temperature is increased, few electron gains the thermal energy and it goes to higher
energy levels.
FERMI DISTRIBUTION FUNCTION
Fermi distribution function F (E) represents the probability of an electron occupying a given
energy state. To find out the energy states actually occupied by the free electron at any temperature (T)
we can apply the Fermi — Dirac statistics. The Fermi — Dirac statistics deals with the particles

(Electrons) having half integral spin, named as Fermions.
1

TEF> (1)

F(E)= (
14+e\KBT

Where Er is the Fermi energy
Ksg is the Boltzmann constant
EFFECT OF TEMPERATURE ON FERMI FUNCTION
The effect of temperature on Fermi function F (E) can be discussed with respect to equation (1).
(i) At 0 kelvin
At 0 kelvin, the electrons can be filled only upto a maximum energy level called Fermi energy

(Eg,), above Eg, all the energy levels will be empty. It can be proved from the following conditions.

(i) When E< Er, equation ( 1) becomes,



1 1
FE)= =171

[ i.e., 100% chance for the electron to be filled within the Fermi energy level]
(it) When E>EF, equation ( 1) becomes,

1 1
=—=0
1+e* o

F(E) =

[i.e Zero % chance for the electron not to be filled within the Fermi energy level]

(1) When E=EF, equation ( 1) becomes,

1 1
F(E):E=E=O.5

[i.e 50% chance for the electron to be filled and not to be filled within the Fermi energy level]

This clearly shows that 0 kelvin all the energy states belowEr are filled and all those above it

are empty.
The Fermi function at 0 kelvin (Eg,) can also be represented graphically as shown in fig. It is

seen from the figure that the curve has step-like character at 0 kelvin.

-

F(E)

A
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Energy —
(i.e) F (E) = 1 below (E,)
and F (E) = above (EF,)
(i) Atany temperatue T kelvin:

When the temperature is raised slowly from absolute zero, the Fermi distribution function

smoothly decreases to zero as shown in fig.
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Explanation:

Due to the supply of thermal energy the electrons within the range of KgT below the Fermi
level (Eg,) alone takes the energy (=KgT) and goes to higher energy state. Hence at any temperature
(T), empty states will also be available belowEf, .

DENSITY OF STATES AND CARRIER CONCENTRATION IN METALS

The Fermi Function F (E) gives only the probability of filling up of electrons in a given energy
state, it does not gives the information about the number of electrons that can be filled in a given
energy state. To know that we should know the number of available energy states so called density of
states.

Definition:

Density of States Z (E) dE is defined as the number of available energy states per unit volume
in an energy interval.(dE).
Explanation:

In order to fill the electrons in an energy state we have to first find the number of available
energy states within a given energy interval.

We know that a number of available energy levels can be obtained for various combinations of
quantum numbers nx, ny and n; ((i.e) n? = n%+n?+n%,)

Therefore, let us construct a three dimensional space of points which represents the quantum

numbers as shown in fig. In this space each point represents an energy level.



0

Number of energy levels in a cubical metal piece:

To find the energy levels in a cubical metal piece and to find the number of electrons that can
be filled in a given energy level, let us construct a sphere of radius ‘n’ in the space.

The sphere is further divided into many shells and each of this shell represents a particular
combination of quantum numbers (nx, ny and n;) and therefore represents a particular energy value.

Let us consider two energy values E and E+dE. The number of energy states between E and
E+dE can be found by finding the number of energy states between the shells of radius n and n+, from
the origin.

The number of available energy states within the sphere of radius

‘n‘ = [gnn‘o’]
Since will have only positive values, we have to take only one octant of the sphere (i.e) 1/8™ of the
sphere volume.
The number of available energy states within the sphere of radius
‘n‘ :% [gnn‘g]
Similarly, the number of available energy states within the sphere of radius
n+dn= %[3111 (n + dn)*]
Therefore, the number of available energy states between the shells of radius n and n + dn (or) between
the energy levelsEand E+d E
= = [Z(n+dn)* - Zan’]

(i.e) The number of available energy states between the energy interval d E is
lim
8 3
Since the higher powers of dn is very small, dn2 and dn3 terms can be neglected.

Z(E)dEz%Snzdn

Z(E)dE= (n3® + dn3 + 3n?dn + 3dn%dn — n3)



(or)
Z(E)dE =2 n%n (1)

We know the energy of the electron in a cubical metal piece of sides ‘I’,

n?h?

8ml?

8ml%E

(or) n?= = ..(2)

_ 8m12E 1/2
=[] )

Differentiating equation (2) we get

8ml?

2ndn = 2 dE
8ml?E
ndn—WdE ...(4)

Equation (1) can be written as
Z(E)dE= g n(ndn)

Substituting equation (3) and (4) in the above equation we have

8ml2E

8ml?
- ]1/2 [ ] dE

Z(E)dE=T] o

T 1[ 8ml? E]1/2 I:8m1

h2 2h? ] dE

T - 8m

ZE®)dE=[ h2]3/2 EY2 134 E

Here I° represents the volume of the metal piece.
If I =1, then we can write that

The number of available energy states per unit volume (i.e) Density of states.

8m

Z(E)dE_“[hZ]

32 g2 g .. (5)

Since each energy level provides 2 electron states one with spin up and another with spin down (pauli’s
exclusion principle), we have

Density of states

T - 8m

Z(E)dE = 2.7 [ 33|32 E1/2 dE



m™ - 8m

Z(E)dE =~ [ -5]%/2 EV2 dE ...(6)

CARRIER CONCENTRATION IN METALS
Let N (E) d E represents the number of filled energy states between the interval of energy d E.
Normally all the energy states will not be filled. The probability of filling of electrons in a given energy
state is given by Fermi Function F (E).
N (E) dE = Z(E) dE . F(E) .. (1)
Substituting equation (6) in equation (7), we get
Number of filled energy states per unit volume

8m

N(E)dEzg[hz

1¥? EY2dE F(E) ..(8)

N (E) is known as carrier distribution function (or) Carrier concentration in metals.
Fermi Energy at 0 Kelvin:
We know at OK maximum energy level that can occupied by the electron is called Fermi energy level
(Er,)
(i.e) at 0 Kelvin for E< EF and
Therefore F (E) = 1

Integrating equation (8) within the limits 0 to EFO we can get the number of energy states electrons

(N) within the Fermi energy E

1
[N(E)dE = g[j—’:‘]w fOEFO Ez E.dE

3 3
_m (8m)\z EF,?
=)
2
203
. 8 2
(or) Number of filled energy states at zero = g (h—T)Z EFOZ ..(9)
(or)
3 3N [ h?
— 22 (L) 32
EFOZ T (Sm)
. h? 3N
Fermi energy Ep, = 5(7)2/3 ..(10)

Average energy of an electron at OK:

Average energy of an electron



Total energy of the electrons at 0K (E)

(Eave)= ...(11)

Number of energy states at 0K (N)
Here, the total energy of the electrons at OK = (Number of energy states at 0K) X
(Energy of the electron)
: EF,
(i.e) Er = fo °N(E)dE .E

3

) E:EdE  [F(E)=1]

E; =§(—2)E EFOE (12)

3 5 =8
Eave:EEFOZEFO 2

The average energy of an electron at OK is Eave=§EF0

ENERGY BAND THEORY OF SOLIDS
Energy band theory of solids plays a very important role in determining whether a solid is a

conductor, insulator or a semiconductor. This theory explains how an energy band occurs in a solid.
i. FREE AND BOUND ELECTRONS

In an isolated atom all the electron are tightly bounded within the central positive nucleus and
revolves around various orbits. The number of electrons at outer most orbit are called valence
electrons. In the outer most orbits, the attractive force between the nucleus and electrons will be very
less, so that electrons can be easily detached from the nucleus. These detached electrons from the outer
shell orbits are called free electrons. But in innermost orbits electrons are tightly bound to the nucleus,
and hence they are called as bound electrons. The free and bound electrons as shown in figure.
ii. ENERGYLEVELS



We know that each orbit of an atom has fixed amount of energy associated with it. The

electrons moving in a particular orbit possess the energy of orbit. The larger the orbit, the greater is its

energy. So, the outermost orbit of electrons possess more energy than inner orbit electrons.

The energy of different orbits are called energy levels. As shown in figure.

Let E1 be the energy level of K-shell, E> be the energy level of M-shell, Es be the energy level of L-

shell and so on.

‘ T I, 2 111 Energy level (E,)
= = T, L II Energy level (E,)
- g
& r, K I Energy level (E))
Edge of Nucleus

From the figure, it is clear that the electrons can revolve only in certain permitted orbits of radii

ry, 2, 3 .... and not in arbitrary orbit.

1. Therefore the electrons cannot filled in spacing of energy levels.
2. Electrons fill the lowest energy levels first. A specific quantity of energy must be supplied to

move an electron to the next higher level.

3. Pauli Exclusion Principle states that no two electrons can occupy the same quantum state. Not

more than two electrons can occupy any one energy level.

iii. ENERGY BANDS:

A set of closed spaced energy levels is called an energy band. let us consider two
identical atoms of diameter (d) separated at a diatance (r), so that leletronic energy levels of one atom

[E1l(K-shell) and E2' (L-shell)] do not affect the electronic energy levels of the other atom [E1%(K-

shell) and E,? (L-shell)] as shown in figure.

L-Shell % L-Shell 5 L-Shell g2
E, E; L-Shell t
EZ
K-Shell E i K-Shell Ef —— Ez
1
R AT P AP K-Shell =
Atom Atom’
1 2
& r o
<« > = d

r>>d



Now, when we bring the atoms close together, some force of attraction occurs between
them and according to quantum mechanics, their wave functions will start overlapping, therefore the
two atoms are brought closer, it does not remain as two independent atoms, rather it forms a single two-
atom system with two different energy levels to form energy band as shown in figure.
CLASSIFICATION OF MATERIALS INTO METALS, SEMICONDUCTORS AND
INSULATORS ON THE BASIS OF BAND THEORY::

Based on band theory, and on the basis of presence of forbidden band gap the materials are
classified into three catogories,viz.
I Metals (or) Conductors

ii. Semiconductors
iii. Insulators
i. Metals (or) Conductors

In conductors, there is no forbidden energy gap. Here the valence band and conduction band overlap
each other as shown in figure a. In metals the availability of free electrons will be very high due to the
overlapping of conduction band and valence band. Hence even small field is applied to it, the electrons
in valence band freely enters in to the conduction band and produces current. EX. Copper,

Aluminium, lron.,

Filled energy bands

Conductor

ii. Semiconductors
In Semiconductors, the forbidden energy gap is very small, in the order 0.5ev to 1.5ev and hence there
will be a very small gap between the valence and conduction band as shown in figure b. Ex. Ge, Si.

!

Conduction bale

Filled energy bands

Energy (eV)

Semi-conductor

Generally, in Semiconductors the availability of free electrons in conduction band will be less
compared to metals, due to the presence of forbidden band gap between the valence band and



conduction band. Therefore, when external field of energy, equal to (or) greater than forbidden band
gap energy (Eg) is applied to a semiconductor, immediately the conduction will take place.
iii. Insulators

Insulators, the forbidden band gap is very wide, in the range of 3 ev to 5.47 ev and hence there
will be very large gap between the valence band and conduction band as shown in figure c. Since the
forbidden band gap is very very high in the case of insulators, so that very large amount of external
field is required for conduction to occur.

Ex: Diamond, Dielectrics etc..

Energy (eV)

Filled energy bands

Insulator

KRONIG PENNY MODEL
The Kronig Penny model is simplified model for an electron in one dimensional periodic
potential the possible states that the electron can occupy are determined by Schrodinger

equation.

b 0 a

The corresponding Schroedinger equation for the two regions I and II

2 2
S+ TTEY=0 ,0<x<a

dx?

2
St ¥ =0 (1)



2

(ZZ — 81:12m E (2)

2 2
S+ ETRE-V)¥=0 -b<x<0

dx?
azy 20
I + ¥ =0 3
8 2
B2 = =7 (E = V,) @
The general solution of the above equation (1), (3)
P (x) = Ae'®* + Be~lo¥ (5)
¥ (x) = CeP* + De B (6)

Where A, B, C, D are arbitrary constants. The expected solution of the above Schroedinger
equation must have the same form as that of Bloch function.
Now applying boundary condition we obtain the following modified equation
A+B=C+D
ic (A-B) =8 (C-D)
CePb + De=Pb = eik(a+b)[geiaa 4 peiaa]
BCePt + fDe Bl = jgeik@tb)[geiaa _ po-iaa)

The solution of above equation can be found by following determinant.

1 1 -1 -1
i —ia —B
_pik(atb)+iaa  _yika+h)—iaa =B opp [0 — (7]

_l-aeik(a+b)+ iaa l-aeik(a+b)—iaa 'Be—ﬁbﬁeﬁb

On simplifying this determinant we obtain

B%- a? . .
coska = ( P ),Bbsmaa sinhfb + cosaa coshfb (8)

In order to simplify above equation Kronig Penny assumes that the potential energy is 0 at
lattice sites and equals to Vo inbetween them hence equation (8) becomes

2_ 2
coska = (BM;: ),Bbsinaa + cosaa (9)
2 2 _ 8n2m E 871'2171, E
ﬁ - a" = h2 ( - VO ) - h2
_ 8mZmV, (10)

h?2



Sub. Eqn (10) in (9)

8m2my, .
coska = bsinaa + cosaa
2af h? ’8 +
sinaa
coska = Pb —, T cosaa (11)
a?my
Where P = ——2£
h2
sinaa
oa
sinaa
oa
sinaa =0

aa=sin~1(0)=nn

_n?z
aZ -2

a

—(12)

Comparing equations (2) and (12)

= E (13)

n? 22

8a?m

Effective mass of electron:
The mass acquired by an electron when it is accelerated in a periodic potential is called

effective mass of an electron.
When an electron is accelerated by an electrical or magnetic field in a periodic potential, the mass of an
electron is not a constant. But, it varies with respect to the field applied. This varying mass is called
effective mass (m¥*).

Consider a crystal subjected to an electric field of intensity ‘E’. Due to this applied field , the
electron gains a velocity which can be



PROBLEMS
1. Energy required to remove an electron from sodium metal is 2.3e V. Does Sodium exhibit

photoelectric effect from an orange light having wavelength 2800A?

Solution:

Given: 2800 A, Eg=2.3

Energy required to remove an electron from sodium = 2.3

—hy = e
E=hv= 7

6.625x10734x3x108
2800x10~10%1.6x10~19

By using orange light having wavelength 2800 the energy produced is
Since, the above calculated energy 4.4 e V i.e energy produced is greater than the required (i.e) 2.3e
V. Sodium exhibits photo-electric effect from an orange light having wavelength 2800 A
2. Calculate the drift velocity of electrons in copper and current density in wire of diameter 0.16cm
which carries a steady current of 10A.Given n = 8.46 x 10%8/m?®

Solution:
Current

Current density J = -
Area of cross section

10

2
7x(0.16x10~2)
4

J =497.3 x 10* A/m?






UNIT I
SEMICONDUCTORS
INTRODUCTION
The materials are classified on the basis of conductivity and resistivity. The resistivity of a
semiconductor is in the order of 10 to 0.5 ohm-metre. A semiconductor is a solid which has the
energy band similar to that of an insulator. It acts as an insulator at absolute zero and as a conductor
at high temperatures and in the presence of impurities.
PROPERTIES OF SEMICONDUCTOR
1. The resistivity of semiconductors lies between conducting and insulating materials. (i.e.,)
10* to 0.5 ohm-metre.
2. At OK they behave as insulators.
3. When the temperature is raised or when impurities are added, their conductivity increases.
rLe,pal/T
4. They have negative temperature co-efficient of resistances.
5. Total conductivity (c)= ce + on
Where, oe — conductivity due to electrons
oh - Conductivity due to holes
They are formed by covalent bond.
They have empty conduction band at ok.

They have almost filled valence band.

© oo N o

They small energy gap.
10. If impurities add in semiconductor, the electrical conductivity increases. When the
temperature is increased, electrical conductivity is decreases.
CLASSIFICATION OF SEMICONDUCTORS
There are two types
i. Elemental Semiconductors
ii. Compound Semiconductors
Elemental semiconductors
Elemental semiconductors are made up of single element and are called as indirect band gap
semiconductors. Heat is produced during recombination process. Ex: Ge, Si
Compound semiconductors
Compound semiconductors are made up of compounds and are called as direct band gap
semiconductors. Photons are emitted during recombination process.
Ex: GaP, MgO



TYPES OF SEMICONDUCTORS
Based on the purity, semiconductors are classified into the following two types:
I. Intrinsic semiconductor
ii. Extrinsic semiconductor
INTRINSIC SEMICONDUCTOR
A semiconductor in a extremely pure form is called as intrinsic semiconductors.
Ex: Ge, Si
Let us consider two atoms of Germanium brought closer to each other. Now the positive
core of one atom interacts with one of the electrons from the other atom and the two electrons are
shared by two atoms. These electrons are called Electron Pairs. When the attractive force is
balanced, by the repulsive force between the two positive cores, a covalent bond is formed.

Explanation

> In the case of Ge or Si we have 4 valence electrons.

Y

It is the tendency of each germanium atom to have 8 electrons in the outer most shell.

Y

To do so, each germanium atom arranges itself between four other germanium atoms as
shown in fig.

Here neighbouring atoms share one valence electron with the central atom.

So, by this sharing, the central atom completes its last orbit by having 8 electrons.

Hence all the four valence electrons of the central atom gets tightly bound to the nucleus.

YV V V V

Similar such bonding occurs among all the other atoms giving rise to extremely stable
structure and hence has low conductivity.

In these semiconductors the electrons and holes can be created only by thermal agitation.

Y VY

As there are no impurities the number of free electrons must be equal to the number of

holes.



Effect of Temperature on intrinsic semiconductors

I
>

At absolute zero: .
Conduction band —* Empty

At absolute zero, all the electrons are tightly
bound to the nucleus.

) ) Forhidden band gap E,
The inner orbit electrons are bound, whereas
the valence electrons are bonded, with  —————— |
covalent bond, with other atoms. = pF———--= Valeneband — — — — —

Hence at absolute zero, no valence electron

can reach the conduction band to become free electron.

So the valence band is completely filled and the conduction band is empty.

i. At absolute zero:

At absolute zero, all the electrons are tightly bound — —
to the nucleus. «— «—
The inner orbit electrons are bound, whereas the ¢

valence electrons are bonded, with covalent bond, NN

with other atoms

Hence at absolute zero, no valence electron can reach the conduction band to become free
electron.

So the valence band is completely filled and the conduction band is empty.

iii. Above absolute zero:

When the temperature is raised some of the covalent bonds break due to thermal energy
supplied.

Due to the breaking of bonds the electrons are released from the covalent bonds and become
free electrons.

Now if a potential difference is applied across the semiconductor, these free electrons move
with respect to field direction and produce a tiny electric current as shown in fig.

This shows that the resistance of semiconductor decreases with the rise in temperature. i.e.,
it has Negative temperature co efficient of resistance.

The no. of free electrons that move to conduction band will be exactly equal to the number

of holes created in the valence band.

Hole Current

>

Similar to the normal current which is due to free electrons another current called the hole

current also flows in the semiconductor.



> Due to thermal energy if one electron enters conduction band from valence band, one hole
is created in the valence band. Due to thermal energy hole- electron pairs are created.
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> Definition: It is noted that hole current is due to the movement of valence electrons from

one covalent bond to another bond.
CARRIER CONCENTRATION IN INTRINSIC SEMICONDUCTORS

» We know at 0 K intrinsic pure semiconductor behaves as insulator.

> But as temperature increases some electrons move from valence band to conduction band as
shown in figure.

» Therefore both electrons in conduction band and holes in valence band will contribute to
electrical conductivity.

> Assume that electron in the conduction band is a free electron of mass me" and the hole in
the valence band behaves as a free particle of mass mn”.

» The electrons in the conduction band have energies lying from Ee¢ to « and holes in the

valence band have energies from - to Ey as shown in figure.
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» Here Ec represents the energy of the bottom (or) lowest level of conduction band and Ey

represents the energy of top (or) the highest level of the valence band.



Density of electrons in conduction band

Density of electrons in conduction band ne :f;:Z(E). F(E)dE ...l (1)

From Fermi-Dirac statistics we can write

AT SmZ% L
Z(E)dE =22 [ pzae L )

Considering minimum energy of conduction band as E¢ and the maximum energy can go upto o« we

can write eqn (2) as

Z(E)dE =2 [8’"8] (E—E):dE 3)
We know Fermi function, F(E):m ............ 4)

Sub. Eqgn (4) and (3) in egn (1) we have Density of electrons is conduction band within the limits E.

to oo
3

Ne = T [Smé]E

1
00 E-E;)2
2 h2 fE % dE .......... (5)

« 1+e E-EP)/TKp
Since to move an electron from valence band to conduction band the energy required is greater than
AKg T. (i.e) e EER)/TKE % 1 & 1 + eE~EF)/TKp = o(E-EF)/TKp

Eqgn. (5) becomes

s [8me
2

Ne = ] [i(E-E 2. eEED/TKe gg 6)
Let us assume that E-E. = xKgT Differentiating we get dE = KgT.dx,
Limits: when E=Ec; x=0, when E=c0; x=00 Therefore limits are 0 to oo

By solving Eqgn (6) using this limits we can get,
3
Density of electrons in conduction band is ne =2 [M] e E-ER)/TKg . (7)

Density of holes in valence band

» We know, F(E) represents the probability of filled state.

» As the maximum probability will be 1, the probability of unfilled states will be [1-F(E)]

» Example, if F(E) = 0.8, then 1-F(E) = 0.2

> Let the maximum energy in valence band be Ey and the minimum energy be -c0. So density of

holes in valence band ny is given by

m=["Z(E).[1-F(E)]dE e, (8)
We know Z(E)dE =2 [Sme] (E—E):dE (9)

1-F(E) =e®E-ER/TKp (10)
Sub egn (10) and (9) in (8), we get



3
m= X [P [~ E)reEEOTEE dE (11)
Let us assume that Ey-E = xKgT Differentiating we get dE = -KgT.dX,
Limits: when E=-c0; we have Ey —(-o0) = x Therefore x= o
When E=E,; x=0,
Therefore limits are oo to 0
Using these limits we can solve eqn (11) and we can get the Density of holes.

