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k) INTRODUCTION N
® Any material that can be magnetised by the app lication of external Magnetjc
d ’r_v i [(J!I{jllr
a magnefic material ' , . ’
e Diamagnetic, paramagnetic, ferro-magnetic, antiferromagnetic and ﬂ:rrimagne_
anleatheg:mst*importﬂnl magnetic materials. These magnetic materig|q i 1 M,
industry.
First let us define the
(i) Magnetic induction
The magnetic induction (B) in any
of magnetic force passing perpendi
30.1).

r;,l._

important terms involved in magnetism.
(B) or magnetic flux depgity.
material is the number of lines
cular through unit area (Fig.

® Its unit is Wbm ™~ or Tesla. | | .
® The larger the number of field lines crossing per unit \ \

normal area, the larger is the magnitude of the magnetic field B.
(i) Magnetic field intensity (H). The magnetic field .

intensity (H) at any point in the magnetic field is the force |

experienced by a unit north pole placed at that point.

® Its unitis Am ™.
® The magnetic induction B due to a magnetic field of

intensity /H applied in vacuum 1is
B = uH
Here, p, is the permeability of free space (vacuum).
The premeability of free space has a value of 4 x 107" Hm ™.
® If a magnetic field of intensity / is applied in a solid medium, the magnetic induction ;

in the solid is given by

L1 Fig. 30.1

B = uH
Here, u is the permeability of the solid material through which the magnetic lines of force pes
o
il

- Hence the magnetic permeability (1) of any material is the ratio of the magnetic inducti: L
in the sample to the applied magnetic field intensity ().
The ratio of p/y, is called the relative premeability () of the solid.

S

Ho

(7#7) Intensity of Magnetization (M). Intensity of magnetisation (M) of a material ® S
the magnetic moment per unit volume.
® Its unit is Am™,

M= Em
y

H,, = magnetic moment of the substance
V' — volume of the specimen,
|

y
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H/’};eﬁc susceptibility (x)\m—m__.ﬁ_ i . ...

@ M o

of ¢ oBibd 4

b f a material 1S the ratio of the intensity of
fisart 1€ magnetic field | - | '

"gﬂl , : tntensity (H) which produces the

1ien and magnitude of the magnet; e
¢ The sign &l | gnetic susceptibilit :
the magnetic materials. P y are used to determine the nature of

e Relation between pi, and y is
“’r = 14 X

o The individual atoms of a diamagnetic material do not possess a permanent magnetic
moment (Fig. 30.2).

M is negative

Fig. 30.3 '
ms acquire a small induced magnetic

H. is applied, the ato |
oo ?he d!iJrection of applied field (Fig. 30.3). |
t is directly proportional to the applied field HF,.
as soon as the applied magnetic field 1s

Fig. 30.2

® When an external magneti

moment in a direction opposite to

The strength of the induce_d magnefic r?:lomen *
The induced dipoles and magnetization van!

R f all atoms because of

® Diamagnetism is a property 01 &% L
field on the motion of electrons 11 their orib!

| , | :

Froperties of diamagnetic materials | .t dipole moment. 2 ;

() Perman tdg' les are absent. There 15 no perman . PN
ent dipo

® Antimony, bismuth, mercury;

the influence of an applied magnetic

Pertect
diamagnetic
material

. Fig. 30.5

I— ]
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mre” = ——
dne, r
or o’ + EEl.'l'.\"'
m
Solving the quadratic €quation in ¢
~eB
m
O = —
I ——

T — F

s —‘-EODERN |::

666 /—n’: material placed n an externg) ,;;;;‘xﬁ:rak
Sheti, o M

The field inside the materia| iq e duced:;_- ﬁfilq?

perfect diamagnetic material in . %
. csep
Ce
"

netic lines of force.