Density of holes in valence band is

- [2””;#]3 ¢ (Ev—EF)/TKp
VARIATION OF FERMI ENERGY LEVEL AND CARRIER CONCENTRATION WITH
TEMPERATURE IN AN INTRINSIC SEMICONDUCTOR
For an intrinsic semiconductor number of electrons (i.e.,) electron density will be the same as
that of number of holes (i.e.,) hole density.
(i.e.,) ne=np
Equating equns (7) and (12), we can write

[ms]z. eEEr)/TKe = [ ]:. e(Bo=Er)/TKa

By solving this equn and taking log on both sides we can get

_EC+EU

Er =2

+2KTlogEh) (13)

mg
* * m;l —
If m; =mg ,then log(—m*) =0

and equn (13) becomes

EP=rc (14)

The Fermi energy level lies in the midway

@
between E. and Ey as shown in figure. But in c

I S EF atO K
actual case mjy > mj and Fermi energy level == CpatToam

v temperature

slightly increases with the increase in

temperature as shown in figure. CB~—Conduction band
VB— Valence band

Density of electrons and holes interms of £,

In terms of energy gap ([{g) where E, = E.—E, we can get the expression

of n, and n, by substituting the value of E in terms of E_.and E,.



Substituting equation (13) in (7) we get

[ E.+E, 3 m,, ]
% 5 +ZKBTl°8e ;; = 8
: 2nm, KT 5
n,= 2 exp K,T
[ m,* \ "
2E.+2E, + 3K T log, = |—4E,
2 \ m, )
= (2n KT d 3
- ) (m,)"" exp aK,T
\ / L ]
(2 K,T Y [ AE,-E) 3
. R Rg « 32 v—E) 3 my
=2 7 (m,)"" exp _4KBT ks 4 log, | —;
\ / g e
Since E,=E_—E,, we can write
34

wn
2rn K, T 5 m
Ai=2 { hZB } (m)** exp 2—1(:7_' +log, '—n—':-

KT (m)**
th } (mo)m h e-Es/ZK’T

(or) ne=2{

(1)

...(16)

Thus, it is found that n,=n,=n; where n; is the intrinsic carrier
concentration.



Results
» In an intrinsic semiconductor the density of electrons in conduction band is

equal to the density of holes in valence band. (i.e.,) n,=ny,
» n,and n, increases exponentially as the temperature Increases.
Intrinsic Carrier Concentration

2
We know that, n,=n,=n,and n; =n, - n,

Substituting from equations (15) and (16), we have

2 2
I ) e Kg ! | . . « 34 —E /2KgT
=471 9 A | | (m), - m,)" "
! h~ ]
- ’ = Al
2 2n Ky 1 ¢ #32 -E/K,T
n=4| —— (m,my)"“e “¢"8
.
i 3/2
(i85 he
il 25T . o3/4 ~E /K] (17)
(or) n.=2 2 (m,m,)" " e "
2 .

Therefore for intrinsic semiconductor even If impurity s added to increase
n, there will be decrease in n, and hence the product n,ny, will remain constant.

This is called law of mass action.

MOBILITY AND ELECTRICAL CONDUCTIVITY OF INTRINSIC SEMICONDUCTORS
The electrical conductivity of an intrinsic semiconductor in terms of mobility of charge
carriers is given by,
The electrical conductivity oi = nie(uetpn) o (1)
Where
ni is intrinsic carrier concentration
e is charge of electron
Le is mobility of electrons
un is mobility of holes.

According to intrinsic carrier concentration

E

E g9
Gzze{M:—ZBT}Z(mh*-me*)e 2o (ae *+ p2)

Here the electrical conductivity depends on the exponential of forbidden energy gap
between valence band and conduction band and on the mobility of charge carriers, both pe and pi.



But the term (Ue + pn) has temperature dependence and it will cancel with the T2 term and hence

we can write

Where, C is a constant. A

Taking log on both sides we have

If a plot is made between log oj and 1/T we get a straight line.

Here oi increases with temperature as shown in figure.

oi = Ce Eg/2KeT ... )

logo; = logC — (Eg/2KgT) Logo

v

1T

DETERMINATION OF BAND GAP ENERGY

We know for intrinsic semiconductor c; = Ce ~F9/2KBT

We know resistivity pi = 1/ Conductivity

Pi=cefo/2Kel (1)

We know resistivity is resistance per unit area per unit length

Where p; — Resistance, A

a — Cross sectional area,

R;
pi = T“ .............. (2)

| - Length Log R, %I/dy

Equating egns (1) and (2) and Taking log on both sides we get, dx

»
»

logR; =logCy + (Eg/2KgT) T

The resistance can be found using meter bridge or carey

fosters bridge or post office box experiments at various temperatures.

If a graph is plotted between 1/T and log R; a straight line is obtained as shown in figure,

with a slope dy/dx = E¢/2KG.

Therefore by finding the slope of line we can calculate the energy band gap Eg with the

following expression.

Eq = 2Kg(dy/dx) Joules

EXTRINSIC SEMICONDUCTOR

>

Impure semiconductors in which the charge carriers are produced due to impurity atoms are
called extrinsic semiconductors.

They are obtained by doping an intrinsic semiconductor with impurity atoms.

Based on the type of impurity added they are classified into n-type semiconductor and p-

type semiconductor.
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(i) n-type semiconductor

>

>

N-type semiconductor is obtained by doping as intrinsic semiconductor with pentavalent
impurity atoms like phosphorus, arsenic, antimony, etc.,

The four valence electrons of the impurity atoms bond with 4 valence electrons of the
semiconductor atom and the remaining 1 electron of the impurity atom is left free as shown
in figure.

Since electrons are donated in this type of semiconductor the energy level of these donated
electrons is called donor energy level (Eq) as shown in figure.

Eq is very close to conduction band and hence even at room temperature the electrons are
easily excited to conduction band.

The current flow in this type of semiconductor is due to electrons.

(ii) P-type semiconductor

>

P-type semiconductor is obtained by doping an intrinsic semiconductor with trivalent
impurity atoms like boron, Gallium, Indium, etc.,

The three valence electrons of the impurity atom pairs with three valence electrons of
semiconductor atom and one position of the impurity atom remains vacant, this is called
hole as shown in figure.

Therefore the no. of holes is increased with the impurity atoms added to it.

Since holes are produced in excess, they are the majority charge carriers in p-type
semiconductor and electrons are the minority charge carriers.

Since the impurity can accept the electrons this energy level is called acceptor energy level
(Ea) and is present just above the valence band as shown in figure.

Here the current conduction is mainly due to holes.



CARRIER CONCENTRATION IN N-TYPE SEMICONDUCTOR
» The energy band structure of n-type semiconductor is as shown in figure.

Conduction band

e

m“"—-»
/Qm_"mo

Electrons

----------- E

Pl =g = - - v

e A A SR

Electrons

> At 0 K, Er will lie exactly between Ec and Eq, but even at low temperature some electrons
may go from Eq to E..
» Let us assume that Ec-EF>KagT.

» Then the density of electrons in conduction band can be written as

Ne =2 [Z”";#F o (E—Ep)/TKp
> Let Ng be the number of donor energy levels per cm? (i.e.,) density of state Z(Eq)dE, which
has energy Eq below the conduction band.

» If some of the electrons are donated from donar energy level to conduction band say for
example if two electrons go to conduction band then two vacant sites will be created in Eq
levels as shown in figure.

» Thus in general we can write the density of holes in donar energy level as

N (Eq)dE = Z(E)dE.(1-F(Ed))
m  =Na(@-F(E))) @)

we know

1
F(Ed) = 1+eEa-ER/TKR

eEa—EF)/TKp

And 1 -F(Ed) = T3e@a-ER/TRE e 3)
eEa—ErR)/TKp << 1
1 + e(Ea—EF)/TKp = 1
Equation (3) becomes
1-F(Eg)= eFEa~ER)/TKe (4)
Substituting equn (4) in (2)



np = Nge (Ea—EF)/TKp

At equilibrium condition

No. of electrons per unit volume = No. of holes per unit volume
In conduction band in donar energy level

Equating equn (1) & equn (5) and taking log on both sides we get

Ec+E, KgT

h2

At OK when T=0,

we can write the above equation as Es =(Ec+Eq)/2

Eqgn (7) shows that, at 0 K, Er will lie exactly in the midway between E and Eq.

VARIATION OF FERMI ENERGY LEVEL WITH TEMPERATURE AND IMPURITY

CONCENTRATION IN n-TYPE SEMICONDUCTOR

» When the temperature is increased some electrons in Eq level may be shifted to conduction

band and hence some vacant sites will be created in Eq levels.

» Therefore the Fermi level shifts down to separate that empty levels and the filled valence

band level as shown in figure, for the doping level of Ng = 102! atoms/m?.
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> fon3
N,=10?! atoms/m

— -

[emperature

(Low doping level) Ng= 10%* atoms/m’(High doping level)

» From the figure it can be seen that for the same temperature, if the impurity atoms i.e.,

doping level is increased, the electron concentration increases and hence the Fermi level

increases.



Expression for Density of Electrons in Conduction Band in
terms of Ny
Substituting equation (6) in (1) we get

( (E,+E) KBTI Ny i

+ og = -E
2 2 5 {aneKBT}m ‘ L
2 ] 2
5 2rm, K ;T W h
n,=2- 3 - exp { K,T
. m I
or n,= b ex +—10
¢ h 5 2Kl 2 & 5 21tm:, KgT = 2
g W
n - ;
R m KT ((E;~E) : N2
n=24——s—1( .exp | —mz= +1o
e W P 2K,T : T ' wmm KT 2 |
@7 | —5%
\ \ h2
. 2 B 12
. 2nm K, T E,~E, l N
(or)n, =2 2 exp 5 KBT exp | log B [ 21tm:,KBT ]w
D || e
: h
k72
2nm K ;T N
¢ (E,-EV2K,T d
ne =2 { hz ed B ( 3/4
Lzm 2mm KT
P

4

2nm, K T
(or) = (N2 ——-—-;2 B ¢BamEof/2 KeT

Here E.—E,=AE is called as lonisation energy of donors (ie.) AE
represents the amount of energy required to transfer an electron from donar energy
level (E,) to conduction band (E,).

.. We can write

.(8)




~ Ionisation Energy of Donor

To find the ionisation energy of donor
- equation (8) can be written as

logn
= " e
n,=Ce AF2KT whereC is a constant

log n,
(or) T = A E/2Kg

If a graph is plotted between log n,
and 1/T we get lines (fig). .- 1 for various
values of donor impurity levels. From the
slope —AE/2Kg, the value of ionisation
energy of donor can be calculated.

Results

oisuLIv]

/T

»  Density of electrons (n,) in conduction band is proportional to the square root

of donor concentration (Ny).

»  When temperature is increased the Fermi level falls below the donor level and
may approach only upto E; (Fermi level of the intrinsic semi conductor).

Electrical Conductivity of n-type

We know the electrical conductivity (o) is given by

Gznee(uc+ph)

For n-type semiconductor the acceptors are at the most zero. Therefore the

mobility of charge carriers (holes) is zero. i.e., iy =0.




CARRIER CONCENTRATION IN P-TYPE SEMICONDUCTOR
» For p-type at absolute zero Er will be exactly between Ea and E..

» At low temperatures some electron from valence band fills the holes in the acceptor energy

levels as shown in figure.

» We know the density of holes in the valence band,

3
Ny =2 [2”";#]2 o (Bv—Ep)/TKp

Conduction band E
1 c
Hole

Eg vl
Eg

sjlinnpoobeiodonidind s L
- = = Valence band_ — ¥

Electrons

> Let Na be the number of acceptor energy levels per cm® (i.e.,) density of state Z(E.)dE,

which has energy E. below the conduction band.

> If some of the electrons are accepted by the acceptor energy level from valence band say for

example if two electrons are accepted to fill the hole sites in the acceptor levels, then two

holes will be created in valence band as shown in figure.

» Thus in general we can write the density of holes in donar energy level as

N (Ea)dE = Z(Ea)dEF(Ea)
Ne = Na F(Ea)

we know

FED = omemmms
And
eEa—ER)/TKp >> 1
1 + e(Ea~EF)/TKp = (Ea—EF)/TKp

1
F(Ea) = S@azmrrs
Substituting equn (3) in (2)

_ Ng
Ne = Ne-z5p77x5

At equilibrium condition



No. of holes per unit volume = No. of electrons per unit volume
In valence band in acceptor energy level

Equating equn (1) & equn (4) and taking log on both sides we get

Er =27 + “l]og [”—}] ................ (5)

2 2nmp KgT
h2

At OK when T=0K,

We can write the above equation as Es =(Ev+tEa)/2 ... (6)

VARIATION OF FERMI ENERGY LEVEL WITH TEMPERATURE AND IMPURITY
CONCENTRATION IN P-TYPE SEMICONDUCTOR

» When the temperature is increased, some of the electrons in the valence band will go to
acceptor energy levels by breaking up the covalent bonds and hence the Fermi level is

shifted in upward direction for doping level of Ng = 102! atoms/m? as shown in figure.

Conduction band
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E

=1 Vv
Valence band

Temperature ——=

» From the figure it can be seen that for the same temperature, if the impurity atoms doping

level is increased say Na = 10%* atoms/m?, the hole concentration increases and hence the

Fermi level decreases.
» Therefore at low temperature the Fermi energy level may be increased upto the level of

intrinsic energy level (Ei)



Expression for Density of Holes in Terms of N,
Substituting equation (5) in (1) we get

(E,+E) KgT ; N, i
e = 0
' 2 3. 2nm,” K,T | ¥
£} 3 2 X >
2 m, KT
n,= 2 exp KT
. 2
i i 2nm, KT 2,-E,~E, 1 N,
or) n,= ex 10
" K Pl T2 2% (ommik,T
h2
n
) { 2y Ky T } oxp [EED 1 (N,)
! W 2K T 2 2nmy, Ky T
h2

hZ
m )
. ( 12
21 m;, KT N
(or) n, =2 hz B . &E,~EVK,T e
h 2 Jzn m;, KT
b sl

A7)

Here E,—E,=AFE is known as ionisation energy of acceptors i.c., AE
represents the energy required for an electron to move from valence band (E,) to
acceptor energy level (E,).

Therefore equation (7) becomes

..(8)




VARIATION OF CARRIER CONCENTRATION WITH TEMPERATURE
» The carrier concentration in n-type semiconductor varies with the increase in the
temperature.
Electron concentration
» At very low temperature at 0 K, 1/T is high, the Fermi level will be exactly in the middle
between E. and Eq and the carrier concentration is at the most zero in the conduction band
and hence point A is obtained in the graph.

D
intrinsic range

exhaustion range

logn
e
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log n \
hole /\\ impurity range
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» Now when the temperature is slowly increased, the donar atom gets ionized and the
electrons move towards conduction band.

» Hence the carrier concentration increases slowly in the conduction band for electrons.

» Since this range is obtained due to impurity atoms, it is called impurity range shown by
curve AB in figure.

» The range is obtained due to exhaustion of donor atoms it is called exhaustion range, shown
by curve BC in figure.

» Since the number of available electrons in donor energy level is almost exhausted, many
number of electrons are shifted from valence band to conduction band and thus the carrier
concentration increases rapidly, tracing the curve CD.

» Since the material practically becomes intrinsic in this range, this range is known as
intrinsic range.

Hole Concentration
» At OK electrons concentration is zero in conduction band.
» Now when temperature is increased slowly the electrons will move from donor energy level

to conduction band.



» Now when temperature is very high the electrons are transferred from valence band to
conduction band and holes are created in valence band.

» The electron concentration in conduction band equalizes the hole concentration in valence
band.

» So electron concentration curve and hole concentration curve overlaps only in the intrinsic
region.

Conductivity of Extrinsic semiconductor
» The variation in the conductivity of an extrinsic semiconductor, with the increase in

temperature is as shown in figure.

L

Logo

v

T — .
» When the temperature is slowly increased from OK impurity atoms are slowly ionized and
goes to conduction band and hence conductivity increases.
» When all the impurities are ionized the mobility of charge carriers decreases slightly and

therefore logo becomes constant (or) may slightly decrease.

Carrier tansport

In semiconductor electrons and holes are called carriers, which moves from one position to another

and this movement of charge carriers is called Carrier tansport.
In the absence of field (Random Motion)

In the absence of external field, the charge carrier moves in random direction due to its thermal
energy. The path of the charge carrier changes due to scattering by the vibration of the lattice points

and by the coulomb force of ionised donar and acceptor atoms in the semiconductor.

In the presence of field (Drift)

Now when the charge carriers are subjected to external fields, then they move with a velocity called
drift velocity, and reaches steady state.



At steady state
The rate of momentum gained due to external field = The rate of momentum lost due to
scattering

Thus during steady state a steady current flows due to the carrier transport in semiconductors.

i. Carrier transport in n -type semiconductor

We know that in n -type semiconductor the electrons are majority charge carriers and holes
are minority charge carriers. Apart from this, there will be equal number of immobile positive ions

(grey shaded) in n -type semiconductor.

Let us consider an n -type semiconductor placed between a pair of electrodes, for which a
voltage is applied as shown in figure.

e~ .

Immobile positive
Ions (Donars)

Due to the field applied the electrons in the semiconductor move towards the positive
terminal and they disappear. At the same time equal numbers of electrons are generated at the
negative terminal. These electrons are attracted by the immobile positive ions present in the
semiconductor and therefore a continuous flow of electrons from one terminal to other terminal

takes place through the semiconductor.
The net current flow in the semiconductor depends on the biasing voltage.

ii. Carrier transport in p -type semiconductor

We know that in p -type semiconductor the holes are majority charge carriers and electrons
are minority charge carriers. Apart from this, there will be equal number of immobile negative ions

(grey shaded) in p -type semiconductor.



Let us consider a p -type semiconductor placed between a pair of electrodes, for which a
voltage is applied as shown in figure.

r——» Electrodes

/ A Immobil
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® +~® @
Electron Electron
|1}
Voltage

Due to the field applied the holes in the semiconductor move towards the negative terminal
and they combine with the electrons coming out from the negative terminal and disappears. At the
same time equal numbers of holes are generated near the positive terminal. These holes are
attracted by the immobile negative ions present in the semiconductor towards the positive terminal

and thus current to continuous flow.

During this process an electron is lost by the acceptor atom and therefore it try to get back
an electron from the adjacent atom to fill that hole in the semiconductor. This process continues

and hole current occurs inside the semiconductor.

PROBLEMS

1. Find the resistance of an intrinsic Ge rod 1cm long, 1mm wide and 1mm thick at 3000Kk.

For Ge ni = 2.5 x 10*/m?®
pe=0.39m2Vvigt
pun=0.19 m? vigt

Solution

Conductivity of an intrinsic semiconductor is 6i = nie(pe+pn)

c=2.5x10"x1.6x 10"° (0.39+0.19)
c=2.32

Resistance R=pl/A



R=1x102/2.32 x(1x 103 x 1 x 10
R= 4310 ohm.

2. The sample of silicon is doped with 10'® phosphor atoms / m®. Find the hall voltage in a
sample with thickness 500 mm, area of cross section 2.25 x 1023 m?, current 1A and
magnetic field 10 x 10* Wh/m?.

Solution

Given data:
ne = 10 m3, B= 10* Wh/m?
«= 1255 x 103

= 444.44 Alm?
T=500mm

Ru= 1/nce
Ru = 1/10% x1.6 x10°
Ry =625
Hall Voltage Vu =RH Jx Bt
Vy =625 x 444.44 x 10 x 10* x 5000 103

Vh =1.3888 x 10%° Volts



UNIT Il
MAGNETIC MATERIALS
3.1 INTRODUCTION

Magnetic materials are the materials which can be made to behave as magnets. When these
materials are kept in an external magnetic field, they will create a permanent magnetic moment in
it. Diamagnetic, Paramagnetic, Ferromagnetic, Antiferromagnetic and Ferromagnetic materials are
the magnetic materials type.

Magnetism originates from the magnetic moment of the magnetic materials due to the
rotational motion of the changed particles. When an electron revolves around the positive nucleus,
orbital magnetic arises and due to the spinning of electrons, spin magnetic moment arises. Let us
see some of the basic definitions in magnetism.

3.2 BASIC DEFINITIONS
Magnetic dipole moment

A system having two opposite magnetic poles separated by a distance‘d’ is called as a
magnetic dipole. If ‘m’ is magnetic pole strength and 7’ is the length of the magnet, then its dipole
moment is given by

M =ml

Magnetic moment can also be defined as M = ia, where i is the electric current that flows
through a circular wire of an area of cross section ‘a’.

Bohr Magneton

The total magnetic moment and the spin magnetic moment of an electron in an atom can be
expressed in terms of atomic unit of magnetic moment called Bohr magneton.

1 Bohr magneton = eh/2m =9.27 x 10 Am?
Magnetic field

The space around the magnet or the current carrying conductor where the magnetic effect is
felt is called magnetic field.
Magnetic lines of force

Magnetic field is assumed to consist of lines of magnetic forces. These lines of forces travel
externally from North Pole to South Pole as shown in figure. Hence a magnetic line of force is
defined as the continuous curve in a magnetic field. The tangent drawn at any point on the curve

gives the direction of the resultant magnetic intensity at that point.
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Magnetic induction (or) Magnetic flux density (B)

It is defined as the number of magnetic lines of force passing normally through unit area of
cross section at that point.
Magnetic field intensity (H)

It is defined as the force experienced by a unit North Pole placed at the given point in a
magnetic field
Magnetisation (or) Intensity of Magnetisation (I)

The magnetization is the process of converting a non-magnetic material into a magnetic
material. It measures the magnetization of the magnetized specimen. It also defined as the magnetic
moment per unit volume
Magnetic susceptibility (y.)

It 1s defined as the ratio between intensity of magnetization (I) and the magnetic field
intensity (H)

Yon =
Magnetic permeability (n)
It is defined as the ratio between the magnetic flux density (B) and the magnetic field
intensity (H)
[T
3.3 CLASSIFICATION OF MAGNETIC MATERIALS ON THE BASIS OF MAGNETIC
MOMENT

Magnetic materials are classified according to the presence or absence of the permanent
magnetic dipoles. Generally, every two electrons in an energy state of an atom will form a pair with
opposite spins. Thus the resultant spin magnetic moment is zero. Hence they don’t have permanent
magnetic moments and they are called as diamagnetic materials.

Example: Gold, germanium, silicon, etc.

But in some magnetic materials like iron, cobalt, etc., there exists unpaired electrons. The
spin magnetic moment of these unpaired electrons interact with the adjacent atoms unpaired
electron spin magnetic moment in a parallel manner resulting in enormous permanent spin magnetic
moment. These materials are classified into para, ferro and ferromagnetic materials with respect to

the electron spins.