' ma
@ Diamagnelic materials repel the Mag

- ' - idEF

St - < (), 1.e., magnetisation o
. bility is negative (X _ PPOses
(3) The magnetiC susceptibility f temperature and applied magnet;c fielg Slhﬁ apbli.-:ﬂ

field. Magnetic susceptibility 1 independent oth ST o
(4) Relative permeability 1S slightly less tha : .
| ANGEVIN'S THEORY OF DIAMAGNETISM
Consider an electron (mass = 7, charge = e) rotating about the nucleus (ch fpe < %

lar velocity of the electron. Then n,

circular orbit of radius r. Let @, be the angu 2
F o= motr=2e[(4ner’)

B "
& Ze’
or ®y = J‘“'-'Eo "y )
The magnetic moment of the electron is
" ey 2 e )
m = cumrentxarea = —XTTr = -0y’

2m 2 o]

Let a magnetic field of induction B be now applied. B is normal to and into the page (Fig. 30

Electron

<l|

, Fig. 30.6
An additional force F, called Lorentz force, acts on the electron.
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® = t@,-8
of ' 2m ( -;—E- << mﬂ) ..(4)
lar frequency is now dj
:rlnﬁ :‘ toa:cgtuup a precessional rrn'.::cl:i41:::F ;::te frr o The result of establishing a field of flux
wg c‘:lled Larmor theorem. Then Fiectronic orbits with angular velocity ~(¢/2m) B.
- hiS .
hange in frequency of E _ eB
revolution of the electron| on = "&;ﬂ-
The correspo nding change in the magnetic moment of the electron is
- " 2 2
Am = current xarea = {e‘x (&—:—g)} X 7t = -Bi: (3)
On summing over all electrons in the atom, the induced moment per atom becomes
Be'sr’
M“ R 4"
Let N be the number of atoms per unit volume. Then the magnetisation M is given by
NBe'Lr’
M= - am (6)

Al the electron orbits are not oriented normal to the magnetic field. Hence / in Eq. (6) should
e replaced by the average of the square of the projection of orbit radii for various electrons in a

 plane perpendicular to B. Hence we should replace # in Eq. (6) by %rz.

NBELr
B ™
Volume susceptibility of the matenal
M __NBETP | pNETr (2 B=py H)
x = —}-{—:—- 6mH - = 6” . p.o
2 2
gin -“0}:'22' --'ig—:;-NZ<r2> o)
m

B‘%mmmnxisindepaﬂentofﬁcﬁeldmgﬂ!mdtemmmﬂhisisinacmdwith
Curie’s experimental results.

PARAMAGNETISM
H=0
() In the absence of external magnetic field. The
ot soms ofparamegrec mairl e T | Q) 7 Q)
"gnetic dipole moment of their own (Fig. 30.7)

SOV
QIS

(Fig. 30.8). The individu®t atomic
magnetized. This effect is called

| : randomly
~_ ® When H = 0. all the magnetic moments 4r¢ ° o
;Mmormmmmmwmﬂm

- Bl
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668 ‘ MODERN . |
® Magnetisation M and magnetic field H ?r?'m the H < H H?gh
came direction. Since x = M/H, the susceptibility x 1s e M
positive. - @ ®®\
& Exlmplgg of piramlgIIEﬂC materials: Plﬂllﬂum, @ |
. s : : ulphate, nickel @J
aluminium, ferric oxide, ferrous sulphatc, @@@ @
sulphate, etc. ® @ %
SO
M=:+M |
Fig, 30.8

PROPERTIES OF PARAMAGNETIC MATERIALS

(1) Paramagnetic materials possess permanent magnetic dipoles.

(2) Inthe absence of an external applied field, the dipoles are randomly oriente
magnetization in any given direction is zero. '

(3) When placed inside a magnetic field, it
attracts the magnetic lines of force (Fig. 30.9). The
field lines get concentrated inside the material, and the

HEI]{;E th& .

Paramagnetic materig|

ﬁe}d inside is enhanced. This enhancement is slight, o B'"}B‘“
being one part in 10°. Fig. 30.9
(4) Paramagnetic susceptibility is positive and depends on temperature.
€
® % = — is Curie’s law.

® vy is called Curie-Weiss law.

Here, Cis Curie constant and 9 is a constan :
it tcalled paramagnetic
(5) The value of the paramagnetic s . s \/ \ /
. . usceptibility is ind ~ il
of the applied magnetic field s : e Fig. 30.10

(6) Spin allignment is random (Fig. 30.10).