Classification of

Magnetif Materials
Not having permanent Having permanent
magnet moment magne‘ui moment
Diamagnetic material Paramagnetic Ferromagnetic Ferrimagnetic
material material material

3.3.1 DIAMAGNETIC MATERIAL
Ina diamagnetic material, the electron orbits are more or less random, and mostly all the
magnetic moments are cancelled. Similarly all the spin moments are almost paired i.e., they have
even number of electrons and has equal number of electrons spinning in two opposite directions.
Hence the net magnetic moment in the diamagnetic material is zero. Therefore most of the materials
do not have magnetism in the absence of magnetic field.
Effect of external field
When an external magnetic field is applied, the electrons reorient in such a way that they
align perpendicular to the field direction and their magnetic moments opposes the external magnetic
field. This will reduce the magnetic induction present in the specimen.
Properties
1. They repel the magnetic lines of force
2. Susceptibility is negative and it is independent of temperature and applied magnetic field
strength
3. Permeability is less than 1
4. There is no permanent dipole moment, so they are called weak magnets
5. When temperature is less than critical temperature diamagnetic become normal material
Examples: Gold, Germanium, Silicon, etc.,
3.3.2 PARAMAGNETIC MATERIALS
In the case of paramagnetic materials, the spins in two opposite directions will not be equal.
There exist some unpaired electrons which gives rise to spin magnetic moment. Hence the resultant

magnetic will not be equal to zero.



However in the absence of external field the magnetic moments are oriented randomly. Due

to its random orientation some magnetic moments get cancelled and the materials possess very less

magnetization in it.

Effect of external field

When an external field is applied, the magnetic moments of individual molecules reorient

itself along the direction of the magnetic field and the material is magnetized.

Properties

1.

2
3.
4.
5

The magnetic lines of force pass through the material

Magnetic susceptibility is positive and it is given by

Permeability is greater than one

They possess permanent dipole moment

When the temperature is less than Curie temperature, paramagnetic materials becomes
diamagnetic material.

Examples: CuSO4, MnSO4, Platinum etc.

3.3.3 FERROMAGNETISM

In a ferromagnetic material the numbers of unpaired electrons are more. Most of these spin

magnetic moments point in one direction as shown in figure.
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Hence even in the absence of external field, the magnetic moments align themselves parallel

to each other and give rise to magnetic field.



Effect of magnetic field

To these materials even if a small external magnetic field is applied, the magnetic moments
which are already aligned parallel, reorient itself along the direction of the magnetic field and they
become very strong magnets.

Properties
1. Since some magnetization is already existing in these materials, all the magnetic lines of
force passes through it
2. They have permanent dipole moment. So they act as strong magnets.
3. They exhibit magnetization even in the absence of external field. This property is called
Spontaneous magnetization.
4. Tts susceptibility is positive and high and it is given by
5. When the temperature is greater than Curie temperature, ferromagnetic material becomes
paramagnetic material.
6. Permeability is very much greater than 1
Examples: Ni, Co, Fe, etc.,
3.4 FERROMAGNETIC DOMAINS

We can observe that a ferromagnetic material such as iron does not have magnetization
unless they have been previously placed in an external magnetic field. But according to Weiss
theory, the molecular magnets in the ferromagnetic material are said to be aligned in such a way
that, they exhibit a magnetization even in the absence of an external magnetic field. This is called
spontaneous magnetization. i.e., it should have some internal magnetization due to quantum
exchange energy.

Thus according to Weiss hypothesis, a single crystal of ferromagnetic material is divided
into large number of small regions called domains. These domains have spontaneous magnetization
due to the parallel alignment of spin magnetic moments in each domain. But the directions of
spontaneous magnetization vary from domain to domain and are oriented in such a way that the net

magnetization of the specimen is zero as shown in figure.
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Due to this reason the iron does not have any magnetization in the absence of an external field.
Now, when the magnetic field is applied, then the magnetization occurs in the specimen by
two ways
1. By the movement of domain walls
2. By rotation of domain walls
(i) By the movement of domain walls
The movement of domain walls takes place in weak magnetic fields. Due to this weak field
applied to the specimen the magnetic moment increases and hence the boundaries of domains are
displaced, so that the volume of the domains changes as shown in figure.
(ii) By rotation of domain walls
The rotation of domain walls takes place in strong magnetic fields. When the external field
is high (strong) then the magnetization changes by means of rotation of the direction of
magnetization towards the direction of the applied field as shown in figure.
3.5 DOMAIN THEORY OF FERROMAGNETISM
The domain in ferromagnetic solid is understandable from the thermo dynamical principle,
(i.e.,) in equilibrium the total energy of the system is minimum. For this, first we consider the total
energy of the domain structure and then how it is minimized. The total energy of the domain
comprises the sum of following energies. Viz,
1. Exchange energy
2. Anisotropy energy
3. Domain wall energy
4. Magneto-strictive energy
(i) Exchange energy (or) magnetic field energy (or) magneto-static energy
The interaction energy which makes the adjacent dipoles to align themselves is known as
exchange energy (or) magnetic field energy. The exchange energy has established a single domain
in a specimen of ferromagnetic and it is shown in figure.
Because of the development of the free poles at the domain, an external field will be
produced around it and the configuration will have a high value of magnetic field energy. In other
words it is the energy required in assembling the atomic magnets into a single domain and this work

done is stored as potential energy.
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The magnetic energy can be reduced by dividing the specimen into two domains as shown
in figure. The process of subdivision may be carried further, until the reduction of magnetic energy
is less than the increase in energy to form another domain and its boundary. This boundary is called
as domain wall (or) Block wall.

(ii) Anisotropy energy

In ferromagnetic crystals there are two direction of magnetization, viz,

(1) Easy direction (i1) Hard direction

In easy direction of magnetization, weak field can be applied and in hard direction of
magnetization, strong field should be applied. For producing the same saturation magnetization
along both the hard and easy direction, strong fields are required in the hard direction than the easy

direction.
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For example in Iron easy direction is [100], medium direction is [110] and the hard direction
is [111] and it is as shown in figure. From the figure we can see that very strong field is required to

produce magnetic saturation in hard direction [111] compared to the easy direction [100].



Therefore the excess of energy required to magnetize the specimen along hard direction over
that required to magnetize the specimen along easy direction is called crystalline anisotropy energy.
(iii) Domain wall energy (or) Bloch wall energy

Bloch wall is a transition layer which separates the adjacent domains, magnetized in
different directions. The energy of domain wall is due to both exchange energy and anisotropic
energy.

Based on the spin alignments, two types of Bloch walls may arise, namely

(1) Thick wall (i1) Thin wall
Thick wall: When the spins at the boundary are misaligned and if the direction of the spin changes
gradually as shown in figure, it leads to a thick Bloch wall. Here the misalignments of spins are

associated with exchange energy.

==l i

Thin wall: When the spins at the boundaries changes abruptly, then the anisotropic energy
becomes very less. Since the anisotropic energy is directly proportional to the thickness of the wall,
this leads to a thin Bloch wall.
(iv) Magnetostrictive energy

When the domains are magnetized in different directions, they will either expand (or)
shrink. Therefore there exists a deformation (i.e.,) change in dimension of the material, when it is
magnetized. This phenomenon is known as magnetostriction and the energy produced in this effect
is known as magnetostriction energy.

The deformation is different along different crystal directions and the change in dimension
(increase or decrease) depends upon the nature of the material. For example in Ni the length
decreases; and in permalloy the length increases. But both the increase (and) decrease is due to the
mechanical stress generated by domain rotation.

3.6 HYSTERESIS

When a ferromagnetic material is made to undergo through a cycle of magnetization, the

variation of B with respect to H can be represented by a closed hysteresis loop (or) curve. i.e., it

refers to the lagging of magnetization behind the magnetizing field.
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If a magnetizing field H is applied to a ferromagnetic material and if H is increased to H.,
the material acquires the magnetism. So the magnetic induction also increases, represented by ‘oa’
in the figure.

Now if the magnetic field is decreased from H,., to zero, the magnetic induction will not fall
rapidly to zero, but falls to ‘b’ rather than zero. This shows that even when the applied field is zero
or removed, the material still acquires some magnetic induction (ob) which is so called Residual
magnetism or Retentivity.

Now, to remove this residual magnetism, the magnetic field strength is reversed and
increased to —H,.,. represented as ‘oc’ so called coercivity and hence we get the curve ‘bcd’. Then
the reverse field (-H) is reduced to zero and the corresponding curve ‘de’ is obtained and by further
increasing H to H,,. the curve ‘efa’ is obtained.

3.7 EXPLANATION OF HYSTERESIS ON THE BASIS OF DOMAINS
We know when the ferromagnetic material is subjected to external field, there is an increase
in the value of the resultant magnetic moment due to two process, viz.,
1. The movement of domain walls
2. Rotation of domain walls
When a small external field is applied, the domains walls are displaced slightly in the easy
direction of magnetization. This gives rise to small magnetization corresponding to the initial

portion of the hysteresis curve (OA) as shown in figure.
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Now, if the applied field is removed, then the domains returns to its original state, and is
known as reversible domains.

When the field is increased, large number of domains contributes to the magnetization and
thus the magnetization increases rapidly with H.

Now, even when the field is removed, because of the displacement of the domain wall to a
very large distance, the domain boundaries do not come back to their original position. This process
is indicated as AB in figure and these domains are called irreversible domains.

At point ‘B’ all the domains have got magnetized along the easy direction. Now, when the
field is further increased, the domains starts rotating along the field direction and the anisotropic
energy is stored in the hard direction, represented as BC in the figure.

Thus the specimen is said to attain the maximum magnetization. At this position, even after
the removal of external field the material possess maximum magnetization, called residual
magnetization or retentivity, represented by OD in figure.

Actually after the removal of the external field, the specimen will try to attain the original
configuration by the movement of Bloch wall. But this movement is stopped due to the presence of
impurities, lattice imperfections etc. Therefore to overcome this, a large amount of reverse magnetic
field is applied to the specimen. The amount of energy spent to reduce the magnetization to zero is

called as coercivity represented by ‘OE’ in the figure.
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Hysteresis loss

It is the loss of energy in taking a ferromagnetic specimen through a complete cycle of

magnetization and the area enclosed is called hysteresis loop.

Based on the area of the hysteresis loop, the magnetic materials are classified into soft and hard

magnetic materials.

3.8 DIFFERENCE BETWEEN HARD AND SOFT MAGNETIC MATERIALS

S.No

Hard Magnetic Materials

Soft Magnetic Materials

Materials which retain their magnetism
and are difficult to demagnetize are
called hard magnetic materials.

These materials retain their magnetism
even after the removal of the applied
magnetic field. Hence these materials are
used for making permanent magnets. In
permanent magnets the movement of the
domain wall is prevented. They are
prepared by heating the magnetic
materials to the required temperature and
then quenching them. Impurities increase

the strength of hard magnetic materials.

Soft magnetic materials are easy to

magnetize and demagnetize.
are used for

The

These materials making

temporary magnets. domain wall
movement is easy. Hence they are easy to
magnetize. By annealing the cold worked
material, the dislocation density is reduced
and the domain wall movement is made
easier. Soft magnetic materials should not
possess any void and its structure should be

homogeneous so that the materials are not

affected by impurities.

They have large hysteresis loss due to

large hysteresis loop area.

They have low hysteresis loss due to small

hysteresis area.

Susceptibility and permeability are low.

Susceptibility and permeability are high.

Coercivity and retentivity values are

large.

Coercivity and retentivity values are less.

Magnetic energy stored is high.

Since they have low retentivity and

coercivity, they are not used for making

permanent magnets.

They possess high value of BH product.

Magnetic energy stored is less.

The eddy current loss is high.

The eddy current loss is less because of high
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resistivity.

Classification of magnetism

Type of oy ope . . . Example /
Wit Susceptibility Atomic / Magnetic Behaviour Sy
Dia magnetism Small & Atoms have no Au -2.74x10°¢
g negative. magnetic moment Cu -0.77x10°¢
AT
- -6
Para Small & Atpms have randomly Pl e\ B-Sn 0.19x10 .
magnetism [positive oriented magnetic - T 7L - [Pt 21.04x10
' moments Qe e ¢ Mn 66.10x10°
Large &
posm.ve, Atoms have parallel 1 x ; 1 ;
Ferro function of . .
. . aligned magnetic Fe ~100,000
magnetism |applied field, T T 1‘ T T
. moments
microstructure f T 1‘ f 1
dependent.
Atoms have mixed ] | ] * ]
Ant1fe1:r0 Smgl} & parallel aqd anti- Cr 3.6x10°
magnetism [positive. parallel aligned T l T ,L T
magnetic moments l T l T ‘l
Large &
positive, Atoms have anti- T l T l T
Ferri function of . T T T Ba
. . parallel aligned .
magnetism |applied field, . T T T ferrite
. magnetic moments
microstructure T T T T T
dependent

3.9 ENERGY PRODUCT

Hard magnetic materials have high magnetization, retentivity and coercivity. The shape of
the hysteresis loop in the second quadrant gives the effectiveness of permanent magnetism in the
specimen.

Therefore, a product of retentivity (B,) and coercivity (H.) is made and this product is called

energy product, which gives the maximum amount of energy stored in the specimen.
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The energy product curve is as shown in figure. Here two curves (i.e.,) (i) 1* quadrant of the plot
between energy product (B,H,) and Br, which represents magnetization and (ii) 2™ quadrant.
3.10 ANTI - FERROMAGNETISM

In this the spins are aligned in antiparallel manner due to unfavourable exchange interaction
among them, resulting in zero magnetic moment. Even when the field is increased, it has almost

zero induced magnetic moment.

A A

bed

1. The susceptibility is very small and is positive, It is given by

Properties

for T > Ty where Ty is the Neel temperature.
2. Initially, the susceptibility increases slightly as the temperature increases and beyond a
particular temperature, known as Neel temperature, the susceptibility decreases with
temperature.
Antiferro-magnetic materials

1. Ferrous oxide (FeO)

2. Manganese oxide (MnO4)

3. Manganese Sulphide (MnS)

4. Chromium Oxide (Cr203)

5. Ferrous Chloride (FeCl2) and salts of transition elements.
These elements will be wide range of applications in magnetic storage devices.
3.11 FERRIMAGNETISM AND FERRITES

It is a special case of magnetic material and it is composed of two sets of different transition
metal ions having different values of magnetic moment with antiparallel alignment as shown in
figure.

Hence these materials have antiparallel magnetic moments of different magnitudes, giving

rise to fairly large magnetic moment in the presence of external magnetic field.
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Properties

1. The susceptibility is very large and is positive represented by when T > Ty

2. Beyond the Neel temperature, x decreases.

3. These materials have low eddy current losses, and low hysteresis losses.

4. They have hysteresis loop in the form of a square and hence will have low coercivity.
Structure of Ferrites

Ferrites are the magnetic compounds consisting of two or more different kinds of atoms.
Generally ferrites are expressed as X*'Fe,**O, where X** stands for suitable divalent metal ion such
as Mg*, Zn*", Fe*', Mn*', Ni** etc.

Examples,

1. If X** is replaced by Ni*, then the ferrite (Ni** Fe’**O*) is formed, thus named as nickel

ferrite.

2. If X* is replaced by Fe* then the ferrite (Fe*’Fe**O*) is formed, thus named as ferrous

ferrite.

Ferrites formed usually have a face centered cubic structure of oxygen ions closely packed
together with the divalent and trivalent metal ions in the interstitial sites. This structure is called
spinal structure. There are two types of ferrite structures

(1) Regular spinal (i1) Inverse spinal
Regular spinal: Eg., Mg*Fe**O*

In this type each metal atom is surrounded by four O* ions in a tetragonal fashion. For

example, if the metal atom is Mg*, then the structure is as shown in figure and it is called A site.

Totally in a unit cell, there will be 8 tetrahedral (8A) sites.

14
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Each Fe*' is surrounded by six O* ions and forms an octahedral fashion as shown in figure.

Totally, there will be 16 such octahedral sites in the unit cell. This is indicated by B site.

____________ _———— p

(@) Divalent metal ions

® Trivalent metal ions
® Oxygen ions

Thus in a regular spinal, each divalent metal ion (Mg?*) exists in a tetrahedral form (A site)
and each trivalent metal ion (Fe*) exists in an octahedral form (B site). Hence the sites A and B
combine together to form a regular spinal ferrite structures as shown in figure.

Inverse spinal: Eg., Fe**[Fe*'Fe*]O*

15



(3) Divalent metal ions

@ Trivalent metal ions
® (Oxygen ions

In this, the Fe’* ions (trivalent) occupies all the A sites (tetrahedral) and half of the B sites
(Octahedral) also. Thus the left out B sites will be occupied by the divalent (Fe**). The inverse
spinal structure is as shown in figure.
Types of interaction present in the ferrites

The spin arrangement between the A site and B site is in an antiparallel manner and it was
explained by Neel. According to him, in ferrites, the spin arrangement is antiparallel and there
exists some interaction between the A and B sites which is represented as AB interaction.

Apart from this, there are two more interactions (i.e.,) AA and BB interaction which is
negative and considerably weaker than AB interaction.

The tendency of AB interaction is to align all A spins parallel to each other and antiparallel
to all B spins, but the tendency of AA and BB interaction is to spoil the parallel arrangement of A
and B spins respectively.

Since AB is very strong as compared with AA and BB, the effect of AB interaction
dominates and gives rise to antiparallel spin arrangement.
3.12 MAGNETIC MOMENT OF A FERRITE MOLECULE
Bohr magnet

The orbital magnetic moment and the spin magnetic moment of an electron in an atom can
be expressed in terms of atomic unit of magnetic moment called Bohr magneton.

1 Bohr Magneton = eh/2m = uB =9.27 x 10> Am?

Saturation magnetization of a ferrite molecule can be calculated from the number of

unpaired spins of Fe*" and Fe**
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Let us consider an example of Ferrite say Ferrous ferrite having the formula Fe*’Fe**O* for
calculating the magnetic moment.

In ferrous ferrite we have two types of ions viz. Fe** and Fe*

(1) Here Fe* ions have six electrons in 3d shell. Out of 6 electrons two electrons are paired

with each other and hence left with 4 unpaired electrons.
The Fe** gives rise to 4 Bohr magneton.
(i1) Fe*" ions have five electrons in 3d shell and hence all these 5 are unpaired electrons.
The Fe’* gives rise to 5 Bohr magneton.

Since we have two Fe*, totally, the Fe** gives rise to 2 x 5 = 10 Bohr magneton.

Total magnetization of Fe** + Fe,’* = 4 + 10 = 14 Bohr magneton.
(i.e.,) 14 uB.

Theoretically we get 14 uB but experimentally the total magnetic moment got is only 4.08
uB. The reason for this discrepancy is as follows:

If all the spins are aligned parallel then we will get the total magnetization as 14 pB. But in
ferrites half of the magnetic spins of Fe,* ions are parallel to one direction and the remaining half of
Fe,’" ions are parallel in opposite direction as shown in figure and hence they cancel each other.
Therefore, the net magnetic moment is only due to Fe*" ions alone (i.e.,) hence we get the total
magnetization as 4uB, which has a good agreement with the experiment value i.e., 4.08uB.

Fe3+

Similarly we can calculate the total magnetic moment of any ferrite molecule with respect to the
number of unpaired electrons in the divalent metal ions.
3.13 APPLICATIONS OF FERRITES

(1) They are used to produce ultrasonincs by magneto-striction principle.

(i1) Ferrites are used in audio and video transformers.

(ii1))  Ferrites rods are used in radio receivers to increase the sensitivity.

(iv)  Since the ferrites have low hysteresis loss and eddy current loss, they are used in two

port devices such as gyrator, circulator and isolator.

Gyrator: It transmits the power freely in both directions with a phase shift of & radians.
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Circulator: It provides sequential transmission of power between the ports.

Isolator: It is used to display differential attenuation.

(1) They are also used for power limiting and harmonic generation.

(11))  Ferrites are used in parametric amplifiers so that the input can be amplified with low
noise figures.

(iii)  They are used in computers and data processing circuits.

(iv)  Ferrox cubes are used in switching circuits and in matrix storage devices of
computers.

(v) Ferrites are not metals, but their resistivity lies in the range of insulator or
semiconductor. Thus, the power losses due to eddy currents are reduced in this type
of materials and hence they are used in microwave frequency applications.

(vi)  Ferrites are used in storage devices such as magnetic tapes, floppy discs, hard discs,

ferrite core memories and in bubble memories.

PROBLEMS
1. The saturation magnetic induction of nickel is 0.65 Wb/m’. If the density of Nickel is 8906
kg/m* and atomic weight is 58.7. Calculate the magnetic moment of the nickel atom in Bohr
magneton.
Given, B, = 0.65 Wb/m?
p = 89.6 kg/m’
Atomic weight = 58.7
. = BJ/ Np,
N = pA / Atomic weight
N = (8906 x 6.023 x 10*) / 58.7
=9.14 x 10*® atoms/m’
Un=0.65/(9.14x 10* x 4n x 107)
=5.66 x 10 Am’
(1 Bohr magneton =9.27 x 10* Am?)
18



=(5.66x10*/9.27 x 10*)
K. = 0.61 Bohr magneton (uB)
2. The rare earth element gadolinium is ferromagnetic below 16°C with 7.1 Bohr magneton
per atom. Calculate the magnetic moment per gram. What is the value of saturation
magnetisation, given that the atomic weight of gadolinium is 157.26 and its density is 7.8 x 103
kg/m’.
Number of atoms per kg = (6.025 x 1026 x 7.8 x 10°) / (157.26)
=2.9883 x 10*
Number of atoms per gram = 2.9883 x 10*
(1) Magnetic moment per gram = 2.9883 x 10* x 7.1 Bohr magneton
Since 1 Bohr magneton =9.27x 10> Am’
Magnetic moment per gram = 2.9883 x 10* x 7.1 x 9.27 x 10*
m = 1966.809 Am’
(i1) Saturation magnetization B, = N, W,
=29883x10*x4nx 107x9.27 x 10*
=0.3481Wbm-*

3. A paramagnetic material has a magnetic field intensity of 10* A/m. If the susceptibility of
the material at room temperature is 3.7 x 10°. Calculate the magnetization and flux density in
the material.

(1) Susceptibility x = /H

Intensity of magnetization I = yH

=3.7x10°x 10*
=37 Am’
(ii1))  Flux density B=po [H+1]
=4nx 107 x [10* + 37]
=0.012612 Wb/m?
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SUPERCONDUCTING MATERIALS
3.14 INTRODUCTION
Before the discovery of superconductivity, it was thought that the electrical resistance of a
conductor becomes zero only at absolute zero. But, it is found that, in some materials the electrical
resistance becomes zero, when they are cooled to very low temperatures.
For ex, the electrical resistance of pure mercury suddenly drops to zero, when it is cooled below 402
kelvin and becomes a super conductor. This phenomenon was first observed by H.KamerlinghOnnes in
1911. This phenomenon of losing the resistivity absolutely, when cooled to sufficiently low temperature
is called Super Conductivity.
Transition Temperature or Critical Temperature
The temperature at which a normal conductor loses its resistivity and becomes a super
conductor is known as transition temperature (or) Critical Temperature (T.) as shown in figure.
1. If the transition temperature is low, then the super conductors are known as low temperature

super conductors.