I
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M"‘G c0s 0= % Then —sin 8 dO = gy - 669

Il

Put €OS 0 =x. Then, —sin 6 d8 = ax. Therefore, we get
-
+1
. i I-—mCe“I dx = Cm Ixe“"" dx
+1
-1

pyaluating this integral and substituting the value of C from (3), we get

M= mn Xt 4L
e’ -e ™ a
= mn cothu—l]
. a
= mn L (o) ..(5)
where L(x) = [com a—é] is called the Langevin function.
M
The variation of M with a is shown in Fig. 30.11.
lied field Initial slope
Case (i): At low temperatures or large appli ’ e _f T o
Lia)—> 1. /
Hence, magnetisation M in this case will be
M = mn *(6)
So saturation is reached when all the atomic dipoles are parallel ‘
0B, 0O
. : . 30.11
Case (ji) : Under normal conditions a. 15 VETY small. Then, ._ Fig. 30
| { .G wii)
L(a) = cotha——%7
o nsz - M «(8)
M= mnz =" 3
M poﬂmz o _C_ «(9)
gy 7
Where C = 2/3k i the Curie constant. lain a more complicated
: ﬂm-f puonm /3k is called L angevin’s theory was unablti to af':; agnetics such as highly
R Langevia Theory. b erature exhibited Y shige
: of susceptibility upon tem vions of salts, et¢.
| Mm cmled gastzs, very conccntrawd SOI;I: thc intimate mlatlon betWeel'l pm-and
| (tﬂ Langevin’s theory could not account 107
~ agnetism
L~ . —
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Weiss Modification: Langevin’s theory apphes strictly onlly'to gases, W_here the - 0y

are sufficiently far apart for their mutual interactions to be negligible. In liquids and g o

interactions may be large, and many substances obey the modified Curie-Weiss g, dy »

% = %-B)
“{10)

0 is called the Curie temperature and 1s characteristic of the substance. Eq. (10) b )
at temperatures where 7> | 0 |. Eq. (10) is of the same form as Eq. (9), except thyy the ﬂrig:}my
M of

temperature is shifted from 0 to 6.

WEISS THEORY OF PARAMAGNETISM

Weiss introduced the concept of internal molecular field in order to explain the cgmph%d

type of dependence of susceptibility. In a real gas, the mo_legules are mutually influenceg bY the
magnetic moments and consequently, there should exist within the gas a molecular fielq This ﬁ:llé

produced at any point by all the neighbouring molecules, is proportional to and acting i -
sense as the intensity of magnetization (M). Let this internal molecular field be H.. Now

el )
Here, A is molecular field coefficient.
Therefore, the net effective field should be

H=H+H) Ny
Here, H is external applied field.
Following the Langevin theory along with this effective field,

_ Nm’uoH, ~Nm® p, (H + A M)
Y - 3kT

Here, N = number of dipoles/unit volume,

m = magnetic moment of each atomic dipole,
k is Boltzmann’s constant and T is the absolute temperature.

Rearranging the terms, we get

\
M[I_M _ N’ poH

M

[Refer Eq. (8) in Langevin theory

" 3kT
Let C = u, Nm*/3k and 6 = C\. Then we get
M( _2) - CH
r F |
ni, i Co T8 5
X - e Y

4 2
| T
Here C is called the Curie constant.

0 is callfad paramagnetic Curie point or the Cyyie temperature |
Eq. (3) is called Curie- Weiss law. | 4
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C¢ = kB In (28 4 1y

. eryin entropy 1s reduced | BT B
is spin Il: RN st Y @ Magnetic field if the 1o o '
ﬁcld geparates the 2. states in cnergy. ower levels gain in population when
the steps in the coﬂling process. Fig 30.18 Shﬂ\vq
pS carried out in the cooling process ‘
§ : : :
(he 0 Magnetic ﬁe.ld 1S applied at lemperature
ith the specimen 1n gGO(‘i thermal contact i,
I st undings, giving the isothermal path 45 At
the wure T,, the thermal contact is provided by
bdﬁlilpmﬂe gas and by removing the gas with a pump
. thermal contact is broken.
| (i) The specimen 1s then insulated (Ac =
g and the magnetic field is removed. Thus the
| Wimen follows the constant entropy path be, F;r (n;::)w =
ending Up at temperature Tz- .