2. If the transition temperature is high (even 30 kelvin) then it is known as high temperature super

conductors.

Resistivity p

T, Temperature T

The transition temperature depends on the properties of that material. It is found that the super
conducting transition is reversible (i.e.,) above critical temperature (T.), the super conductor again
becomes normal conductor. Also, T. is definite for any particular material.

3.15 TEMPERATURE DEPENDENCE OF RESISTANCE AND SUPER CONDUCTING

PHENOMENA

We know conduction in materials is due to flow of electrons, which are loosely bound to the

outer most orbits in an atom. If a small amount of energy is supplied to this atom the free electrons



become conduction electrons. These electrons leave the atoms to which they were originally bound and
the atoms become positive ion cores.
Due to thermal excitation these positive ions vibrate in equilibrium positions. These vibrations

are called Lattice Vibrations. The quanta of energy which are emitted during these vibrations are called

Phonons.

In metals the electrical resistivity (p) is due to
1. Presence of impurities in it (p,)
2. Lattice vibrations, which depends on temperature [p (T)]
(i.e.,) According to Mathiessen’s Rule
p=p.+p(T)
Where, p = Residual resistivity due to scattering by impurities.
p (T) = Ideal resistivity due to scattering by phonons.
In both the above said cases, the moving electrons will be SCATTERED and gives rise to

electrical resistivity. The electrical resistivity at high temperature and low temperature are discussed

below.
At High Temperature
Case (i) Impure metals

In the case of impure metals the resistivity exists due to impurities and also due to phonon

vibrations as shown in figure

Resistivity p

o
)

Temperature T

Case (ii) Pure metals
When a pure metal is taken, the resistivity due to impurities is minimized. Still, due to higher

temperatures, scattering by phonons act as resistance and hence p = p(T), which increase linearly with

temperature as shown in figure.
p=potp(T)
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At Low Temperature
Case (i) Impure metals

When the temperature is reduced to OK, the resistivity of the impure metal doesn’t becomes
zero, because there exists some impurities which give rise to minimum resistivity known as residual
resistivity (p,), as shown in figure.

p =p, [since p(T) = 0]

Case (ii) Pure metals

In a pure metal, when the temperature is lowered, the electrons are ordered in a particular
direction. The resistivities due to both the impurities and phonon vibration are absent and hence the
resistivity p = 0. Hence the material becomes a super conductor, below the critical temperature as
shown in figure.

Thus at low temperature the electrons moves freely over the lattice points and have very less
vibrations giving rise to the phenomenon of super conductivity.
3.16 PROPERTIES OF SUPER CONDUCTORS
1. Electrical Resistance

The electrical resistance of a super conducting material is very less and is of the order of
10°Q cm.
2. Magnetic Property

When super conducting materials are subjected to very large value of magnetic field, the super

conducting property is destroyed.

Normal state

Super conducting
state

Field

Temperature T T,
The field required to destroy the super conducting property is called as critical magnetic field
(Hc) given as
He=H, [1-(T%/T2)]
Where, Ho = critical field at 0K, T. = Transition temperature
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From the figure, we can find that when the temperature of the material increases, the value of
the critical magnetic field decreases. Hence the value of the critical field will be different for different
materials.

3. Diamagnetic Property - MEISSNER EFFECT

When a superconducting material is placed in a magnetic field of flux density ‘B’ the magnetic
lines of force penetrates through the material as shown in figure.

Now, when the material is cooled below its transition temperature (i.e.,) When (T < T¢) then the
magnetic lines of forces are expelled (or) ejected out from the material as shown in figure.

We know that a diamagnetic material have the tendency to expel the magnetic lines of forces. Since the
super conductor also expels the magnetic lines of forces it behaves as a perfect diamagnet. This
behavior is first observed by Meissner and hence called as Meissner effect.

A A A A 4 A 4 AAAA
AT //) 'KK

I Dl II‘I
B#D w

T>Tc,H>HC TSTCg HSHC

Meissner effect

When the super conducting material is placed in magnetic field, under the condition when T <
Tc and H < Hc the flux lines are excluded from the material. Thus the material exhibits perfect
diamagnetism. This phenomenon is called as Meissner effect.
Proof:

We know, B=pn, (H+1)

When B=0we get 0 =p, (H+1)

Since p, # 0 we can write H+1=0

(or)-H=+I (or) /H=-1=¢
Since the susceptibility is negative, this shows that super conductor is a perfect diamagnet.
4. Effect of electric current

When a large value of a.c. current is applied to a super conducting material it induces some
magnetic field in the material and because of this magnetic field, the super conducting property of the
material is destroyed.

5. Persistant Current



When d.c. current of large magnitude is once induced in a super conducting ring then the current

persists in the ring even after the removal of the field as shown in figure. This is known as persistant

P ¥

— Super

1T conducting
ring

This is due to the diamagnetic property (i.e.,) the magnetic flux inside the ring will be trapped in it and

current.

hence the current persists.
6. Thermal Properties
(a) The entropy and specific heat decreases at transition temperature.
(b) The thermal conductivity of type I super conductor is low.
(c) The thermo-elastic effect disappears in the super conducting state.
7. Isotope effect
The transition temperature varies due to presence of isotopes.
Example
The atomic mass of mercury varies from 199.5 to 203.4, and hence the transition temperature
varies from 4.185 K to 4.146 K.
Due to the relationship (i.e.,)
[Teo 1/M°]
Where, M = atomic weight, a = constant (=0.5)
8. General Properties
(a) There is no change in elastic properties, photo electric properties and crystal structure.
(b) The transition temperature is unchanged with the frequency variation.
3.17 TYPES OF SUPER CONDUCTORS
There are two types of super conductors based on their variation in magnetization, due to
external magnetic field applied. viz.
(1) Type I super conductor (or) Soft super conductor

(i1) Type II super conductor (or) Hard super conductor

Type I (soft) super conductor



When the super conductor is kept in the magnetic field and if the field is increased the super
conductor becomes a normal conductor abruptly at critical magnetic field as shown in figure. This type

of materials is termed as Type I superconductors.

Normal state
SC state

H

Below critical field, the specimen excludes all the magnetic lines of force and exhibits perfect
Meissner effect. Hence Type I super conductors are perfect diamagnets, represented by the negative
sign in magnetization.

Type II (hard) super conductor

When the super conductor is kept in the magnetic field and if the field is increased, below the
lower critical filed H,,, the material exhibits perfect diamagnetism (i.e.,) it behaves as a superconductor
and above H.,, the magnetization decreases and hence the magnetic flux starts penetrating through the
material. The specimen is said to be in a mixed state between H., and H.,. Above H., (upper critical

field) it becomes a normal conductor as shown in figure.

(
[ )

,  mpixed state
" Normal state
[

state (Vortex state)

Ho H, He
H

The material which loses its super conducting property gradually due to the increase in magnetic
field is called Type II (hard) super conductors.
3.18 BCS [Bardeen, Cooper and Schrieffer] THEORY OF SUPER CONDUCTIVITY
Principle

This theory states that the electrons experience a special kind of attractive interaction,
overcoming the coulomb forces of repulsion between them, as a result cooper pairs (i.e.,) electron pairs

are formed. At low temperature, these pairs move without scattering (i.e.,) without any resistance
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through the lattice points and the material becomes super conductor. Here the electrons — lattice —
electrons interactions should be stronger than electron — electrons interaction.
Electron — Lattice (phonos) — electron interaction

When an electron moves through the lattice, it will be attracted by the core of the lattice. Due to
this attraction, ion core is distributed and it is called as lattice distortion. The lattice vibrations are
quantized in terms of phonons.

The deformation produces a region of increased positive charge. Thus, if another electron moves
through this region as shown in figure, it will be attracted by the greater concentration of positive

charge and hence the energy of the 2™ electron is lowered.

Cooper pairs

Hence the two electrons interact through the lattice or the phonons field resulting in lowering
the energy of electrons. This lowering of energy implies that the force between the two electrons is
attractive. This type of interaction is called Electron — Lattice — electron interaction. The interaction is
strong only when the two electrons have equal and opposite momenta and spins.

Explanation

Consider the 1* electron with wave vector distorts the lattice, thereby emitting a photon of wave
vector . This results in the wave vector for the 1*electron. Now, if the 2™ electron with the vector , seeks
the lattice, it takes up the energy from the lattice and its wave vector changes to as shown in figure.

Two electrons with wave vectors and form a pair of electrons known as Cooper pairs.

e —

k—q k'+q

Cooper Pairs



The pair of electrons formed due to electron — lattice — electron interaction by overcoming the
electron — electron interaction with equal and opposite momentum and spins (i.e.,) with wave vectors
and are called Cooper Pairs.

Temperature

When the temperature (T) is less than critical temperature (T.), the resistivity due to lattice
vibrations will be less. If the electron — lattice — electron is stronger than electron — electron interaction
then more number of cooper pair electrons will be generated, these cooper pair electrons will sail (move
freely) over the lattice points without any exchange of energy. So, they will not be slowed down.
Hence, the material losses its resistive property and the conductivity becomes infinite and exhibiting the
phenomenon of as Super Conductivity.

Coherence Length

In the electron — lattice — electron interaction, the electrons will not be fixed, they move in
opposite directions and their co-relations may persist over lengths of maximum 10°m. This length is
called coherence length.

3.19 HIGH TEMPERATURE SUPER CONDUCTORS (HTS)

High temperature super conductors are the materials which have transition temperature
T>100K. Usually in high temperature super conductors, the charge carriers are holes. Here, crossing
the transition temperature of 77K is important, because cooling can be accomplished by liquid Nitrogen
instead of liquid Helium, whose cost is more than Nitrogen. The rapid increase of T. leads to the
discovery of La-Sr-Nb-O system, whose T. is 255K. Super conductors at room temperature are yet to be

developed in future.

Examples
1. BaPb,;sBi,,0; (BPBO) for this the transition temperature is T, = 12K
2. La,gBagsCuO, (LBCO) for this the transition temperature is T. = 36K
3. YBa,Cu,O,, (YBCO) for this the transition temperature is T. = 90K

4. T1,Ba,Ca,Cu;0,, (TBCO) for this the transition temperature is T. = 120K
Characteristics of HTS

1. They have high transition temperature

2. They are referred as 1-2-3 compound

3. They have PEROVSKITE crystal structure

4. They are direction dependent

5. They are reactive, brittle and cannot be easily formed (or) joined
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6. They are oxides of copper in combination with other elements
Crystal structure of YBa,Cu,0,
Preparation

As it is referred as 1-2-3 compound YBa,Cu;0; is prepared by heating Y,0,, BaCO; and CuO in
the right combination at a very high temperature say 110°C. Here BaCO; decomposes to give BaO and
CO,, giving rise to the perovskite crystal structure as shown in figure.

Here, the primitive cell is developed by three body centered cubic unit cells stacked one above
the other to form a tetragonal (a = b # c¢) perovskite structure tripled along the C axis. The distribution
of atoms in the unit cell is as follows,

Yttrium atoms
Each Yttrium atoms is shared by one unit cell.
1/1th of the atom is shared by that unit cell
Number of yttrium atoms per unit cell
= 1/1 x total number of Yttrium atoms
=1/1 x 1 =1 atom/unit cell
Barium atoms
Each Barium atom is shared by one unit cell
1/1th of the atom is shared by that particular unit cell

Number of Barium atoms per unit cell = 1/1 x 2= 2 atoms / unit cell

Y itrum
Barium

Copper atoms

Oxygen atoms

Vacant oxygen sites

The unit cell parameters
a=0.383 nm
b= 10384 nm
¢=1.163 nm

Copper atoms



Each copper atom is shared by 8 unit cells. Therefore 1/8" of the atom is shared by one unit cell.
Number of Copper atoms per unit cell
= 1/8 x total number of copper atoms x number of cells
=1/8x8x3
= 3 atoms / unit cell
Oxygen atoms
Each oxygen atom is shared by 4 unit cells.
Therefore 1/4™ of the atom is shared by one unit cell
Number of oxygen atoms per unit cell =1/4x12x3
= 9 atoms / unit cell
Oxygen defect modification
It is found that actual formula should be Y,Ba,Cu;0,. But the crystal formed is Y,Ba,Cu;0O..
Hence the crystal structure of these materials is oxygen defect modification of the perovskite
structure, with about one-third of the oxygen positions vacant. Therefore we can say, the number of
oxygen atoms per unit cell =7
The positive and negative ion vacancies are based on Y~Ba”Cu”O~
Here, positive ion vacancy = Vacancy x Number of atoms/unit cell
(i.e.,) for Y*Ba"”Cu"
We have +3x1+2x2+2x3 = +13 vacancies.
(i.e.,) Negative ion vacancy = vacancy x number of atoms / unit cell
(i.e.,) for O? we have -2x7 = -14 vacancies.
The oxygen content per cell can be changed reversibly from 7 to 6 atoms, simply by pumping
oxygen in and out of the parallel chains of CuO.
Conclusions
Hence from the above discussion, the following conclusions can be made.
(1) At the composition of Oy i.e., YBa,Cu;Oq the crystal is an insulator.
(i1) An increase in oxygen above Og; i.e., YBa,Cu;Oq5 makes the crystal metallic and non-magnetic
and
(111))When the composition of oxygen is between and O and O, (i.e.,) for composition between

YBa,Cu;044 and YBa,Cu;0; the crystal behaves as a Super Conductor.

3.20 APPLICATIONS OF SUPER CONDUCTING MATERIALS
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3.20.1 Engineering applications
Based on their properties, they have the following applications.
(1) Since there is no loss in power (zero resistivity) super conductors can be used for the
transmission of power over very large distances.
(i1) Since the super conducting property can be easily destroyed it can be used in switching devices
(ii1) Since the variation in small voltages cause large constant current it can be used in very sensitive
electrical instruments. Example: galvanometer.
(iv) Since the current in a superconducting ring can flow without any change in its value (persistent
current), it can be used as a memory (or) storage element in computers.
(v) Since the size of the specimen can be reduced to about 10* cm, it can be used to manufacture
electrical generators and transformers in small sizes with high efficiency.
(vi)Apart from this, they are used to design cryotron, Josephson devices, SQUID, magnetic
levitated trains (MAGLEV), modulators, rectifiers, communications, etc.,
3.20.2 Medical applications
(1) Superconducting materials are used in NMR (Nuclear Magnetic Resonance) imaging equipment
which is used for scanning purposes.
(i1) They are applied in the detection of brain wave activity such as brain tumour, defective cells etc.
(1i1)Using super conducting magnets one can separate the damaged cells from the healthy cells.
(iv)Super conducting solenoids are used in magneto — hydrodynamic power generation to maintain
plasma in the body.
3.20.3 Cryotron

It is a magnetically operated current switch.

A

B

Principle
The super conducting property disappears when the magnetic field is greater than critical field
(Ho).

Explanation

11



Let us consider a super conducting material ‘A’ surrounded by another super conducting
material ‘B’ as shown in figure

Let the critical field (Hc,) of the material A be less than the critical field (Hcs) of the material B.
Initially, let the temperature of the whole system be below the transition temperature of the two
materials (A and B).

Now, at operating temperature, the magnetic field produced by the material B may exceed the
critical field of A. Hence the material A becomes normal conductor, because, the critical field of A is
less than the critical field of B. Also, B will not become normal conductor at the critical field of A
because Heg> Hea.

Therefore the current in material A can be controlled by the current in material B and hence this
system can act as a Relay or Switching elements.

3.20.4 SQUIDS
SQUIDS (Super conducting Quantum Interference devices) are the improved model of

Josephson devices. It has high efficiency, sensitivity and quick performance.

Superconducting ring
/

Junction 1 /\ Junction 2

L0

R —— ~ R

Principle

Small change in magnetic field, produces variation in the flux quantum.
Explanation

It consists of a super conducting ring which can have magnetic fields of quantum values
(1,2,3,...) of flux placed in between the two Josephson junctions as shown in figure.

When the magnetic field is applied perpendicular to the plane of the ring, current is induced at
the two Josephson junctions and produces interference pattern.

The induced current flows around the ring so that the magnetic flux in the ring can have
quantum values of flux, which corresponds to the values of magnetic field applied.

Therefore SQUIDS are used to detect the variation in very minute magnetic signals in term of
quantum flux. They are used as storage devices for magnetic flux.

They are also used in the study of earth quakes, removing paramagnetic impurities, detection of
magnetic signals from the brain, hearts etc.
3.20.5 Magnetic Levitated Train (MAG LEV)
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Magnetic levitated train is the train which cannot move over the rail, rather it floats above the
rails, under the condition, when it moves faster.
Principle

Electro-magnetic induction is used as the principle (i.e.,) when there is a relative motion of a

conductor across the magnetic field, current is induced in the conductor and vice versa.

Direction of magnetic force

Explanation

This train consists of super conducting magnets placed on each side of the train. The train can
run in a guidance system which consists of a series of “8” shaped coils as shown in figure.

Initially when the train starts, they slide on the rails. Now, when the train moves faster, the super
conducting magnets on each side of the train will induce a current in the “8” shaped coils kept in the
guidance system.

This induced current generates a magnetic force in the coils in such a way that the lower half of
the 8-shaped coil has the same magnetic pole as that of the superconducting magnet in the train, while
the upper half has the opposite magnetic pole. Therefore the total upward magnetic force acts on the
train and hence the train is levitated (or) raised above the wheels (i.e.,) the train now floats above the
air.

Now, by alternatively changing the poles of the super conducting magnet in the train alternation
currents can be induced in the “8” shaped coils. Thus, alternating series of north and south magnetic
poles are produced in the coils, which pulls and pushes the super conducting magnets in the train and
hence the train is further moved.

This magnetic levitated train can travel a speed of 500 km/hour, which is double the speed of

existing faster train.

PROBLEMS
13



1. Superconducting tin has a critical temperature of 3.7 K at zero magnetic field and a critical
field of 0.0306 Tesla at OK. Find the critical field at 2K.
Given: T, =3.7K

H,=0.0306 Tesla
T=2K
H="?
Critical field H. = H, [1-(T*/T?)]
=0.0306 [1-(2%/3.7%)]

=0.02166 Teslas

2. The critical temperature for a metal with isotopic mass 199.5 is 4.18K. Calculate the isotopic
mass if the critical temperature falls to 4.133K.

Given: T.1 =4.185K, T.2 =4.133K,

M, =199.5, M="?

Critical Temperature T.=1/M¢
At initial critical temperature 4.185=1/(199.5)* ... (1)
At final critical temperature 4.185=1/(M,)* ... (2)

Dividing equation (1) by (2)
(4.185/4.133) = (M,)** / (199.5)**
(M,)** =(199.5)0.5 x 1.01258
=14.124 x 1.01258 = 14.3016
M, =°14.3016

M, =204.536

3. Calculate the critical current which can flow through a long thin superconducting wire of

aluminum of diameter 10-3m. The critical magnetic field for aluminum is 7.9 x 10° A/m.
14



[, =2nrH,
=2nx7.9x 10°x (107%/2)

=24.81 Amp

4. Prove that susceptibility of super conductor is -1 and relative permeability is zero.

B = p (M+H)
We know B = 0 for superconductor
0 = p(M+H)

Since p,#0;M=-H

Therefore -H=yH

x=p—1, p=-1+1=0

Thus the susceptibility y = -1 and relative permeability p, =0
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UNIT U
DIELECTRICS
INTRODUCTION

Solids which have an energy gap of 3 eV or more are termed as insulators. In these
materials, it is almost not possible to excite the electrons from the valence band to the conduction
band by an applied field. Generally, dielectrics are also called as insulators, thereby poor
conductors of electricity. However, they allow some of the electrons at abnormally high
temperatures, causing a small flow of current.

Dielectrics are non-metallic materials of high specific resistance p, negative temperature
coefficient of resistance (-a) and large insulation resistance. Insulation resistance will be affected
by moisture, temperature, applied field and age of dielectrics.

FUNDAMENTAL DEFINITIONS AND PROPERTIES
1. Electric polarization

The process of producing electric dipoles inside the dielectrics by an external electric field is
called polarization in dielectrics.
2. Polarization vector ()

If the strength of the electric field E is increased the strength of the induced dipole also
increases. The induced dipole moment is proportional to the intensity of the electric filed.

p=oE

where, a is the constant of proportionality, called the Polarizability.

If p is the average dipole moment per molecule and N is the number of molecules per unit
volume, the polarization vector is defined as dipole moment per unit volume of the dielectric

material.

3. Electric Displacement Vector (D)

Electric Displacement Vector or electric induction (D) is a quantity which is used for
analyzing electrostatic fields in the presence of dielectrics, which is given by
D= ...(1)
We know electric field intensity
E= -(2)
From (1) and (2) we get

. 3)

Since Where, is the electrical susceptibility.
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4. Relation between P and E
We know
Since P=, we have
. (4
Equating (3) and (4)

..(5)
5. Electrical Susceptibility ()
The polarization vector (P) is proportional to the applied electric field (E), for field strengths

that are not too large. So we can write

(D)

is a characteristic of every dielectric and which is called electrical susceptibility.

Since

Therefore,

...(2)
6. Dielectric constant ()
Dielectric constant (g,) is the measure of the polarization produced in the material. It is the
ratio between absolute permittivity (€) and the permittivity of free space (g,).
ie.,
is a dimensionless quantity and it is a measure of polarization in the dielectrics. The value of
for air or vaccum.
For solids, , for glass it is 4 to 7, for diamond is 5.68, for silicon it is 12, for germanium it

1s 16, for ethanol it is 24.3 and for water at 0°C

ACTIVE AND PASSIVE DIELECTRICS
Active Dielectrics
Dielectrics which can be easily adapt itself to store the electrical energy in it is called

active dielectrics. Ex: Piezo electrics, Ferro electrics, Pyro electrics.



It is used in production of Ultrasonics.
Passive Dielectrics

Dielectrics which restrict the flow of electrical energy in it are called passive dielectrics.
Ex: Glass, mica, plastic

It is used in production of sheets, pipes etc.
POLAR AND NON-POLAR MOLECULES
POLAR MOLECULES

The molecules have permanent dipole moments even in the absence of an applied field is
called polar molecules. These molecules do not have symmetrical structure and do not have
centre of symmetry.

Ex: H,O, N,O, HCI, NH; etc.
Effect of electric field
In the absence of electric field

In the absence of electric field the polar molecule posses some dipole moment. since,
these dipoles are randomly oriented they cancel each other and the net dipole moment will be
very less (app zero).
In the presence of electric field

When an external electrical field is applied the dipoles in the dielectrics will align
themselves parallel to the field direction and produces a net dipole moment.
NON POLAR MOLECULES

The molecules which do not have permanent dipole moments is called Non Polar
molecules. These molecules have symmetrical structure and they have centre of symmetry

Ex: N,, H,, O,, CH,, CO,
Effect of electric field

When a non-polar molecule is placed in an external electric field, a force is exerted on
each charged particle within the molecule. (i.e.,) the positive particles are pushed along the field
direction and the negative charges are pushed opposite to the field direction. Hence the positive
and negative charges are separated by some distance from their equilibrium positions, creating a
dipole and therefore a net dipole moment will be produced in non-polar molecules.
INTERNAL FIELD OR LOCAL FIELD AND DEDUCTION OF CLAUSIUS MOSOTTI
EQUATION

When a dielectric material is kept in an external field it exerts a dipole moment in it.

Therefore two fields are exerted, viz.,



I.  Due to external field
II. Due to dipole moment.

This long range of coulomb forces which is created due to the dipoles is called as internal
field or local field. This field is responsible for polarizing the individual atoms or molecules.
Lorentz Method for Finding Internal Field

Let us assume a dielectric material kept in an external electric field. Consider an imaginary
sphere in the solid dielectric of radius 'r'.

Here the radius of the sphere is greater than the radius of the atoms. i.e., there are many
atomic dipoles within the sphere.

A small elemental ring is cut with thickness ds. Let y be the radius of the small ring as

shown in figure.
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The electric field at the centre of the sphere is called internal field, which arises due to the

following four factors.
E.=E+E+E+E, ... (1)

Where,

E - Field due to the charge on the plates.(externally applied)

E,- Field due to p[olarization charges on the plane surface of the dielectric.

E;- Field due to polarized charges induced at the spherical surface.

E.- Field due to atomic dipoles inside the sphere considered.
Macroscopically, we can take E= E,+E, (i.e.). The field externally applied (E,) and the field
induced on the plane surface of the dielectric (E,) as a single field (E).

If the dielectric is highly symmetric then the dipoles will cancel with each other therefore

we can take E,.=0



Equation (1) becomes
E.=E+E, . (2)
To find E,
In the elemental ring, let "q" be the charge on the area ds. Polarization is defined sa the
surface charges per unit area.
If Py is the component of polarization
perpendicular to the area as shown in figure.

Here P\=Pcos6 =-q'/ds
(or) q'=P cosB ds

Electric field intensity at 'C' due to charge q' is given by

....... 3)

The above intensity is along the radius 'r'. E,
Resolving the intensity into two components as shown ”
in figure. \
Component Parallel to the field direction E,.=E cos6

E'.‘(
Component Perpendicular to the field direction Ey=E sin -
E

The perpendicular components are in the opposite directions and hence cancel each other.
So the parallel components are alone taken into consideration.

If the total surface area of the ring is considered as dA then

E,.=E= .. 4)
Where, dA = circumference x thickness
dA =2ny x dS

Since y=r sin and dS =r d, we can write
dA=2nrsinxrd
(Or) dA=2nr’sin d veea(5)
Substitute eqn (5) in (4) we get
Electric field intensity due to the elemental ring

= . (6)
Electrical field intensitydue to the whole sphere can be derived by integrating eqn (6) within the

limits O to .

Substituting eqn (7) in (2) we get



Where, is called internal field or Lorentz field.
Clausius — Mosotti Relation

We know

(Or)

Substituting eqn (9) in eqn (8), we get
Rearranging we get
We know polarization P=NoaE,

Comparing eqn (10) & (11) we get

vee(12)
The above equation is called Clausius — Mossotti Relation.

APPLICATIONS OF DIELECTRIC MATERIALS
The dielectric materials has three major applications
e Itis used as a dielectric medium in capacitors.
e It is used as insulating materials in transformers.

e [tisused in industries and dielectric heating.

DIELECTRICS IN CAPACITORS

For dielectrics to be used in capacitors, it should posses the following properties.

Properties:
e It must have high dielectric constant.
e It should posses high dielectric strength.
e It should have high specific resistance.

e [t should have low dielectric loss.

e Thin sheets of papers filled with synthetic oils are used as dielectrics in the capacitors.

e Tissue papers and polypropylene flims filled with dielectrol are used in power capacitors.

e Mica is used as dielectrics in discrete capacitors.

e An electrolytic solution of sodium phosphate is used in wet type electrolytic capacitors.

e An electrolytic paste made up of ammonium tetraborate and glycol is used in Dry type

electrolytic capacitors.



Ceramic materials such as Barium titanate and calcium titanate are used in disc capacitors

and high frequency capacitors respectively.

INSULATING MATERIALS IN TRANSFORMERS

For dielectrics to act as insulating materials, it should posses the following properties.

Properties

Uses

It should have low dielectric constant.

It should posses low dielectric loss.

It must have high resistance.

It must posses high dielectric strength.

It should have adequate chemical stability.

It must have high moisture resistance etc.

Ceramics and polymers are used as insulators.

Paper, rubber, plastics, waxes etc are used to form thin films, sheet tapes, rods etc.

PVC (Poly Vinyl Chloride) is used to manufacture pipes, batteries, cables etc.

Glass, mica, asbestos, alumina are used in ceramics.

Porcelain is used in high voltage power lines.

Liquid dielectrics such as petroleum oils, silicone oils are widely used in transformers,
circuit breakers etc.

Mineral insulating oils obtained from crude petroleum by distillation is used as
transformer oil, because of high resistive to oxidation and fire hazards.

Synthetic oils such as askarels, sovol etc are used as a coolant and insulant in high
voltage transformers.

Gases such as vaccum, air, nitrogen, sulphur hexa fluoride are used in X-ray tubes,

switches, high voltage gas filled pressure cables, coolants respectively.

MAGNETIC MATERIALS
INTRODUCTION

Magnetic materials are the materials which can be made to behave as magnets. When

these materials are kept in an external magnetic field, they will create a permanent magnetic



moment in it. Diamagnetic, Paramagnetic, Ferromagnetic, Antiferromagnetic and Ferromagnetic
materials are the magnetic materials type.

Magnetism originates from the magnetic moment of the magnetic materials due to the
rotational motion of the changed particles. When an electron revolves around the positive
nucleus, orbital magnetic arises and due to the spinning of electrons, spin magnetic moment
arises. Let us see some of the basic definitions in magnetism.

BASIC DEFINITIONS
Magnetic dipole moment

A system having two opposite magnetic poles separated by a distance‘d’ is called as a
magnetic dipole. If ‘m’ is magnetic pole strength and 7’ is the length of the magnet, then its
dipole moment is given by

M =ml
Magnetic moment can also be defined as M = ia, where i is the electric current that flows

through a circular wire of an area of cross section ‘a’.

Bohr Magneton

The total magnetic moment and the spin magnetic moment of an electron in an atom can
be expressed in terms of atomic unit of magnetic moment called Bohr magneton.

1 Bohr magneton = eh/2m = 9.27 x 10* Am’

Magnetic field

The space around the magnet or the current carrying conductor where the magnetic effect
is felt is called magnetic field.
Magnetic lines of force

Magnetic field is assumed to consist of lines of magnetic forces. These lines of forces
travel externally from North Pole to South Pole as shown in figure. Hence a magnetic line of
force is defined as the continuous curve in a magnetic field. The tangent drawn at any point on

the curve gives the direction of the resultant magnetic intensity at that point.

Magnetic induction (or) Magnetic flux density (B)
It is defined as the number of magnetic lines of force passing normally through unit area
of cross section at that point.

Magnetic field intensity (H)



It is defined as the force experienced by a unit North Pole placed at the given point in a
magnetic field
Magnetisation (or) Intensity of Magnetisation (I)

The magnetization is the process of converting a non-magnetic material into a magnetic
material. It measures the magnetization of the magnetized specimen. It also defined as the
magnetic moment per unit volume
Magnetic susceptibility (y.)

It is defined as the ratio between intensity of magnetization (I) and the magnetic field
intensity (H)

Yom =
Magnetic permeability (pn)
It is defined as the ratio between the magnetic flux density (B) and the magnetic field

intensity (H)

CLASSIFICATION OF MAGNETIC MATERIALS ON THE BASIS OF MAGNETIC
MOMENT

Magnetic materials are classified according to the presence or absence of the permanent
magnetic dipoles. Generally, every two electrons in an energy state of an atom will form a pair
with opposite spins. Thus the resultant spin magnetic moment is zero. Hence they don’t have
permanent magnetic moments and they are called as diamagnetic materials.

Example: Gold, germanium, silicon, etc.

But in some magnetic materials like iron, cobalt, etc., there exists unpaired electrons. The
spin magnetic moment of these unpaired electrons interact with the adjacent atoms unpaired
electron spin magnetic moment in a parallel manner resulting in enormous permanent spin
magnetic moment. These materials are classified into para, ferro and ferromagnetic materials

with respect to the electron spins.

Classification of Magnetic
Maicerials

v v

Not having permanent Having permanent

magnet moment magnetiimoment
Diamagnetic material Paramagnetic Ferromagnetic Ferrimagnetic

material material material



DIAMAGNETIC MATERIAL

Ina diamagnetic material, the electron orbits are more or less random, and mostly all the

magnetic moments are cancelled. Similarly all the spin moments are almost paired i.e., they have

even number of electrons and has equal number of electrons spinning in two opposite directions.

Hence the net magnetic moment in the diamagnetic material is zero. Therefore most of the

materials do not have magnetism in the absence of magnetic field.

Effect of external field

When an external magnetic field is applied, the electrons reorient in such a way that they

align perpendicular to the field direction and their magnetic moments opposes the external

magnetic field. This will reduce the magnetic induction present in the specimen.

Properties
1. They repel the magnetic lines of force
2. Susceptibility is negative and it is independent of temperature and applied magnetic field
strength
3. Permeability is less than 1
4. There is no permanent dipole moment, so they are called weak magnets
5. When temperature is less than critical temperature diamagnetic become normal material

Examples: Gold, Germanium, Silicon, etc.,

PARAMAGNETIC MATERIALS

In the case of paramagnetic materials, the spins in two opposite directions will not be

equal. There exist some unpaired electrons which gives rise to spin magnetic moment. Hence the

resultant magnetic will not be equal to zero.

S 2 Sm W
N/ \
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However in the absence of external field the magnetic moments are oriented randomly.

Due to its random orientation some magnetic moments get cancelled and the materials possess

very less magnetization in it.

Effect of external field



When an external field is applied, the magnetic moments of individual molecules reorient

itself along the direction of the magnetic field and the material is magnetized.

Properties

1.

2
3
4.
5

The magnetic lines of force pass through the material

Magnetic susceptibility is positive and it is given by

Permeability is greater than one

They possess permanent dipole moment

When the temperature is less than Curie temperature, paramagnetic materials becomes
diamagnetic material.

Examples: CuSO4, MnSO4, Platinum etc.

FERROMAGNETISM

In a ferromagnetic material the numbers of unpaired electrons are more. Most of these

spin magnetic moments point in one direction as shown in figure.
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Hence even in the absence of external field, the magnetic moments align themselves

parallel to each other and give rise to magnetic field.

Effect of magnetic field

To these materials even if a small external magnetic field is applied, the magnetic

moments which are already aligned parallel, reorient itself along the direction of the magnetic

field and they become very strong magnets.

Properties
1. Since some magnetization is already existing in these materials, all the magnetic lines of
force passes through it
2. They have permanent dipole moment. So they act as strong magnets.
3. They exhibit magnetization even in the absence of external field. This property is called
Spontaneous magnetization.
4. Tts susceptibility is positive and high and it is given by



5. When the temperature is greater than Curie temperature, ferromagnetic material becomes
paramagnetic material.
6. Permeability is very much greater than 1
Examples: Ni, Co, Fe, etc.,
FERROMAGNETIC DOMAINS

We can observe that a ferromagnetic material such as iron does not have magnetization
unless they have been previously placed in an external magnetic field. But according to Weiss
theory, the molecular magnets in the ferromagnetic material are said to be aligned in such a way
that, they exhibit a magnetization even in the absence of an external magnetic field. This is called
spontaneous magnetization. i.e., it should have some internal magnetization due to quantum
exchange energy.

Thus according to Weiss hypothesis, a single crystal of ferromagnetic material is divided
into large number of small regions called domains. These domains have spontaneous
magnetization due to the parallel alignment of spin magnetic moments in each domain. But the
directions of spontaneous magnetization vary from domain to domain and are oriented in such a
way that the net magnetization of the specimen is zero as shown in figure.
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Due to this reason the iron does not have any magnetization in the absence of an external field.
Now, when the magnetic field is applied, then the magnetization occurs in the specimen
by two ways
1. By the movement of domain walls
2. By rotation of domain walls
(i) By the movement of domain walls
The movement of domain walls takes place in weak magnetic fields. Due to this weak
field applied to the specimen the magnetic moment increases and hence the boundaries of
domains are displaced, so that the volume of the domains changes as shown in figure.
(ii) By rotation of domain walls
The rotation of domain walls takes place in strong magnetic fields. When the external
field is high (strong) then the magnetization changes by means of rotation of the direction of
magnetization towards the direction of the applied field as shown in figure.

DOMAIN THEORY OF FERROMAGNETISM



The domain in ferromagnetic solid is understandable from the thermo dynamical principle,
(i.e.,) in equilibrium the total energy of the system is minimum. For this, first we consider the
total energy of the domain structure and then how it is minimized. The total energy of the
domain comprises the sum of following energies. Viz,

1. Exchange energy
2. Anisotropy energy
3. Domain wall energy
4. Magneto-strictive energy
(i) Exchange energy (or) magnetic field energy (or) magneto-static energy
The interaction energy which makes the adjacent dipoles to align themselves is known as
exchange energy (or) magnetic field energy. The exchange energy has established a single
domain in a specimen of ferromagnetic and it is shown in figure.
Because of the development of the free poles at the domain, an external field will be
produced around it and the configuration will have a high value of magnetic field energy. In
other words it is the energy required in assembling the atomic magnets into a single domain and

this work done is stored as potential energy.
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The magnetic energy can be reduced by dividing the specimen into two domains as
shown in figure. The process of subdivision may be carried further, until the reduction of
magnetic energy is less than the increase in energy to form another domain and its boundary.
This boundary is called as domain wall (or) Block wall.

(ii) Anisotropy energy
In ferromagnetic crystals there are two direction of magnetization, viz,

(1) Easy direction (i1) Hard direction



In easy direction of magnetization, weak field can be applied and in hard direction of
magnetization, strong field should be applied. For producing the same saturation magnetization
along both the hard and easy direction, strong fields are required in the hard direction than the

easy direction.
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For example in Iron easy direction is [100], medium direction is [110] and the hard
direction is [111] and it is as shown in figure. From the figure we can see that very strong field is
required to produce magnetic saturation in hard direction [111] compared to the easy direction
[100].

Therefore the excess of energy required to magnetize the specimen along hard direction
over that required to magnetize the specimen along easy direction is called crystalline anisotropy
energy.

(iii) Domain wall energy (or) Bloch wall energy

Bloch wall is a transition layer which separates the adjacent domains, magnetized in
different directions. The energy of domain wall is due to both exchange energy and anisotropic
energy.

Based on the spin alignments, two types of Bloch walls may arise, namely

(1) Thick wall (i1) Thin wall
Thick wall: When the spins at the boundary are misaligned and if the direction of the spin
changes gradually as shown in figure, it leads to a thick Bloch wall. Here the misalignments of
spins are associated with exchange energy.
thin wall

===

Thin wall: When the spins at the boundaries changes abruptly, then the anisotropic energy

becomes very less. Since the anisotropic energy is directly proportional to the thickness of the
wall, this leads to a thin Bloch wall.
(iv) Magnetostrictive energy

When the domains are magnetized in different directions, they will either expand (or)

shrink. Therefore there exists a deformation (i.e.,) change in dimension of the material, when it is



magnetized. This phenomenon is known as magnetostriction and the energy produced in this
effect is known as magnetostriction energy.

The deformation is different along different crystal directions and the change in
dimension (increase or decrease) depends upon the nature of the material. For example in Ni the
length decreases; and in permalloy the length increases. But both the increase (and) decrease is
due to the mechanical stress generated by domain rotation.

HYSTERESIS

When a ferromagnetic material is made to undergo through a cycle of magnetization, the
variation of B with respect to H can be represented by a closed hysteresis loop (or) curve. i.e., it
refers to the lagging of magnetization behind the magnetizing field.
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If a magnetizing field H is applied to a ferromagnetic material and if H is increased to
H.... the material acquires the magnetism. So the magnetic induction also increases, represented
by ‘oa’ in the figure.

Now if the magnetic field is decreased from H,., to zero, the magnetic induction will not
fall rapidly to zero, but falls to ‘4’ rather than zero. This shows that even when the applied field
is zero or removed, the material still acquires some magnetic induction (ob) which is so called
Residual magnetism or Retentivity.

Now, to remove this residual magnetism, the magnetic field strength is reversed and

increased to —H,,., represented as ‘oc’ so called coercivity and hence we get the curve ‘bcd’. Then



the reverse field (-H) is reduced to zero and the corresponding curve ‘de’ is obtained and by
further increasing H to H,.., the curve ‘efa’ is obtained.
EXPLANATION OF HYSTERESIS ON THE BASIS OF DOMAINS
We know when the ferromagnetic material is subjected to external field, there is an
increase in the value of the resultant magnetic moment due to two process, viz.,
1. The movement of domain walls
2. Rotation of domain walls
When a small external field is applied, the domains walls are displaced slightly in the easy
direction of magnetization. This gives rise to small magnetization corresponding to the initial

portion of the hysteresis curve (OA) as shown in figure.

Magnetic domains are
aligned after saturation

When the magnetizing field is removed,
permanent magnets retain significant
portion of the magnetization ~

Demagnetizing field drives the
magnetization to zero. The
alignment of magnetic domains
are random again.

Initial magnetization curve

Magnet is saturated in the opposite direction

Now, if the applied field is removed, then the domains returns to its original state, and is
known as reversible domains.

When the field is increased, large number of domains contributes to the magnetization
and thus the magnetization increases rapidly with H.

Now, even when the field is removed, because of the displacement of the domain wall to
a very large distance, the domain boundaries do not come back to their original position. This
process is indicated as AB in figure and these domains are called irreversible domains.

At point ‘B’ all the domains have got magnetized along the easy direction. Now, when
the field is further increased, the domains starts rotating along the field direction and the

anisotropic energy is stored in the hard direction, represented as BC in the figure.



Thus the specimen is said to attain the maximum magnetization. At this position, even
after the removal of external field the material possess maximum magnetization, called residual
magnetization or retentivity, represented by OD in figure.

Actually after the removal of the external field, the specimen will try to attain the original
configuration by the movement of Bloch wall. But this movement is stopped due to the presence
of impurities, lattice imperfections etc. Therefore to overcome this, a large amount of reverse
magnetic field is applied to the specimen. The amount of energy spent to reduce the
magnetization to zero is called as coercivity represented by ‘OE’ in the figure.

Hysteresis loss

It is the loss of energy in taking a ferromagnetic specimen through a complete cycle of
magnetization and the area enclosed is called hysteresis loop.

Based on the area of the hysteresis loop, the magnetic materials are classified into soft and hard
magnetic materials.
APPLICATIONS OF FERRITES

(1) They are used to produce ultrasonincs by magneto-striction principle.

(i1))  Ferrites are used in audio and video transformers.

(i11))  Ferrites rods are used in radio receivers to increase the sensitivity.

(iv)  Since the ferrites have low hysteresis loss and eddy current loss, they are used in
two port devices such as gyrator, circulator and isolator.

Gyrator: It transmits the power freely in both directions with a phase shift of n radians.

Circulator: It provides sequential transmission of power between the ports.

Isolator: It is used to display differential attenuation.

(1) They are also used for power limiting and harmonic generation.

(i)  Ferrites are used in parametric amplifiers so that the input can be amplified with
low noise figures.

(i11))  They are used in computers and data processing circuits.

(iv)  Ferrox cubes are used in switching circuits and in matrix storage devices of
computers.

(V) Ferrites are not metals, but their resistivity lies in the range of insulator or
semiconductor. Thus, the power losses due to eddy currents are reduced in this
type of materials and hence they are used in microwave frequency applications.

(vi)  Ferrites are used in storage devices such as magnetic tapes, floppy discs, hard

discs, ferrite core memories and in bubble memories.






6.1 INTRODUCTION ‘_
Materials form an integral part of our life. Advancement in our day to

‘day life leads to the discovery of many new Engineering Materials such ag
metallic glasses, nano-phase materials, non-linear materials, shape-memory alloys
_etc.
" All these materials are composite materials which are prepared by
ial with the other, say for example, metals mixed
with polymers, ceramics mixed with metals etc. Also, it was found that the
resultant materials has some peculiar properties, which varies With respect to size,
shape and the nature of mixture. Because of their peculiar properties these
materials are used in High-Tec applications such as magnetic alloys in CD’s /
DVDs, titanium alloys in supersonic planes, space shuttles, etc. In this chapter
some of the New Engineering Materials along with their properties and the wide
range of applications it has in this Modern Engineering World were discussed.

grouping one type of mater

6.2 METALLIC GLASSES (MET GLASSES)

We know metals are solids, which exhibits crystalline property,
malleability, ductility erc. , LEEEY ,

" Also we know glasses are solids in the amorphous form in..which the
atoms arrangement are not periodic and they are irregular. In general they are
transparent and brittle in nature. ' ' ' o | ‘

Metallic ‘glasses are new type of materials which possess both the
properties of metals and glasses as listed below in Table 6.1. ‘

i.e.

Table 6.1

Crystalline Amorphous | Non-crystalline and amorphous
| alloys. LIRS L

2. | Ductile Brittle Brittle and 'ductile. k

3. | Not-transparent

(opaque)
Malleable

Transparent | Malleable and ‘opaque.v-

|
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‘ Definition : Metallic glasses are the amorphous metallic solids which
have high strength, good magnetic properties and better corrosion resistance and
will possess both the properties of metals and glasses. |

Examples : Alloys of Fe, Ni, Al, Mn, Cu, Cr and Co mixed with
metalloids such as Si, Ge, As, B, C, P and N.

/——_

6.3 CONCEPT BEHIND THE FORMATION OF METALLIC 6LASSES

Generally liquids can be made into glassy state by increasing the rate
of cooling.