FERROMAGNETISM

@ Ferromagnetism 1s the existence of a spontaneous magnetization, even in zero applied
field. Ferromagnetic materials have a small amount of magnetisation even in the absence
of an external magnetic field. This indicates that there is a strong internal field within the
material which makes the atomic magnetic moments align with each other.

® When placed in a magnetic field, ferromagnetic materials become strongly magnetized in
the direction of the applied field. The direction of magnetization i the same as that of the

external field.

Origin of ferromangetism. Ferromagnetism arises due to permanent magne‘tic moments .in the
atoms or molecules of the material. When an external field is applied, the magnetic moments line up

inthe same direction as that of the applied field.
Examples of ferromagnetic materials. Iron (Fe

PROPERTIES OF FERROMAGNETIC MATERIALS

r due to the magnetic interaction between

~ Nky 1n (28 + 1) (N

a B=0

B>0

Q
o

Spin Entropy
Ho

1

ot
—

v

), Cobalt (Co), Nickel (N), and Gadolinium (Gd).

(1) All the dipoles are aligned parallle to eT':h i:;l::] |
4y two dipoles. Figure 30.19 shows the dipole alignmeiit.

- oment.
(2) Ferromagnetic materials have pcnnanerfu dlpntzieg :; T
- 0
3) When placed inside a magnetic field, @ €T

(
orces very strongly (Fig. 30.20).

| !"! # Ferromagnetic
‘ / material

Bm L B'-"'"t

Fig. 30.20

Fig. 30.19
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%{‘ When the nm-‘“‘“—-aﬁ“ﬂ 67?

avi oy 5IThe o, ——mo- ——————
4 E::tﬁal in pla;ed In the lnfignf:lic 0f Lfnr::‘i{igntllu lines ]hn m’ignL{lL_ l-i_r;e_ﬂ {'}r
theprﬂse“f:e ﬁ?! f‘,thi magnetic lineg lUWﬂId: uirf altracted|  force ar;ﬁ: highly attrﬁutﬂd
ofrnagnetlﬂ % OFH are  repelled the ITIEllrari;;;L “entre of towards the .{:enlre of the
celd away Irom the materig| B >p | material.
Bog > By Gl - o e
l l + l n out
TR TYTTepY
1 | (<¢>)
| ' ut ' Bnm B
o SR 1 1s slightly 1 h ' : |
. [Relative M, shtly fess than 1.1y is slightly greater u,is very much greater
mnsﬂ"“"_ ' than 1. tl';an . p >> 1
permeability it

() |
6. Exmples thdragen, bismuth, an-|Aluminium, platinum,| © Iron, nickel, cobalt,

timony, gold and super|sodium, titanium. zir- gadolinium.
conducting  matenals|conium and chromium.
like Niobium.

....--l'"""'_—_-———

H DOMAIN THEORY OF FERROMAGNETISM

What is domain theory of ferromagnetism?
® Weiss proposed the concept of domains in order to explain the properties of ferromagnetic

materials.

Concept of magnetic domains. The group of atomic dipoles (atoms with permanent

: : : ons | tic materials are called
magnetic ed into tiny bounded regions in the ferromagnet
A acuent), Organts i large number of domains.

PR . : ' tains a
magnetic domains. Ferromagnetic material con | B, it 3
® Magnetic domain In demagnetized state, @ ferromagnetic material 18 dm#'ddmt” a
number of small re'gions called domains. Each domain is spontaneously magne.uze il
® The boundaries between different domains are called domain walls. The domain walls are
e boundaries

| [s. ‘ |

. ]::s:a::l?:dflfh ;v:;main the magnetic moments of the atoms are aligned in the same
et individaua ’

direction. : .1 in which all the magnetic moments

Hence the domain is a region of the ferr Thus it behaves like a magnet

. ' d
#¢ aligned to produce a net magnetic moment i O1¢

¥ith its own magnetic moment and axis.