In a similar manner the metals can also be made into glassy state by
increasing the rate to cooling to a very high level [2 X 106 °C per second]. At
that state the atoms will not be able to arrange orderly because of its rapid
cooling rate.

Thus, the atoms will not be allowed to go to crystalline state, rather it
goes to amorphous state and it will form a new type of material. These new
type of materials which are made by rapid cooling technique (i.e., the temperature
decreases suddenly with respect to time) are called metallic glasses.

Glass Transition temperature

The temperature at which the metals (alloys) in the molten form
transforms into glasses i.e. liquids to solids is known as glass transition

temperature ( Tg). A A

It was found that the glass ;PO':;" S‘\
transition temperature for metallic alloys e - ss N
varies from 20°C to 300°C. Si M

The change of state from molten & g|C | J
liquid to metallic glasses is shown in g2 E
fig.6.1. @ _,ui/ ®

Crystlline | D
Case (1) : In fig.6.1, the curve ABDE paoid &
shows the change of state from molten ;
| liquid to crystalline solid at the T T —>

temperature called melting point Temperature (T)
temperature (T,,). Fig. 6.1

| —_—
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| This occurs due to normal rate of cooling, with the decrease in i

| - specific' volume. Thus it forms a normal crystalline material. i

Case (2) : The curve ABC shows the change of state from a moltep,

liquid to metallic glasses due to rapid coolil}g without decrea;,‘e in its Specific
volume at the temperature called glass transition temperature (Ty). Thu;. it ‘form

materials with non-crystalline property.

QUES FOR THE PREPARATION OF METALLIC GlASsEs

s available for the production of metallic
nvolved in it are briefly listeq

6.4 TECHNI

There are several technique '
glasses. The various techniques and the process 1

in Table 6.2.
Table 6.2

1: T Melt spinning system | Molten alloy is made to impinge on.

(Quenching technique) | a fast rotating roller to form
metallic glasses.

2 Twin roller system. Molten alloy is passed 'throﬁgh two
rollers rotating in opposite directions

“to form metallic glasses.

3. Melt extraction system | Fast moving roller sweeps off molten
droplet into a strip-to form metallic
glasses 2 W
4. Sputtering The sputtering gas is ionized and the

atoms are made to. fly towards the
substrate to form metallic glasses.

Of these four techniques melt spinning (quenching) technique is commonly
used and is discussed below. } ; I REL

6.5 PREPARATION OF METALLIC 6LASSES

Principle

“Quenchi_ng” is a technique used to form ‘metallic glasses;.»qu';‘-'!“-'hi"g
means. rapid. cooling. Actually atoms of any materials move freely in a liquid

—
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state. Atoms can be arranged regularly when a liquid is cooled slowly. Instead,

when a liquid is quenched, there will be an irregular pattern . which results in
the formation of metallic glasses.

Technique

The process involved in the formation of metallic glasses is melt spinning
technique. This technique is illustrated in Fig.(6.2).

Experimental setup

The setup consists of a refractory tube with fine nozzle at the bottom.
The refractory tube is placed over the rotating roller made up of copper. An
induction heater is wounded over the refractory tube in order to heat the alloy
inside the refractory tube as shown in fig.6.2.

Refractory
Alloy 5] 7] tube
:‘:‘:‘:“ = Induction
.‘_‘_-_—:‘I_] heater
2 Molten alloy
(_"355)’ alloy Nozzle
ribbon

Rotating roller

Preparation

The alloy is put into the refractory tube and the induction heater is
switthed ON. This heats the alloy and hence the super heated molten alloy is
ejected through the nozzle of the refractory tube onto the rotating roller and is
made to cool suddenly. The ejection rate may be increased by increasing the
gas pressure inside the refractory tube. Thus due to rapid quenching a glassy

alloy ribbon called metallic glass is formed over the rotating roller.

r- I
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6.9 SHAPE MEMORY ALLOYS (SMA)

As the name itself indicates that shape memory alloys are materia|s
(alloys), which remember its original shape during heat treatment i.e., it wag
found that these alloys will have its original shape in its. memory. and hepce
while on heating/cooling, it returns to its original shape. Thus, these materigls
are also called as smart (or) intelligent materials.

Definition : Shape memory alloys (SMA) are the allgys which  changes
its shape from its original shape to new shape and while heating/cooling it wij|
return to its original shape.

Transformation temperature

In SMA, the shape recovery process occurs not at a single temperature,
rather it occurs over a range of temperatures (may be few degrees).

Thus, the range of temperature at which the SMA switches from new
shape to its original shape is called transformation temperature (or) memory
transfer temperature.

Below the transformation temperature the SMA can be bent into various
shapes. Above the transformation temperature the SMA returns to its original
shape. This change in shape was mainly caused due to the change in crystal
structure (phase) within the materials, due to the rearrangement of atoms within

itself.

6.10 PHASES (STRUCTURES) OF SMA ‘
In general the SMA has two phases (crystal structures) viz.,

(i) Martensite and
(ii) Austenite

—— ]
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(i) Martensite |
Martensite is an interstitial super solution of carbon in o -iron and it |
crystallizes into twinned structure as shown in fig.6.4. The SMA will have this |
structure generally at lower temperatures and it is soft in this phase. '

ite structure itself. the SMA will-hay

(i) Austenite

Austenite is the solid solution of carbon and other alloying elements in
y-iron and it crystallizes into cubic structure as shown in Fig.6.5. The SMA
will atain this structure at higher temperatures and it is hard in this phase.

6.11 PROCESSING OF SMA
Shape memory effect

It is very clear that at lower temperature the SMA .will be in martensite
structure and when it is heated then it will change its shape to Austenite structure
and while cooling it will again return to martensite form. This effect is called

shape memory effect.

Let us consider a shape memory alloy, for which the temperature is
decreased. Due to decrease in temperature, phase transformation take place from
austenite to twinned martensite as shown in fig.6.6 (Process 1) i.e., a micro-
constituent transformation takes place from the platelet structure (Austenite) to

needle like structure (martensite).

N

g [ Austenite
- . Heatin
& | Process | Cooling g ,
é_ ) Process
[ §]
= Twinned | Lo#d [ Deformed

Martensite [ process | Martensite

@
>
Load
Fig. 6.6
| -

/
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During this state the twinned martensite pll\lf';lse will Illiivev is::Vn)e SI-I{ZE .
‘s in f1g67 ( acrosco : : ence

hat of austenite phase as shown 1 . ' )
:nacroscopically if \I:/e see, no change in Size (or) shape 1S visible between e

Austenite phase and twinned Martensite phase of the SMA.

I - v 1
Austenite Twinned Martensite Deformed Martensite

[ Microscopic view

1
Austenite Twinned Martensite Deformethartmsite

Fig. 6.7

Both austenite and twinned matensite is stable in a particular range of
temperature. '

Now when the twinned martensite is applied a load, it goes to deformed
martensite phase as indicated in fig.6.6. (Process-2). During the transformation
from twinned martensite to deformed martensite the change in shape and size
occur both microscopically and macroscopically as shown in fig.6.7.

Now when the material is further heated it will go from deformed

martensite to Austenite form (Process-3) and the cycle continues as shown in
fig.6.6. '
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6.12 CHARACTERISTICS OF SMA
(i) The transformation occurs not only at a single temperature rather they occur
over a range of temperatures.
(i) Pseudo-elasticity : Pseudo-elasticity occur in some type of SMA in which
the change in its shape will occur even without change in its temperature.

Say for example if we look into the stress-strain curve, [fig.6.8]
the SMA can change its shape from Austenite to Martensite during the
transition temperature from T, to T;. At a constant temperature T,, when
the stress is slightly increased, a large strain is observed in the material
and the phase transition takes place from Austenite to Martensite, which
is indicated as line AB. Now when the stress is decreased the material
again goes to Austenite
phase, as indicated by
the line CD. Thus it
can be noticed that the T. A .

. 4 Austenite
shape is recovered only
due to stress and not
due to temperature. A 8 .

) ; . T, Pseudoelastic’
This behaviour is called g 2 behavigjrlc
pseudo-elastic behaviour Z —_ c
and the effect is called ‘ 4
pseudo-elastic effect. J Ty Martensite
Strain —
Fig. 6.8

(i) Super-elasticity : The shape memory alloys which have change in its
shape at constant lemperature are called super-elastic SMAs and that effect
is known as super-elasticity.

Here, at a single temperature, when the load is applied the SMA
will have a new shape (deformed Martensite) and if the load is removed
it will regain its original shape (Twinned Martensite), similar to pressing
a rubber (or) a spring.

(iv)  Hysterisis : For an SMA, during cooling process, 2 martensite starts
(mg) and ends (m,) and during heating process, austenite starts (A,) and
ends (A,).

_—
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It is found that they do
not overlap with each A
other and the ek
transformation process
exhibits the form of
hysteresis curve as shown
in fig.(6.9)

heating

Length

cooﬁng
(]

: \ —
(v) Crystallographically the Me M AL Ae Temperature
thermo-elastic martensites

are reversible. Fig. 6.9

6.13 TYPES OF SMA

There are two types of SMA viz.,
(i) One-way shape memory alloy (SMA)
(ii) Two-way shape memory alloy (SMA) -

(i) One-way SMA : From fig.6.9, we can see that when the
material is cooled below the Martensite ends (m,) temperature, then there exist
some minor change in energy inside the material, but the individual atomic units
of Martensite will self-align in such a way that the material will remain in
Martensite form alone.

Thus, though there is some change in its temperature, the SMA remains

in the same phase, and this type of material is called one way shape memory
alloy.

(i) Two-way SMA : From fig.6.9, we can mote that if the
temperature is increased then the Martensite becomes Austemte and if the
temperature is decreased it reverses its state.

Thus the type of materials which produces sponténeous and reversible
deformation just upon heating and cooling even without load are called two W0y
shape memory alloys.

. o i

o
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6.14 PROPERTIES OF NI-TT ALLOY.

Nickel-Titanium [Ni

-Ti] is a t . :
shape memory strain. ] ype a shape memory alloy which has high

It has the following properties, viz.

(i) Ni-Ti alloy has high shape memory strain [8.5.%].

(i) The density of Ni-Ti is 6.45 gm/cm?

(iii) It is more flexible.

(iv) It has high melting point [1300°C).

(V) The transformation temperature varies between —200°C and 110°C.
(vi) It has high thermal stability. :

(vii) It has high corrosion resistance.

(viii)The thermal conductivity ranges from 8.5 [Martensite] to 18
[Austenite] W°C/cm.

(ix) It has very high yield strength of about 70 to 140 Mps in Martensite
form, and about 200 to 700 Mps in Austenite form.

6.15 APPLICATIONS OF SMA

Shape memory alloys have vast applications in our day-to-day life, as.
follows: .

1. Eye glass frames : We kncw that the recently manufactured
eye glass frames can be bent back and forth, and can retain its original shape
within fraction of time. All these miaterials ate made up of Ni-Ti alloys, which
can withstand to maximum deformation. .

2. Toys : We might have seen toys such as butterflies, snakes etc.
which are movable and flexible. These matetials are made using SMAs.

3. Helicopter blades : The life tine of helicopter blades depends
on vibrations and their return to its original shape. Hence shape memory alloys
are used in helicopter blades.

4. Blood-clot filter : Here, the SMA i§ cooled and sent into vein.
Due to body temperature its changes its shape and acts as a blood clot filter,
by which it controls the blood flow rate. |

5. Fire safety valves : The SMA is mainly used to control and

A
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prevent the fire and toxic gases (or) liquids to 2 large ‘extent. For example, if
an SMA is placed in a fire safety valve, when fire occurs, then due to change
in tempertature the SMA changes its shape and shuts off the fire. Similar principle
has been used in the area of leakage in toxic gases (or) liquids. |

" 6. Coffee makers : The Ni-Ti spring is used to release the hot
milk and the ingredients at certain temperature and to close it after particular
time, :tﬁe'reby we can get coffee automatically. ‘ ‘o ok _

.7. Cryofit hydraulic couplings : SMA is used for cryofit hydraulic
couplings i.e., to join the ends of the tubes. Here, the SMA material is pasted
inbetween the two tubes to be joint at a particular temperature when the
temperature change the SMA expands and. thus the two ends are joined.

8. Circuit edge connector : Using SMA the circuit can be connected
and disconnected, depending on the variation- in temperature. Hence SMA is used
as a circuit edge connector. ' ] ' ‘ 4

9. Cracks : They are used in controlling and preventing- cracks.

- 10. They are used in relays and activators. '

11. Théy are used for steering the small tubes inserted into the human
body. | ST '

12. They are used to correct the irregularities in teeth.

..« 13. Ni-Ti SMA are also used in artificial hip-joints, bone-plates, pins
for healing bones-fractures and also in connecting broken bones.

6.16  ADVANTAGES AND DISADVANTAGES OF SMA'
Advantages 4 .

(i) SMA is very compact in nature.

(i) It is safe and smart.

(iii) They are flexible.

~ (iv) They are Non -Corrosive.
Disadvantages

(i) ~Cost is high.
' (ii) Efficiency is low.

(i) Transformation occurs over a range of temperatures. =~ o
(iv) Structural arrangements may some time get deformed:
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6.17 NANO-PHASE MATERIALS

Basics of nano-materials

We know .all materials are composed of atoms with different sizes which
have movement with one another. There exist a special clause of materials in
which the atoms do not move away from each other and its size will be in the
order of 1 to 100 nano-meters. These new materials are called nano-materials
and the developed technology is called nano-technology. Using the highly
sophisticated latest technology the nano-materials can also be formed from metals,
ceramics, polymers and even from liquids. XA

Definition

Nano-phase materials are the materials in which the atoms / grain size
is in the order of 1 to 100 nano-metres and these atoms will not move away
from each other. '

Examples : ZnO, Cu-Fe alloys, Ni, Pd, Pt etc.

6.18 SYNTHESIS OF NANO-PHASE MATERIALS

Nanophase materials can be synthesised in any of the two ways ViZ.,

(i) Top down approach, in which bulk materials are breaked into
nanosizes as shown in Fig.6.10. and ' <

(ii) Bottom up approach, in which nano materials are made by building

atom by atom as shown in fig.6.11
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thesis of naro-phase matetials y;

Various techniques are adopted for the syn
(i) Plasma-arching

(i) Chemical vapour deposition
(iii) Sol-gel technique )
(iv) Electro-deposition ‘ :

(v) Mechanical crushing (or) Ball milling

(vi) ‘Laser synthesis

(vii) Inert gas condensation etc.

Using the above techniques it is possible
in the form of nano-particles, nano-powders,

wires, nano-tubes, nano-dots etc.
s let us discuss the fifst five méthods _it_) détdil,

to produce nano-phﬁéé faterialg
nano-crystals, riatio-filiis, .

Of the above method

B

6.19 PLASMA - ARCHING

This method is used to produce Naho-particles.
Principle | | _ 3
Nano Particlés are prodicéd by genérating plastia Using Radio Jrédiency
(RF) heating Coils. :
Instrumentation |
It consists of an evacuated chamber, wouhded by high voltage RE Coils

as shown in fig 6.12. The starting metal is placed in a ffiétal contdifier kept
inside the evacuated chambér. A colder collector tod is uséd to tolléct the fhano-

particles.

| | _, Collector
Processing . 2] rod

(i) The stiititig filetal from particles

which the nano particle

has to be produced in | = — 1 ni
placed in the metal RF colls _ St:tf::ng

- container. , l__f

. ., . Metal

(ii) The RF coil is switched contalfier i b 1o g8s

ON and in turn it
produces heat radiation.

Y o —
Evacuated chamber
Fig.6:12

—ii e

1
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(iti) The star_ting metal is heated to a very high temperature above its
€vaporation point.

(iv) Now, the Helium gas is allowed to pass through the molten metal
(plasma).

(v) At tl}is j.imcture the metal vapour nucleates on the Helium gas atom
and it diffuses up towards the colder collector rod.

(vi) Thus the nano-particles are slowly deposited over the collector rod
and hence nano-particles are produced.

6.20 CHEMICAL VAPOUR DEPOSITION

This method is used to prepare nano-powder.

In this technique, initially the material is heated to form a gas and is
allowed to deposit on a solid surface under vacuum condition, which forms nano-
powders on the surface of the solid.

This method can also be used to grow surfaces, i.e., suppose if an object
has to be coated with nano-powders, then the object has to be introduced inside
the chemical vapour deposition area so that the nano-powders can be deposited
all over the object.

Examples : (i) Nano-powders of oxides and carbides.

(ii) Pure metal nano-powders. o

6.21 SOL-G6EL TECHNIQUE

This technique is used to generate nano-particles and nana-powder.s;.:'

In general, sol-gel [wet chemical (or) chemical solution depositidn]
technique is based on the hydrolysis of liquid precursors and formation of colloidal

solutions (sols). _

Based on the different combinations of precursors and on their mechanical
and physio-chemical properties [Eg: Wetability], various sol-gels can be formed.

Nano-particles can be generated using sol-gels by the process of
precipitation, gelation, hydrothermal treatment, hydro-dynamic cavitation. etc.

Of these hydro-dynamic cavitation technique is often used, in which nano-
particles can be generated through creation and release of gas bubbles inside
the sol-gel solution. , -

Here, the sol-gel solution is taken in a drying chamber and throughly
mixed by applying enormous pressure, high temperature and further exposing it
to cavitational disturbances.

=S —
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This process creates hydrodynamic bubbles in the sol-gel. Th'esr; bubbleg
. will undergo nucleation, growth and then it quenches to form nano-particles,

6.22 : ELECTRO-DEPOSITION

This technique is depldyedv

generally in electroplating and in the
_production of nano-films.

In this technique two electrodes

[E1 and E2] are immersed inside the
electrolyte [aqueous solutions of salts,
acids etc.] as shown in fig.6.13 Now
when the current is passed through the
electrodes, certain mass of substance is
liberated from one electrode say for
example from electrode-E]l and is
depésited on the surface of the other
N _elgctfode say E2 and hence forms a thin
nano-film on the surface of the
electrode E2.

/Ekctrolytq

fig.6.13

The thickness of the nano-film can be adjusted 'by' controlling ihe "cilr"rent

and the time of deposition.

Examples : (i) Nano films of Cu, Platinum’ etc.

(ii) Nano films of Ni, Gold etc.
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6.23 MECHANICAL CRUSHING, (OR) BALL MILLING

. This method is preferred mainly in the preparation of metal oxide nano
crystals.

In this method small balls are allowed to rotate inside a drum and is

x.nade to fall on a solid with high gravitational force, which crushes the solid
into nano-crystals, -

Examples : i) Ni and Al based nano-crystals.
ii) Iron nitriles nano-crystals made using ammonia gas. '

6.24 PROPERTIES OF NANO-PARTICLES

As the size of the nanoparticle is very very less, these materials exhibits
pecular physical, electronic, magnetic, mechanical and chemical properties. Some
of them are discussed below. ‘

(i) Physical properties

(a) Since the size of the particle is very less, the particles are very
close to each other and hence the interparticle spacing is very less
in nano-materials. ("

(b) Because of its very less size, these nano-materials cannot be further
divided into smaller particles and it does not have any dislocation
in it. Thus we can say that they have high strength and super
hardness.

(c) The melting point of nano-materials will be very less. S

(i)  Electronic properties

(a) The energy bands in these materials will be very narrow.
(b) The ionization potential is found to be higher for nano-materials.

(c) When the nano-materials are prepared from bulk materials, they have
more localized molecular bonds.

(d) Nano-materials are capable of storing hydrogen atoms.
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- Magnetic properties | W, B

(@) In nano-materials a large number of atoms will be present at the
surface. These atoms will have less co-ordination number and hence
possess local magnetic moment wnhm themselves.

(b) Due to large magnetic moment these nano-materials exhibjsg
spontaneous magnetisation at smaller sizes.

© Ferro-magnetic and anti-ferro roagnetic multi-layer nano-materials has
GMR (Giant Magneto Resistance) effect.

(d) The nano-materials shows 'variation in their magnetic properiy, when
they change from bulk state to cluster (nano-particle) state. Some
of the examples are listed in Table 6.3.

Table 6.3

Iron, Ni, Cobalt Ferro-magnetic Super para—magnélic

Sodium, Potassium | Para-magnetic Ferro-magnetic

Chromium Anti-ferromagnetic | Frustrated para-magnetic

(i\/) Mechanical Properﬂes .‘

(@) The hardness of nano-phase materials varies from material to
material. This may 'be due to, the phase transformation;, stress relief,
density and gram boundaries.

(b) They exhibit super plastic behaviour; -+

6.25

to built the future world. They have appllcanons almost in all
as follows

0

APPLICATIONS OF NANO-PARTICLES

Though nano-particles are very small, they are the 1mportant materials'
‘Engineering fields

Mechonical Engineering

(a) Since they are stronger, lighter etc., they are used to make ha:d
metals,
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(i)

(iv)

(b)  Smart magnetic fluids

ato are used in vacuum scals, magnetic separators

(€) They are also used in Giant Magneto Resistance (GMR) spin valves.

() N‘“_‘O‘MEMS (Micro-Electiro Mechanical Systems) are used in ICs,
optical switches, pressure sensors, mass sensors elc.

Electrical, Electronics and Communication Engineering

(a) Ord'erly assembled nano-materials are used as quantum electronic
devices and photonic crystals.

(b) Some of the nano-materials are used as sensing elements. Especially
the molecular nano-materials are used to design the robots,
assemblers etc.

(¢) They are used in energy storage devices such as hydrogen storage
devices, magnetic refrigeration and in ionic batteries.

(d) Dispersed nano-materials are used in magnetic recording devices,
rocket propellant, solar cells, fuel cells, etc.

(e) Recently nano-robots were designed, which are used to remove the
damaged cancer cells and also to modify the neuron network in
human body.

Computer Science Engineering and IT

(a) Nano-materials are used to make CD’s and semiconductor laser.
(b) These materials are used to store the informations in smaller chips.
(c) They are used in mobiles, lap-tops etc.

(d) Further they are used in chemical/optical computers.

(e) Nano-dimensional photonic crystals and quantum electronic devices
plays a vital role in the recently developed computers.

-~

Bio-medical and Chemical Engineering

(a) Consolidated state nano-particles are used as catalyst, electrodes in.
solar and fuel cells.

(b) Bio-sensitive’ nano-particles are used in the production of DNA-chips,
bio-sensors etc. ‘
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(c) ‘Nano-structured ceramic materials are used in synthetic bones,

(d) Few nano-materials are also used in adsorbents, self-cleaning gJoq
fuel additives, drugs, ferrofluids, paints etc. )

(e) Nano-metallic colloids are used as film precursors.