() Magnetic ~ domains 1" 2

- Uemagnetized ferromagnetic matel"lal. v

i | ' rial,
Omai ferromagnetic mate
 Sog 'S are randomly oriented (F1&. 30.22I)e
- hmﬂgnetizationofthe material as a who
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GNETISM | i
MM;‘F Br is the 1‘“‘!”1? ”f B at J‘f (:;“hh'"" s - 631
T;’{when S ?“ﬁ"c“f fleldd iy applied .tlnrn | o
I 1 1C J F & » ; - Hlnﬁ .
sm; gle mth;h;;; grnm at the EXpense of - W‘*’;‘hcrc the magnetisation is parallel or at
Lyt e boundal'b’ EUA PRrELN displaceq, This bo > ”mhmagneliﬂatiun i1s antiparallel so
ma‘- ted DY the pat . Undary displacement is reversible and is
1ﬂdic‘a When the magnetic field becomes T
@ the Bloch wall movement ig Agnetic induction
| 1 is irreversible. The steeper part B=p(H 4+ M).
| shaf the magnetisation curve is due to B, g

§C of imA_,,,r.c;;r::,it:iln.a displacements.

| Iﬂfge(?if) Above the knee of the curve

magnetization proceeds by rotation
(Cf)h; djrection of magnctization of whole
of 1° _Such a process is rather difficult

-4 the increase In magnetisation is
i ely slow. At S, all the domains are M=S " ot
relatty : : : . = Saturation Magnetization
o the field d;rectl::;n and the specimen is B’ = Remanence
id to be saturated. Fig. 30.30

(iv) When the app!ied ﬁe_ld is. reduced, there is a little change in the domain structure so that
e magnetisation remains quite high, until high reverse fields are applied. Further even when the
 external field is zero, there 1s a residual magnetisation in the specimen and that can be destroyed by

i applying a high reverse field.

" Thus the reversible and irreversible domain wall movements give rise to hysteresis in the
. frromagnetic materials.

n SOFT AND HARD MAGNETIC MATERIALS

. The process of magnetisation of a ferromagnetic mz?terial
' consists of moving the domain walls so that favourably oriented

domains grow and unfavourably oriented domains shrink.

o If the domain walls are easy to move, Lh; coercive
field is low. It is easy to magnetise the material. Sucha

material is called a soft magnetic material. |
¢ Ifitis difficult to move the domain walils, thehco;rcwe
field is large and the material 1S magnetically hara.

Fig. 30.31 shows magnetisation curves for soft and hard
. oo Fig. 30.31

Magnetic Field H

H, = Coercivity

&&Wk Materials g e 8
| ( Fig. 30,32 shows the nature of hysteresis loop of soft magnetic m
‘l:m;ﬁ | Lo o hysteresis loss dlilc to small .
hysteresis loop area. | ovement i ‘mlaﬁvely ‘easicr.
: E:eﬁ:n:g;? lzixicg:sﬂ?rﬁ: z}llﬂg;cﬁﬂ“g B, TP S Soft iron
L ‘:;ﬂgcs 4 l‘arge Zmotu:nt:i;'ity are small. Hence these materials can Fig. 30.32
B ﬂiﬁ;ml;;gneagze;eand demagnetizcd.
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< are used in applications requiring frequen reveny 0

S of
b

>Off etic material

: zitltét::;i';f magnetisation such as cores of transformers.

e In soft magnetic materials, the hysterisis lo§ses must be kept dow,? to a mi”imumi
magnetic induction is large for a small applied field, the loop area is small ang the g,
loss is reduced. The key factor in the design of a soft magnet is then to hay, Easnyﬂ%ﬂa

domain walls. Soft magnetic materials should be free of impurities and inc|,, Siong

Usually there are easy and hard magnetisation directions in a

crystal. Fig. 30.33 shows magnetisation curves for single crystals }
of iron. Iron magnetises more easily along (1 0 0) than along (1 11).

(11 1) is the hard direction for iron. This property can be exploited

to reduce the area under the hysteresis loop by manufacturing

materials with a preferred orientation of grains.
e The other source of energy loss in soft magnetic materials
is the eddy current loss (changing magnetic flux in a
medium induces an emf). The induced emf is proportional
to the rate of change of flux and hence to the frequency 0 =
Fig. 30.33

of the alternating current. The induced emf sets up eddy
current. The power loss due to these is equal to ¥*/R. Here, V is the Induced emf y4 R

is the resistance of the medium. Eddy current losses can be minimised by Increasing
¢

resistivity of the medium.
Iron, which used to be the material for transformer cores, is now almost entirely replaced by Fe-

St alloys, which has substantially higher resistivity than iron. Fe-Si alloys are suitable for operation
at power frequencies of 50-60 Hz. At microwave frequencies, ferrites (48% MnO-Fe,0,, 52

Zn0-Fe,0;; 36% NiO-Fe,0,, 64% ZnO-Fe,0,) and garnets (3Y,0;°5Fe,0,) are preferred.

Hard Magnetic Materials
Fig. 30.34 shows the nature of hysteresis loop of hard magnetic material (steel).
® Hard magnetic materials have large hysteresis loss due to large hysteresis loop area.
® In these materials, the domain wall movement is difficult because 4B

f’f presence of impurities and crystal imperfections and it is
irreversible in nature,

® The coercivity and retentivity are large.
Hence, these materials cannot be eas; ly magnetized and demagnetized

2 Harc.l magnetic materials are used to produce permanent magnets
ystere.srs .losgf are of no significance here as no repeated reversals of.'
magnetisation is involved in a permanent magnet. The permanent magnets
must have high residual induction B . ;
» and large coercive field A Th
- . The area
of the hysteltesm loop between B, and H_ represents the enetg; required FigStgeﬂl.
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Table 30.2. Distinctign between § f
oft

and Hard Materials

Soft iron

Magnetic energy stored is not high.

They have large values for permeability
and susceptibility.

The eddy current loss is small due to its
high resistivity.

Examples: Iron silicon alloy, Nickel
rrites.

They are free from

impurities. Their magnetostatic energy
is very small.

OREN WEISS THEORY OF FE

.A“‘Ofding to Weiss, the atomic magnel
Iﬁlﬂns or domains. When the substance
chains with no free poles. When the

bmains gradually set themselves wi
m‘mtism is a crystal phenomenorn.

Weiss assumed that a molecular magnetic
&ld arises due to the interaction of all

| tllemagl'“?tisatit;:m vector l.
molecular field B; = 3/
p = mo

Here,
The , B may b€
effective field strength 5, field stren

3
_. &ength B and the internal molecular

5. No. Soft magnetic materiqjs
. ] They can be easily magnet;
demagnetised. e N
~5. | They have low hysteresis
small hysteresis loop area.
AB

Coercivity and retentivity are small.
The domain walls are easy to move.

the crystal structure) like strains OfF

a ferromagnetic substan

substance 18 magne
th their magnetic

neighbouring Mo

——

Hard magnetic materials

| rge hysteresis loss due to |
arge hysteresis loop area. |

I
» H
Steel

Magnetic energy stored is high.

They have small values
permeability and suEeptibility.

AB
|

for

Coercivity and retentivity are large.

The eddy current loss is more due to its
small resistivity.
The domain walls are hard to move.

They are used to make permanent
magnets.

Examples. Tungsten steel, Cobalt

steel. Alini, Alnico and Cunife.

In these materials, the irregularities
crystal  structure) like
mechanical strains will be more. Their

magnetostatic energy i1s large.

RROMAGNETISM

ce are grouped into certain
gnetised condition, the domains form
tized, the chains break up and the

axes all pointing in the field direction. Thus

the positio
lecules. T

n of every atom Or molecule. This
he molecular field 1s proportional

of external applied field

e ee——
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hen r /7 1S slightly larger than 3. For FE.CHNYSICH

A magnetic state 18 favoured w " op th.\?
has the values 3.26, 3.64 and 3.94 respectively.

' ' Mn this ratio has the va]
So Fe, Co, and Ni are ferromagnetic. For Cr and alue 2 6 ¥ S
these are not ferromagnetic. e

QUANTUM THEORY OF FERROMAGNETISM

Ferromagnetic substances are those substances whi-ch poSsess a spontaneous p, agnet;,
i ., a magnetic moment even in the absence of an applied magnetic ﬁeld.ﬁ The Curje ¢
is the temperature at and above which the spontaneous magnetisation vanishes,

Weiss gave the theory of ferromagnetism on the basis of two hypotheses

mﬂm
tht
Empgramm H

; ; ; 10n
domains which are spontaneously magnetised. The spontaneous magnetisation of the i ca]lgd
determined by the vector sum of the magnetic moments of the individual domaing Men jg

(2) Within each domain the spontaneous magnetisation is due to existence of
which tends to produce a parallel alignment of the atomic dipoles.