6.26 METALLIC NANO-CLUSTERS (_OPTIONAL)

-

Clusters

Clusters are new type of nano materials, whose size and the properties
lies between bulk materials and their atomic and molecular constituents.

For better understanding about clusters, the differences between an atom,
molecule, cluster and bulk materials is shown in Table 6.4. ¢

Table 6.4

Differences between atom, molecule, “cluster and bulk materials.

.::-:’:'?:-'»-7;
1. Size Few A AP A to nm - | Microns,
2. Number For atom - 1 unit " | 2 to several 'Inﬁnite .
of units For molecule - Many | thousand A
. - units 10 units
3. Electronic | Quantized Quantized Continuous
structure (Discrete) (Discrete) LA
4. Geometric- | Defined Defined . | Depends-on its
structure | crystal structure
Examplés | Na, NaCl etc. Ceo(NaCl), | Au, Ag ete.

] Types
' ed

Depending on the type of constituent units, the” clusters ‘are  classifi
" into two types Viz., R '
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E
(i) Atomic clusters, which are formed from atoms |
T |
(it} Molecular clusters, which are formed from molecules. !

.’lhc clusters formed from atoms, molecules and bulk materials arc as
shown in fig.6.14.

Atomic clusters

-.
-. :
Atoms
-

™~
- | |
| ] \
Clusters

.‘I,—.
Molecules

!
I
Molecular clusters i
|

{

|

Fig. 6.14

) a
The clusters can also be classified based on the types of bonding between l’
the atoms / molecules as shown in Table 6.5. .5

|

Table 6.5

4

|
i

1. Ionic clusters Ionic bonding | Very strong| (NaCl),, (Csl), ||! k\
2. Co-valent clusters Covalent Strong Ceo» Sig ;i
bonding : 3”
3. Metallic. clusters. Metallic Moderate |Na,, Au,, Fe,, "‘
bonding ! 'Agn ,!
4. Molecular clusters Hydrogen Weak (H,0), .. i

bonding “
5. vander Walls vander Walls, | Very weak | Ar,, Xe, | A | //

clusters and polarization

effects l //

797
L X _ - A
kk
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Metallic nano clusters

. The clusters: formed by alkali metals, ajkaline earth metals and transitioy
metals are called metallic nano clusters. The metallic clusters _)f'ormed _fro,rft single
metallic element (or) from more than one metal are called intermetallic napg

clusters.

Examples :
(i) Silver cluster
(ii)  Aluminium cluster
(iii) Copper cluster
(iv) Nickel cluster, etc.

Synthesis

2 .. The metallic nano clusters can be synthesised by any one of the following
techniques. viz., . " s

()  Laser synthesis - In which the metallic sodium is-heated to a very

high temperature of about 400°C and the hot sodium vapour is
allowed to expand into a low vacuum He- atmospheres, where it
is suddenly cooled and condensed to form nano cluster.

(ii) Pulsed arc method

;.. (iii) Ion sputtering technique etc. .

Properties
| (i) Nano:glusiters have great hardness and yield strength.

“‘. - ; . /
(ii)) The energy-of the clusters varies with respect to the ‘c'an‘tituent of
the atoms. Pt

(ili) The ratio of number of ‘atoms on the surface to the number of atoms
inside the material is nearly equal to 1. - :

(iv) The ratio of the shrface‘ ene

_ gy to total éﬁergy is more or less
equal to 1. -

~
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(V) The metallic clusters absofbs light to produce different colours. Also .
the wave length shift will change the optical absofption spectrum. j

(vi) The ionization potential and electron affinity vary- with tespect to
the size of the cluster. = )

(vii) At cettaih sizes the electron affinity of clusters bécome similar to
that of a bulk raterial,

6.27 CARBON NANOTUBES [CNTs]) %
Introduction

The discovery of carbon leads to form stable, ordered structures other |
than graphite and diamond, which have stimulated the researchers worldwide to 1
search for other hew fottns of carbon. The search was given fiew impetus when
it was shown that Cgp could be produced in a simple afc-évapotation

appatatus. This Cg, is very much useful in the production of carbon nano tubes,
so called CNT. -

1|
The CNT_have remarkable electronic properties and maity other tinique
characteristics. For these reasons they have attracted huge academic and industrial

interest.
Definition

Carbon nanotubes (CNT) are molecilldr-5cale tubes of graphitic carbon \
with oitstanding propertiés. They are dmong the stiffest and strongest fibres )

researched till date, with remarkable electronic properties and applications.
Types '

Carbon nao-tubes atre of two types. viz

(i) (a) Single walled nano-tubes (SWNTs)

(b) Multi walled nano-tubes (MWNTsS)
(if) Single walled nano-hotiis (SWNHs).

i
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6:28 STRUCTURE OF CARBON NANOTUBES

The nano-tubes possess atleast two layers, often many morel,' and
in outer diameter from about 3 nm to 30 nm. The bonding in carbon p,
is sp? hybridization, with each atom joined to three neighbours as ip 8raphit
The tubes can therefore be considered as rolled-up graphene sheets (graphene Ts

an individual graphite layer). There are three distinct ways (fig.6.15) in which
a graphene sheet can be rolled into a tube, viz.,

Tangeq
Notubeg

(i) Arm chair structure N
(i) Zig-zag structure A
and (iii) Chiral structure.

Arm Chair structure '

Zig-zag structure

Chiral structure

Fig.6.15

Here the armchair structure and zig-zag structure have a high' degree of
symmetry. The terms “armchair” and “zig-zag” refer to the arrangement of
hexagons around the circumference. The “chiral” term means that it'can exist
in two mirror-related forms. ' :

The internal arrangements of atoms in the structure of a nanotube is 2
shown in fig.6.16. The structure is specified by a vector, (n,m), which defins
how the graphene sheet is rolled up. The carbon nanotube can be produced wid
various values of ‘n’ and ‘m’. ]
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For example, to produce a nanotube with the indices (7, 6). the sheel.
has tg be rolled up in such a way that the atom labelled (0, 0) has to be
superimposed on the one labelled (7, 6). It can be seen from the figure
that m = 0 for all Zig-zag tubes, while n = m for all armchair tubes.

» —> Semi conductor

Fig. 6.16 J

6.29 FABRICATION OF CARBON NANOTUBES

Carbon nanotubes can be fabricated by anyone of the following
methods viz.,

(i) Pulsed Laser deposition (or) Laser Synthesis.
(ii) Carbon Arc method and

(iii) Chemical vapour deposition

Let us discuss the above methods in detail. LS

6.30 PULSED LASER DEPOSITION

'adopted for the preparation of carbon nano-tubes.

Pulsed Laser deposition (or) Laser synthesis is the latest technique
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The technique of laser heat treatment is used in the_ prepqraﬁon df carboy,
nano-tubes. In géne}al ruby laser, Nd-YAG laser and CO, laser. are useq for
this purpose.

Instrumentation _ .
The instiimentation for the fabrication of carbon nano-tubeés cotsists of

a quaitz tibe containing a graphite target kept in argon gas region as shown i,
fig 6.17. :

The tibe is surtounded by an electric furnace in qr‘der to heat th? target,
A colder copper collector rod to used to collect ‘the nano carbons emitted: by
the gtaphite.

Along with this it also consist of a pulsed laser source to broduee laser

bedm, shutter to. control the intensity of the laser beam and an assembly of lenses
to effectively focus the laser onto the graphite as shown in fig.6:17. -

3
= ,
& < laser
source
o A A A~—shutter
Focusing lens
assembly '
' Window
77 [ i 4= Graphite
Electric furnata] || [ -
§ kI ———Argon gas

= ano-tubes
~Copper collector rod
Fig.6.17

Quartz tube

Synthesis | o st R
Initially the graphité is heated upto 1200°C with the help of the electric

furnace. An intense laser beam can be used to evaporate carbon from thegrq:hlte
and thus, now the Laser source is switched ON. v St Wz 7

S
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The light reflected by the plane mirror is made to pass through the
shutter. The intensity of the laser beam is controlled by the shutter and the
controlled laser beam is allowed to fall on the focussing lens assembly. This
!en§ assembly focusses the light effectively onto the window and is made to
incident on the graphite.

Due to laser heating the graphite gets heated and evaporate carbon atoms. '
The argon gas present inside the quartz tube is used to sweep the carbon atoms |
towards the colder copper collector rod.

Thus, due to the movement of carbon atoms from a higher temperature
region to lower temperature region it gets condensed and hence carbon nano-
tubes over the collector rod.

B

The Cobalt and Nickel present in the graphite act as catalytic nucleation
sites for the formation of carbon nano tubes.

6.31 CARBON-ARC METHOD

Carbon arc method is similar to
that of electro-deposition-technique and is
used to produce both the single walled
nano-tubes [SWNTs] and multiwalled nano-

tubes [MWNTs].

Instrumentation

It consists of positive carbon
electrode (E;) and negative carbon
electrode (E,) as shown in fig. 6.18.
Liquid helium of 500 torr pressure is
made to flow through the electrodes to
deposit the carbon from E; to E,.

fa

Fabrication

The battery is switched ON and a potential of about 20 to 25 volt is
applied across the carbon electrodes. This potential leads to the emission of
carbon atoms from the positive electrode. Now, with the help of high pressure
Helium, the carbon atoms are depositied over the negative electrode.
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MULTI WALLED CARBON NANO TUBE:
i S

Now when the potential is
contineously applied, the length of
the positive electrode start decreasing
and the carbon deposit over the
negative electrode starts increasing,
which results in the formation of
carbon nano-tubes, layer by layer, so
called Multi Walled Carbon Nano-

Tubes [MWNTs], as shown in fig
6.19

Fig.6.19

——— ]

6.32 CHEMICAL VAPOUR DEPOSITION TECHNIQUE

In this method a hydro-carbon gas such as methane is ‘heated upto
1100°C and is decomposed. As the gas decomposes, it produces carbon atoms.-
These carbon atoms (chemical vapours) are made to deposit over a’ cooler
‘substrate, which contains iron as a catalyst to form carbon nano-tubes,

1 6.33 PROPERTIES OF CARBON NANO-TUBES

() The strength of the sp2 carbon-carbon bonds gives high ‘hardness
for carbon nanotubes, = ' ; :

(i) The Young’s modulus of the nanotube

s is approximately 5 times
greater than the steel, iy o

(iii) The tensile strength is around 50 times higher than steel

=]

Scanned by CamScanner



(iv) The electronic properties of carbon nanotubes are also extraordinary.
Especially the Caison nanotubes can be obtained in the form of
metallic or semiconducting, based on its structural content.

(v) . Nanotubes have higher conductivities than that of copper.

6.34

APPLICATIONS OF CARBON NANOTUBES

(i) The carbon nanotubes are very light in weight, but they are very
strong, hence they are used in aerospace.

(i) They are used in constructing nanoscale electronic devices.

(iif) Carbon nano-tubes (CNTs) are used in battery electrodes, fuel cells,
reinforcing fibers etc.

1 ) -

(iv) CNTs are used in the development of flat panel displays for
computer monitors and televisions. )

(v) Plastic Composite CNTs are used as a light weight shielding
materials for protecting electromagnetic radiation.

(vi) Light weight CNTs are also used in military and communication
systems, for protecting computers and electronic devices.

(vii)‘Semiconducting CNTs are used as switching devices.

(viii) Semiconducting CNTs are also used as chemical sensors to detect
various gases.

(ix) Nano-tubes can also serve as catalysts for some chemical reactions.

(x) The unique properties of carbon nanotubes will undoubtedly lead
to many more applications in future to produce nano-computers,
plastic composites etc.

k

Gt o
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questions optl opt2 opt3 optd answer

How does a semiconductor behave at absolute zero? Conductor Insulator Semiconductor Protection device Insulator
How is the resistance of semiconductor classified? High resistance Positive temperz Negative tempe Low resistance  Negative te
Which of the following is known as indirect band gap semicond Germanium Nickel Platinum Carbon Germaniun
What are the charge carriers in semiconductors? Electrons and holes  Electrons Holes Charges Electrons a
How is charge carriers produced in intrinsic semiconductors? By pure atoms Byelectrons By impure ator By holes By impure
Majority carriers in P-type semiconductor are electrons neutrons holes neutrinos holes
Minority carriers produced by thermal agitation or vibration

in a semiconductor are holes in N-type & free ¢ holes in N-type &free electrons in free electrons in Mholes in N-t

The cause of a potential barrier in a P N diode is the
concentration of positi depletion of negz concentration o depletion of positi concentrati

A Zener diode s always used with forward bias  with reverse bias as a rectifier s a switch with revers
How does a semiconductor behave at absolute zero? Conductor Insulator Semiconductor Protection device Insulator
How is the resistance of semiconductor classified? High resistance Positive temperz Negative tempe Low resistance  Negative te
Which of the following is known as indirect band gap semicond Germanium Nickel Platinum Carbon Germaniun
What are the charge carriers in semiconductors? Electrons and holes  Electrons Holes Charges Electrons a
By

By impure impure
How is charge carriers produced in intrinsic semiconductors? By pure atoms Byelectrons  atoms By holes atoms
The probability that an electron in a metal occupies the Fermi-le 0 1 05 075 05
n-type semiconductors are Negatively charged  Produced when I Produced when None of the above Produced w
If the energy gap of a semiconductor is 1. 1 eVitwould be____ Opaque to the visible li Transparent to tt Transparent to t Transparent to the Opaque to 1
In an intrinsic semiconductor, the mobility of electrons in the cc Less than the mobility (Zero Greater than the1 Greater tha
The electron and hole concentrations in a intrinsic semiconduct n +p = ni + pi n+ni=p+pi  np=nipi n-ni=p-pi np = nipi

If the temperature of an extrinsic semiconductor is increased
so that the intrinsic carrier concentration is doubled, then
The majority carrier de The minority carr Both majority ar No change in char; Both majori

‘At room temperature, the current i an intrinsic semiconductor Holes Electrons Holes and electr phonons Holes and e
The mobility is given by n=V/E n=VA2/E n=V/ER2 H=VA2/ER2 n=V/E
A good ohmic contact on a p-type semiconductor chip is former Gold as an impurity bel A high concentra A high concentr: None of the above A high conc
The width of the depletion region is Directly proportional tcInversely propor Independent of Directly proportioiInversely pi
The Fermi energy in p-n junction at thermal equilibriumis__ Proportional to distanc Directly increasetInvariant with ri Proportional to ter nvariant w
Germanium has protons 30 32 34 36 32
One eV equals to 1.6x10 A(-19) 2.6x107(-19) 14x104(-19) 1.2x10A(-19) 16x10A(-
An electron voltis a unit of _ momentum potential differer energy charge energy
Which one has four valence electrons? conductor semiconductor  insulator semi-insulator  semiconduc
The temperature coefficient of resistance of semiconductors is_positive negative zero infinite negative
Anegatively charged body has excess of neutrons  excess of eletron deficit of electro deficit of protons excess of el
The value of temperature coefficient is dependent upon length nature and tempivolume cross-sectional ar¢nature and
Semiconductor in pure form is called semicond good intrinsic extrinsic doped intrinsic

and are the two carrier transport mec covalent bond and recc forward and reve drift and diffusicfree and charged driftand dif
Semiconductor in impure form is called semico pure intrinsic extrinsic bad extrinsic

is associated with random motion due tothe  Diffusion Drift Recombination Doping Diffusion

thermal agitation in the movement of holes and electrons in a
silicon crystal?

silicon that has been doped with trivalent impurity is called ___ N-type P-type intrinsic extrinsic P-type
silicon that has been doped with pentavalent impurity is called_N-type P-type intrinsic extrinsic N-type
What s the another name for a pn crystal? lattice diode junction diode  pn junction junction dic
An acceptor atom is also called . Minority carrier Majority carrier trivalentatom pentavalent atom trivalent atc
Which s a donor atom? Pentavalentatom trivalentatom  Aluminium  Boron Pentavalent
What s the barrier potential of germanium at 25 degree Celsius 0.3 V 0.4V 05V 0.6V 03V
What s the barrier potential of silicon at 25 degree Celsius? ~ 0.4V 05V 0.6V 07V 07V
When temperature increases , barrier potential remains thesame  decreases increases depends on mater decreases
The most important application of Schottky diodes is in igital computers  Voltage regulator Power supplies amplifier circuits  Digital com)
Typical leakage current n a pn junction is in the order of micrometer millimeter nanometer  picometer micrometer
The resistance of a forward biased pn junction is in the order of ohm milliohm microohm ~ kiloohm ohm
Doping materials are called impurities because they decrease number of ch change the chem makes semiconcalter the crystal stialter the cry
The method of adding impurities to a pure semiconductor is kn etching morping doping annealing doping

The merging of a free electron and a hole is called covalentbonding lifetime recombination thermal energy  recombinat

A donor atom has how many valence electrons? 1 2 4 5 5



questions
What does conductivity of metals depend upon?
What happens to the free electrons when electic field is applied?
Which of the following theories cannot be explained by dlassical theory?
Which of the following theories can be adopted to rectify the drawbacks of classical theory?
Calculate the drift velocity of the free electrons with mobility of 3.5<107-3 m"2/Vs in copper for an electric field strength of 0.5 V/m.
Electrons in the outer shell are called electrons.
Which of the following has least number of valence electrons?
Agood conductor has how many electrons?
What principle states that each electron in an atom must have an different set of quantum numbers?
The temperature coefficient of resistance of conductors is
The temperature coefficient of resistance of conductor
Apositively charged body has
Electrons flow assumes charges flow from
Which of the following has negative temperature coefficient?
Which orbit controls the electrical propertyof the atom?
Which of the following statements correctly describes a metal within band theory?
Which is the correct ordering of the band gaps energy?

to break ina
Fermi level fora metal i
The probability of occupation of an energy level €, when E- £F
The Fermi level is
Mobility of electron s
Fermi level represents the energy level with probability of its occupation of
Atabsolute zero temperature, the probabilityof finding an electron at an energy level € is zero when
Substances which allow electric current to pass through them are called
The probability that an electron in a metal occupies the Fermi level, at any temperature (0 K)is:
The mobility is given by
Fermi energy level for n type extrinsic semiconductors lies
Fermi energy level for intrinsic semiconductors lies

with an increase in temperature

T, 15 given by

Inintrinsic semiconductors, number of electrons number of holes
In p type semiconductors, number of holes number of electrons.
Mobility of holes is mobility of electrons in Intrinsic semiconductors.
Electronic current n the wire s the flow of electrons.
The highest energy band of an atom which can be flled with electrons i
An energy band in which electrons can move freely.
Which type of material usually has one valence electron 7
Which of the following is considered as best conductor?
The eight electrons which are tightly held by the atom are called.
The amount of time between creation and disappearance of a free electron s
Density of states is defined as the number of available electron states per unitvolume in an energy interval
Phonon is the quantum of wave
The effective mass of an electron
Einstein's theory of lattice vibration is based on the quantum theary of
Aphonon interacts with
is defined as the number of available energy states per unit volume in an energy interval
When the effective mass of an electron s positive then the curve of E(K) will be
Classical free electron theory was proposed by
In the kronig - Penney model , if there exists na potential barrier, then
The density of allowed states between E and € + dE is proportional to
The average time taken bya free electron between any two successive collisions s known as
In an electric field, the electron moves away from the field with a constant velocity, known as

pti
The nature of the material

They move randomly and collide with each other

Electron theory
Compton theory.

3smfs

outer shell

conductor

s

indlusion principle

positive

increases

excess of neutrons

positive to negative

Nickel

firstorbit

Amaterial possessing moderate band gap
Diamond > silicon > copp

is equal to 1eV.

Highest energy level occupied by electrons at0
o7

an average value of all available energy levels.

Average flow of electrons per unit field.
0%

E<tr
Conductors
1

muo =V
Atmiddle of the band gap.
Atmiddle of the band gap.

valence electrons
recombinaton
E+dE
electromagnetic

there exists a periodic dependenceof € on k
£ (1/2)

mean free path

mean free path

opt2
Number of free electrons

They move in the direction of the field
orentz theory

Quantum theory

17541003 m/s

innershell

semiconductor

.

exclusion principle

positive to positive
Carbon

fourth orbit

Amaterial possesses a large band gap
Diamond <silicon < coppe:

is equal to the width of the forbidden gap
Highest energy level occupied by electrons at 0K
083

3
Resistance of the metal
Theyremain stable
Photo-electric effect
Band theory

105 m/s
Semiconductor
insulator

2

electron principle

deficit of electrons

negative to positive

Brass

Mshell

Amaterial with zero band gap
Diamond <silicon > copper

is greaterin Ge than in Si

Average value of all aailable energy levels Highest energy level occupied by electrons at0
05 027

pte
Number of electrons

They move in the direction opposite to that of the field

Classical free electron theory
Electron theory
semi-insulator

1

quantum principle

Amaterial with infinite band gap
Diamond <silicon < copper
is the same in Ge and i

an energy level at the top of the valence band the energylevel at 0c.  the energy level at 0k
Average applied field pe Average Reciprocal of conductivity per unit charge.
2%, 0%, 100%

E>Er %€ 2x+E

insulation semi conductors superconductors

1 075 05

muo=V-E muo=V+E muo =V XE

Close to conduction band
Close to conduction band
al

Greater than

outermost electrons
lifetime

elastic

Drude
there exists no forbidden energy regions
£ (1/2)

collision time
collision time

Close to valence band
Close to valence band
Ge

Less than

infinity

parabola
De-Broglie

Eis nota continuous function of k
£ (32)

dnftvelocity

dnftvelocity

Close to forbidden band
Close to forbidden band
sn

Can not define

insulation band
insulation band
superconductors

covalent electrons
bonding

£/dE

magnetization

positive, negative and infinity
Heisenberg

all values of E are not allowed
8 (3/2)
relaxation time

relaxation time

Number of free electrons
They move in the direction of th
oto-electric effect

exclusion principle
positive

decreases

deficit of electrons

negative to positive

Carbon

walence orbit

Amaterial possesses a large ba
Diamond > silicon > copper

is equal to the width of the forbi
Highest energy level occupied by
027

the highest occupied energy lew
Average drift velocity per unit fie
50%,

E>Er
Conductors
05

muo=V/E
Close to conduction band
Close to valence band

si
Less than
Equal

Can not define
free

valence band
conduction band

Conductors

Gold

bound electrons

lifetime

E+dE

elastic

positive, negative and infinity
Planck

there exists no forbidden energy
£ (1/2)

collision time

drftvelocity



questions
Any material that can be by an applied external magnetic field i called magnetic material
Magnetism arises from ofthe magnetic material
is the unit of magnetic induction B,

Magnetic induction B is
‘The formula for intensity of magnetization is
Relative permeability s given by
‘The formula for magnetic susceptibility is
Relation between  and ¢ s
Diamagnetic materials have ‘number of ekectrons,
“The net magnetic moment of diamagnetic materials n the absence of external field is

material repel magnetic lines of force.
Permanent dipoles are absent in materiaks
Magnetic lines of force are attracted by magnetic material
‘The susceptibilty of diamagnetic materials s temperature

IFT s less than curie temperature, paramagnetic materials are converted into ‘magnetic material

I T is greater than curie t . is converted into ‘magneic material
‘The susceptibilty for diamagnetic materials is value
‘The susceptbilty is high positive value for materil,
. P i
Diamagnetic materials align 0 appiked fiekl.

are very weak magnet,
Para and ic materials align themselves to the external field.
magnetic materials have their dipoles aligned antiparallel
ture,anti ‘material becomes
magnetic materials have unequal magnetic moments aligned antiparalled to one another.
Ferrimagnetic materials are aso called

Above Neel

In ferrite ites are octahedral

In ferrtes sites are tetrahedral.