Existence of molecular moment leads to co-operation or interaction between th
Tendency of co-operation is to produce parallel alignment.

To explain this fact Weiss assumed that magnetic field actually acting on the specimen 7
On these assumptions we shall develop the quantum theory of ferromagnetism

According to quantum theory, since the magnetic moments are quantiz

moment W and its component p_ in the direction of the applied field can not h ‘
| : : : . ave arbitr
We have, in general, a direct relationship between the magnetic dipole mom g

= ® t '
in free space and its angular momentum J as e gt
_ = =gpgJ
Hg 1s the Bohr magneton. It is defined as ¢ h/2m.
The g factor is given by the Lande equation

molecyly, feg

€ atomjc dipoleg

(1)
ed, the magnetic dipole
2)

g = 1+ 2 *D+SE+1)-L(L+1) 0
2J(J +1) |
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Eqs. (8) and (13) give
M) - B,(a)

M (0)

T ) must simultaneously satis

-~ M
— “.H-P DEEMRN Py
= "\-....\. & f’l:'

fy both equations (14) and (15). So it m

M ( ) ﬂgn“udi‘ at .
(3,

M (0) | . r
LSt . - the two
temperature is obtained graphically as the intersection 0 M..(0) Versus q p ot & B,
530,
T>6 T=6 :
1-0‘
T < f
a
. 0.8 3 e’
Msg ) pe-meofoem=-- e -~
S
0.6
Plot of Eq. (15)
I o4
5
=2 0.2 |
. Plot of Eq. (14)
0E - —- —
i ——p
Fig. 30.40

(1) For T'<0 (curie temperature), spontaneous magnetization results.
() For T 2 8, the two curves do not intersect and there is no Spontaneous magnetizatio

ANTIFERROMAGNETISM

ANTIFERROMAGNETIC MATERIALS

® Antiferromagnetic materials are crystalline
materials which possess a small positive
susceptibility of the order of 107 to 1075,

® Consider an antiferromagnetic crystal containing
two types of atoms 4 and B distributed over two
interpenetrating lattices (Fig. 30.41).

B atoms occupy the corner points of a bod
cubic lattice, oy

A atoms occupy the body centres of these cubic lattices.
The atom at 4-site has its spin up.

The atom at B-site has its spin down (Fig. 30.42).
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mn a]igﬂmfﬂﬂ of Hd_]ﬂ{;‘.cnl sites (A sites R e o

The SP_I Ofmagnelisatinn iIs equal and {‘lppnqﬂnd B :;ii‘cﬁ) IS in an antiparallel manner. Hence
., intens! | SHE resulting in 7 »t maonetisation at 7 = OK.
el '3; 5usc.eptlblllty of antiferromagnetic Materials at Ok ii:?e €ro net magnetisatio
: _ S zero.
AbOVE 0 K, the alignment of spin magnetic moments in 4 sites

manner. This will lead to a positive and small vajye of

¥ o Ifthe Aand B sublaFtlce moments are exactly equal but opposite, the net moment is zero.
This type of magnetic ordering is called antiferromagnetism.

antiferromagt'letfsm{ the' magnetic moments of sublattices in crystal cell are equal In
.ude but opposite n direction. So they cancel each other giving rise to net zero magnetization.

yariation of susceptibility with temperature of an antiferromagnetic material
Figure 30.43 shows the variation of susceptibility with temperature.

o The susceptibility increases with increasing temperature and it reaches a maximum at a
certain temperature called Neel temperature, T

yoc T when T<T,.
The material 1s antiferromagnetic below T,
| Ty—> Neel temperature

T < T, : Antiferromagnetic state y o« T

T > T, : Paramagnetic state y = —=——¢

Fig. 30.43
® With further increase in temperature the material reaches paramagnetic state. Above Neel
1 .

- lemperature, the susceptibility decreases with temperature.
%
X~ T4+0° |

Sy
Here, C is the Curie constant and 0 the paramagnetic urie
| "mperature,
' h'ﬂperﬁes of Antiferromagnetic materials o il R l
) ‘Electron spin of neighbouring atoms are algne

dlignment is antiparallel (Fig. 30.44) Ay on temperalure.