There are octahedral and tetrahedral stes.

‘The number of ferrous, ferric and oxygen ions in ferrites are

Ifdivalent and trivalent ions are in B site then the ferite is said o have spinel structure

Iftwo Fe3+ ions are in B site and one Fe2-+ ion is on A site then the ferrite has spinel structure
‘The mixture i presintered ina furnace at ©C whik preparing ferrites.

A single erystal of ferromagnetic material i divided into_large umber of small regions called
‘The orientation of moments in one domain is in
‘The net i

‘The energy required to align atomic magnets into single domain is

During magnetostriction waves are produced.

Lagging of magnetic induction behind magnetic fiekd is called

‘The negative field applied to remove the retained magnetism is called

‘The use of SQUIDS is in

direction
ic material is

energy.

‘The AC Josephson Effect s
‘The Meissner Effect s
are called soft super conductors

are called hard superconductors
‘The hysteress loss depends on
‘The materials with great hysteresis loss are called ‘magnetic materiaks
Soft magnetic materias are used to make ‘magnets.
Retentivity and Coercivity are for hard magnetic materiaks,

Susceptibility and Permeabiliy arc high for ‘magnetic material
is the principle of magnetic recording and storage.
materials are used in storage devices.

w

of the memory cannot be edited?
is also called a diskete.

Writc protect notch is used to prevent onthe disk by others

“The maximum capacity of loppy disk is

Dhanagnetic property ofa superconductor i also called

“The interaction between cooper pairs i strong only when two lectrons have

In superconductivity the conductivity of a material becomes

‘The temperature at which conductivity of a material becomes infinite is called

‘The superconducting state is perfectly in nature.

In superconductivity the electrical resistance of material becomes

Which of the following conductor has highest critical temperature?

‘The energy required to break a cooper pair is ___ the energy gap of superconductor.

monenta and spin

In superconductors, the Fermi energy level is

“The minimum amount of current passed through the body of superconductor in order to destroy the
superconductivity is called current.

‘The binding energy for a cooper pair is

‘There are three important lengths which enter the theory of superconductivity except
“The magnetic lines of force cannot penetrate the body of a superconductor, a phenomenon is known as
Superconductivity was first observed by

“The first successful theory on superconductivity was due to

‘The current in a superconductor produces
At the critical temperature, the resistance of a super conductor
Super conductivity is exhibited by

Superconductivity is observed for

The superconductivity is due to
The value of critical field below the transition temperature will

Superconductors are becoming popular for use in

Mercury as an electric contact material is

‘The structure sensitive property of a super conductor is

At transition temperature the value of critical field is
has zero temperature co-cfficient of resistance,

Super conductivity can be destroyed by
Superconducting metal in super conducting state has relative permeability of

What happens to current sent through a superconducting wire?
In what year did Onnes discover it?
how cold do

Which of the following do NOT currently use superconductors?

“Two essential and
Meissner's effect is related to
‘The converse of hardness is known as

material are
properties of superconductors.

propertics of a

An HRC fuse is

‘The coils of D.C. motor starter are wound with wire of
Anideal conducting material has

Superconductors are

Soft superconductor follow

Hard superconductors observe
Ahigh Q coil has

temperature.

have to get before they enter the superconducting state?

optl optz optd answer
electrified oxidised reduced magnetized
resistance magnetic dipole moment ‘none of the above magnetic dipole moment
Whin-2 Whin'-1 Whm Tesh
wH uH 2u-H uH
M-IV MV VM MV
w=p/no0 A= p0 2p-H w=p/n0
H I+H IH
p=le p=l-c p=l+e p=l+e
even odd less even
4 0 1 0
superconducting diamagnetic & di & diamagnetic
paramagnetic diamagnetic ferrites diamagnetic
para and ferro dia and para ferrites para and ferro
dependent independent gadient independent
fero ferri dia para dia
para dia ferri anti-ferro para
high negative high positive low positive low negative low negative
diamagnetic paramaterial ferronagnetic ites ferromagnetic
spontaneous random stimulated saturated spontaneous
antiparallel icular opposite paraliel icular
diamagnets paramagnets ferrinagnets ferromagnets diamagnets
icular normal paraliel inclined paraliel
ferri antiferro dia antiferro
ferronagnetic ferrinagnetic paramagnetic diamagnetic paramagnetic
i antiferro fero para i
cupprites magnetite ferrites ferrates ferrites
A B c D B
B c A D c
48 8,12 168 8,16 168
48,12 816,32 328,16 122436 816,32
inverse regular negative positive inverse
inverse regular negative positive regular
100 10 200 1100 to 1400 900 t0 1100 1000 to 1200 900 t0 1100
codomain tumel domain gain donain
same different random opposite same
maximum zer0 one maximum
exchange anisotropy bloch magnetostatic exchange
uv R electrical ultrasor sonic
exchange hysteresis magnetisation retentivity hysteresis
retentivity coercivity resistiv hysteresis coercivi
earthquake prediction capacitors resistance shi earthquake prediction
v=2vh v=2eh v=2evh v=2ehlv v=2evh
M/H=2 M/H=3 MH=1
type-11 agnetic material ferro c material
type-1I magnetic material ferro c material
loop width loop breadth loop height
hard flexible fero
weak temporory strong
small medium same
dia para soft
electro magnetic induction absorption piezo electric effect
ferrinagnetic ferro and ferri anti ferro
ROM DRAM SRAM
D veD floppy disk
writing editing deleting saving
720KB 12MB 160 KB 1.44MB
Tyndal effect Raman effect Meissner effect Hall effect Meissner effect
equal opposite paraliel equal and opposite equal and opposite
zero one finite infinite infinite
Critical Absolute Mean Crystallization Critical
Diamagnetic D
zero one finite infinite zero
Aluminium Zine Molybdenium Tin Tin
one half equal to twice thrice equal to
Midway between the
Below the ground state Midway between the ground ~ Above first excited state ground state and first

induced
1072 eV

London penetration length
Isotopic effect
Ohm

Schrieffer

zero, voltage drop acros
increase rapidly
hydrogenat 4.2 K.

infrared frequencics

the crystal structure having no
atomic vibration at 0°K.
increase

manufacture of bubble
memorics

aliquid

critical magnetic field

zero

Aluminium

adding impurities
zero

It gains a slight voltage boost.
1911

0K
MRI machines

Zero resistivity, diamagnetic
optical
malleability

awire of Platinum
Aluminium

zero conductivity
amorphour thin films of Be, Bi
and Fi.

Silsbee's rule alone

breakdown by Silsbec's rule
large bandwidth

state and first excited state

critical
10"-4 eV

Intrinsic coherence length

BCS theory
Ampere

Onnes

asmall voltage drop acros
decrease rapidly
mercury at 4.0 K

de. and low frequency

all electrons interact in the
super-conducting state
decrease

generating very strong
magnetic field

eddy
10%6 eV
Normal clectron mean
free length
Meissner effect

HK. Onnes

Ampere and Schrieffer
alarge voltage drop across
it

remains constant

mercury at 4.2 K

ac. and high frequency

the electrons jump into
nucleus at 0°K.

remain unchanged
generating electrostatic
field

At first excited state

hall
10-8 eV

Mean path length

London theory
Schrieffer

Bardeen Cooper and
Schrieffer

astrong clectric field
around it

increase slowly
potassium at 4.2 K.
frequencies having no
effect

the electrons jump into
nueleus at 4.2°K.
unaltered

generating regions free
from magnetic field

excited state

critical
1074 eV

Mean path length

Meissner effect
HK. Onnes

Bardeen Cooper and
Schrieffer

zero, voltage drop across
it

decrease rapidly
mercury at 4.2 K

dc. and low frequency

the crystal structure
having no atomic vibration
at 0°K.

increase

generating very strong
magnetic field

ametal ametal liquid agas ametal liquid
transition temperature critical current density critical temperature critical current density
negative real value positive real value complex value zero
Carbon Porcelain Manganin Manganin

application of magnetic  application of electric  application of magnetic
reducing temperatures field fic field
one negative more than one zero
It's without loss It asharp It's with It's ‘without
of energy. voltage drop. loss of cnergy. loss of cnergy.
1921 1931 1941 1
39K 130K 120K 39K
alkaline batterics proton accelerators photon accelerators  alkaline batteries

Zero resistivity, high resistivity, Zero resistivity,
high resistivity,
thermal magnetic clectrical magnetic
softness. toughness brittle softness.

ceramic body with metal  heavy cross section of  ceramic body with metal
ceramic body with carbon rod and caps copper and aluminium  and caps
Carbon Porcelain Manganin Manganin

small conductivity
monovalent metals
Meissner effect alone

incomplete Meissner effect
high losses

large conductivity
ferromagneti and
antiferromagnetic metals
Silsbee's rule and Meissner
effect

high critical field and
transition temperature

low losses

infinite conductivity
ferrimagnetic metals
persistent current

all the above
flat response

infinite conductivity
amorphour thin films of
Be, Bi and Fi.

Silsbee's rule and
Meissner effect

all the above
low losses.



questions optl opt2 opt3 opt4 answer

The frequency range of electronic polarization is 10712Hz 1073 Hz 10°14Hz 10715 Hz 10715 Hz
The frequency range of ionic polarization is 10712Hz 1073 Hz 107 14Hz 10715 Hz 10°14Hz
The frequency range of orientation polarization is 10712Hz 1073 Hz 10°14Hz 10715 Hz 10712Hz
The frequency range of space-charge polarization is 10712Hz 1073 Hz 10714Hz 10°5 Hz 10°5 Hz
The example of ic polarization is inert gases ionic crystal CHCI HCl inert gases
The example of ionic polarization is inert gases ionic crystal CHCI HCI ionic crystal
The power loss of space-charge polarization is low high higher highest highest
The dielectric loss can oceur both in the direct and alternating vol alternating voltage and capacresistance and capacitor resistance and frequency direct and alternating voltage
The temperature of Avalanche B is low very low high very high low
breakdown oceurs at high temperature thermal discharge defect electrolytic thermal
The relaxation time of electronic polarization is very slow slow very fast fast very fast
The relaxation time of ionic polarization is very slow slow very fast fast slow
The relaxation time of orientation polarization is very slow slow slower slowest slower
The relaxation time of space-charge polarization is very slow slow fast slowest slowest
molecules have permanent dipole moment even in the absence of an applied field non-polar polar dielectric dipole moment polar
molecules do not have permanent dipole moment. non-polar polar dielectric dipole moment non-polar
The properties of dielectric materials is large insulation resistanc low insulation resistance  very low insulation resistance very large ~insulation re large insulation resistance
The induced dipole moment (u) is charge xdisplacement  charge xvoltage 1 i rent charge
w is called as angular frequency dipole moment mass current angular frequency
polarization occurs due to the accumulation of charges at the electrodes when field is appliecelectronic orientation ionic space-charge space-charge
type of polarization occurs at audio and radio frequency ranges clectronic orientation ionic space-charge orientation
type of polarization occurs at optical frequency range clectronic orientation ionic space-charge electronic
type of polarization occurs at electric power clectronic orientation ionic space-charge space-charge
The another name of the internal field is Clausius-Mosotti Lorentz field Electric field Magnetic field lorentz field
The example of ferro electric material is Rochelle salt NaCl HCI CH Rochelle salt
The ferro-electrics are used in SONAR LASER MASER Capacitor SONAR
The dielectric strength is dielectric voltage/thickn thickness of dielectric/ diele dielectric current/ thickness of thickness of dielectric/ cdielectric voltage/thickness of dielectric
For solids the dielectric constant is Less than one greater than one equal to one equal to zero greater than one
Example for polar molecule is CHCI3 CCl4 H2 €02 CHCI3
The following molecules will not have centre of symmetry. Polar non polar symmetric molecules insulating Polar
Electronic polarisation is ------- of temperature irrespective i symmetry independent
Polar molecules have ------ dipole moments. induced permanent temporary unstable permanent
Polarisation which occurs due to diffusion of ions is known as Ionic polarisation orientation polarisation  space charge polarisation electronic polarisation space charge polarisation
The relaxation times are -------- for different kinds of polarisations same different remains constant fixed value different
The materials which have negative temperature co-efficient of resistance is known as------ Dielectrics insulators conductors resistors Dielectrics
Dielectric constant for water at 0 © C is - 87.8 88.7 787.8 71.8 87.8
Mono atomic gases exhibit ----- type of polarisation. Tonic Space charge clectronic orientation electronic
Dielectric loss occurs in - only in direct voltage  only in alternating voltage  Both in alternating & direct vol only in DC Both in alternating & direct voltages
Power loss varies with Frequency amplitude volume time Frequency
Ferroelectrics are ----- crystals isotropic Anisotropic isomorphic symmetric Anisotropic
which of the following material have spontaneous polarisation? ferr i par i ferroelectric ferrite ferroelectric
The dielectric constant reaches a maximum value at -- curie temperature neel temperature absolute temperature fixed temperature curie temperature
The materials which are used to produce ultrasonics is ----- ferro magnetic antiferromagnetic ferro electric ferrite ferro electric
The domain  structure of ferro electric is similar to --------- material. ferro magnetic dia magnetic para magnetic anti ferromagnetic ferro magnetic
The principle used in microwave ovens are--- Heating dielectric heating charging annealing dielectric heating
Dielectrics follows --- effect piezo electric inverse piezo electric iction i inverse piezo electric
Dielectrics are ------ materials non metallic metallic semiconducting conducting non metallic
Dielectrics are also called as conductors semiconductors insulators resistors insulators
The ratio between absolute permitivity to the permitivity of free space is known as dielectric dielectric constant relative permeability relative permitivity  dielectric constant
When a dielectric material is placed between a parallel plate capacitor its capacitance-- decreases increases remains constant same increases
All insulating materials are -------- dielectrics passive active liquid fluid passive
The material which restricts the flow of electrical energy is known as-------- dielectrics active dielectrics passive dielectrics jnsulators passive dielectrics
The following molecules will have center of symmetry. Polar non polar symmetric molecules insulating non polar
The polarisation of polar molecules is highly -------- dependent. temperature pressure volume shape temperature
The following molecules are not having absorption or emission in the infrared range. polar molecules non polar molecules infrared molecules visible polar molecules
The displacement of charged particles under the action of ------ field is known as dielectric polarisation. magnetic electric spontancous saturated electric
Electronic polarisation is proportional to ------- of the atom. volume pressure specific heat temperature volume
Orientation polarisability is ----------- to temperature of the material. directly proportional  inversely proportional  square square root inversely proportional



Question
Shape memory alloys have
The density of Ni-Ti is
Melting point of Ni-Tiis
One nanometer i
The process involved in the formation of metallic glass is
Cooling rate of metal-metal metallic glasses are
Materials returning to original shape by having memory is
Bandwidth of SMA’s are
Nanometers are of ize.
A stable liquid phase containing particles in the 1-1000nm range are called
Phenomena that occurs on length between 1 and 100 nanometers are
A form of carbon having large molecule consisting empty cage of 60 carbon atoms are
Radius of clusters
Vapour-liquid-solid (VLS) growth of nanowires are
Atomic layer deposition (ALD) for thin film deposition is
Nanorods and nonowires are electroplated by

involves the fonization of gas atoms by clectrons

type of magnets are used in vaccum arc deposition
Deposition rates produced by magnetrons are

type of gases are used in pulsed laser deposition

Pressure of ultrahigh vaccum (cvd) are

A process in which the precursors are transported by means of a liquid/gas acrosol is

Hot wire-cvd (hwevd) is also known as:

The temperature range of carbon nanotubes in cvd method s
increases the growth rate in CVD chamber

Sols are also known as solutions

The light scattering in synthesis is happened by effect

If the liquid phase of the gels are removed in the synthesis process

Sol-Gel method produce metals at ultra-low temperature of around

High quality ball mills can grind mixture particles upto

‘The nanomaterials used in the petroleum industry as catalyst are

The distance between grapheme layers of graphite are

Single-walled nanotubes(SWNT) have a diameter of

In SWNT.if m=0 then the nanotubes are called

The amount of current passed between two graphites in arc method s

The nanosized catalyst metals are

The deposition rate of pulsed laser deposition s

‘The strength of carbon nanotubes are

are obtained

The electric current density of metallic nanotubes are
The temperature stability of carbon nanotubes in vaccum are

The temperature stability of carbon nanotubes in air is

Solar cells are formed by the mixture of carbon nanotubes and

The pressure of helium atmosphere in arc method is

The buds, which are bounded covalently outside the sidewalls of carbon nanotubes are called
The metting temperature of Ni-Ti alloys are

The process which uses heating lamps and other methods to heat the water substrate is known as
The flow of H gas in CVD method is

Example for clusters

Diameter of human hair is

At particular temperature, when stress is applied to SMA it deforms then it is known as

optl
high energy efficiency

7 gm/em™3

300°C

1/10°10 of meter

melt spinning technique
hundred degree/second

shape memory

high

1010 m

cluster

nanodots

colloids

1-100 nm

liquid growth

vapour phase growth

solution liquid solid growth (sls)
vaceum arc deposition
permanent magnet

high

argon gas

10° pa

atomic layer(alevd)

aerosol evd

1000-1500"c

arsine

flurene

tyndal

gerogel

600-1000°F

0.001mm

permutite

524

2.0 nm

chiral

100 Amps

Fe

Inm/pulse

93 (Gpa)

4x10° Alem®
3600°C
3600°C
fullerences
500 torr
torus
1500°C
RTCVD
300mV/min
semiconductors
~20 um
austenite

The process in which the molten alloy is passed through two rollers rotating in opposite directions are kimelt spinning

is a technique used to form metallic glasses by rapid cooling
In metallic glasses, the thickness of the ribbon can be varied by increasing (or) decreasing the
Metallic glasses have good propertics

The lincar array of dots formed by self assembly is known as

In which year, the active nanostructures are discovered

technique is used to form metallic glasses.

Density of Ni-Ti alloy s
The melting point of nanoparticles is

tyndal
width
mechanical
nanodots
2005
Quenching
6.45 gm/em3
high

opt2
low energy efficiency
6 gm/cm"3

200°C

1/10°8 of meter
air quenching technique
thousand degree/second
plastic memory

low

108 m

fullerene

nanowires

fullerene

1-10 nm

vapour phase growth
liquid phase growth
atomic layer deposition(ald)
magnetron spittering
solenoid magnet

low

neon gas

10° pa

aerosol assisted (aacvd)
catalytic —cvd
1500-3000°c
phosphine

collidal

scatter

aerogel

150-600 °F
0.0001mm

zeolite

5184

1.00m

armchair

50 Amps

Co

0.1 nm/pulse
65(Gpa)

4x10° Alm®

2800°C

2800°C

colloids

300 torr

nanobuds

1300°C

ALCVD

200 mmin

ceramic oxides

~15 um

martensite

twin roller

quenching

speed

electrical

nanoscales

2010

Cooling

6.45 gm/em

less

opt3
zero efficiency
6.45 gnvem"3
1800 °C
1/109 of meter
alloy spinning technique
millon deg/second
magnetic shape memory
limited
109 m
nanorods
nanoscale
nanofabrication
1-1000 nm
hybrid growth
solid phase growth
molecular beam epitaxy (mbe)
de glow discharge
horse magnet
~2Mm/mm
inert gas
10°pa
rapid thermal (rtevd)
atmospheric pressure cvd
500-1200°
diborane
liquid
SMA effect
xerogel
0°F
0.01mm
ambersite
50A
0.1nm
zig-zag
150 Amps
Fe and Ni
2 nm/pulse
63(Gpa)
8 x10°A/em’
4000 °C
4000 °C
borons
200 torr
microbuds
1200°C
MOCVD
150 mlmin
insulators
~10 um
shape memory
melt extraction
melting
flow
magnetic
nanowires
2000
Annealing
4.65gm/em’3
very less

optd
infinity

8 gm/em”3

1300 °C

1/10°11 of meter

melt extraction technique
ten deg/second
characteristics memory
close bandwidth

1009 m

colloids

nanotubes.

nanostructure

1-5000 nm

solid phase growth
hybrid growth

Plasma assisted growth
plasma arcing

bar magnet

none of these

argon and neon gas
10" pa

plasma enhanced (pecvd)
low pressure cvd

above 3000°%

silane

plasma

quartz

solgel

1100 °F

0.1mm

naptha

33A

2.1nm

vector

no current

Fe

5 nm/pulse

95(Gpa)

8 x10° A/m®

750 °C

750 °C

both collids and borons
400 torr

carbonbuds

>1500°C

AACVD

10 mVmin

both ceramic oxides and ins
~25 um

both austenite and martensit
melt retraction

both quenching and melting
both width and speed
mechanical, electrical and m
nanotechnology

1975

Calcination

8.3gm/em’3

very high



answer
low energy efficiency
6.45 gnvem’3

1300 °C

1/109 of meter

melt spinning technique
million deg/second
shape memory

limited

109 m

colloids

nanoscale

fullerene

1-10 nm

hybrid growth

vapour phase growth
solution liquid solid growth (sls)
de glow discharge
solenoid magnet

high

inert gas

10°pa

aerosol assisted (aacvd)
catalytic —cvd
500-1200°

diborane

collidal

tyndal

xerogel

150-600 °F

0.0001mm

zeolite

33A

Inm

zig-zag

50 Amps

all of these

0.1 nm/pulse

63(Gpa)

4x10° Alem®

2800°C

750 °C

fullerences

400 torr

nanobuds

1300°C

RTCVD

200 mmin

both ceramic oxides and insulators
~10 um

martensite

twin roller

quenching

speed

mechanical, electrical and magnetic
nanowires

2005

Quenching

6.45 gnvem3

very less