2) Antifcrromagnctic susceptibility depends §1° w
rature dependence

Fig. 30.44

uwude of susceptibility Tempe > =20 (ferrous oxide),
Small, positive g ¥ wnem & T MnO (Manganese oxide), |

| E 7> Ty | Cr,0; (chromium oxide), salts |
: '?'::6 il " of transition elements. |

e S
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' [ FERRIMAGNETISM | Ly

FERRITES AND THEIR APPLICATIONS

e of antiferromagnetism in which the Opposite p,
moments on each of the two sub-lattices are not e.xactly equal. Thus, whep S
lel arrangement of spins occurs, the matt?nal hasia net paramagnetic m
too. This is called ferrimagnetism.

also called ferrites) such as Mnke,0,, the magnetj, Momen

equal strength (Fig. 30.45). So there is a finite net Magneig of
omagnetic Neel temperatyre 1o,

agrlﬂ{it
{mtangnuﬂ
ﬂmEm ang

e Ferrimagnetism IS a special cas

anti-paral :
hence, a net magnetization
In ferrimagnetic materials

adjacent ions are antiparallel and ofun .
Ferrites exhibit spontaneous magnetization below the ferr

The general chemical formula of ferrites may be written as XY,Z,, I [ l l

Tey.

where X is a divalent negative ion, Y is Fe’', and Z 212 mgstlyz_the divalent
oxygen 1on, O?". A familiar example is Fe;O, (or Fe” Fe’, 04 )

Structure of Ferrites: A ferrite crystal has the spinel structure. Fig. 30.45

The mineral spinel is MgAl,O,.
Figure 30.46 shows the regular spinel structure.
O

W i

0
A Site (tetrahedral site)

|
I
!
|
|
|
!
I
!
|
/

o ! ' ® Divalent metal ion
(3) Trivalent metal ion

@ Oxygen ion
- ()

Fig. 30.46
(1) Each divalent metal ion is surrounded by O ions in a tetrahedral fashion. For exam?"

Mg2+ [ Feg.’r ] 02_ the struc of M 24 . . . . ) y edﬂl
Tad - ? ture g 1sgivenin Fig. (a). are 8 tetrah
sites in the unit cell. el g.(a). Itis called 4 site. There

(2)‘ Ea_ch u-ivalt?nt metal ion (Fe'") is surrounded by 6 O ions in the octahedral fa
shown in Fig. (). Itis called B site. There are 16 octahedral sites in the unit cell.
® Thusina rf:gular spinel, each divalent metal ion (Mg®") exists in a tetrahedral it¢

® Hence, the sites 4 and B combine togethe : .
t ferrit
shown in Fig. (b). gether to form a regular spinel

shion #

(4 site!

o structi”
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al resistiv:
_CSIstivity b 10'* © cm). As a consequence,
gh frequencies.

. A high magnetic permeability (50 12) (low dielectric loss).
4 ies and ~ 10 at high = 1000) for the mixed Nj-7 . .
Jow frequenc 12h frequencies (=300 MHz) I-Zn ferrites (Ni,, 5,Zn, ¢,Fe,0,)

= fjcations of Ferrites
1

©_her these are used in the electromechanjca| transducers
5 Ferrite rods are used in radio recejvers
cnsitivity and selectivity of receiver,

3. Ferrites like Nickel Zinc ferrites are yged as cores in audio and T.V. transformers.

: ites edd : . :
4. Sﬂ_lcc for fcn'_lte | fsinisi loﬁs and hysteresis loss are small at microwave frequencies,
ihese are widely used 1n non-reciprocal microwave devices like gyrator, circulator and isolator.

5. Ferrites are also used ifl digital computers and data processing circuits. Normally here
ferrites with rectangular hysteresis loops are used as magnetic storage elements.
6. Based on nonlinear tensor permeability property, ferrites can be used in devices for power

iimiting and harmonic generation.

I

(PaﬂlCUIarly In medium wave coil) to increase the

1. Gold is an example for a magnetic material.

(a) Dia (b) Para (c) Ferro (d) Ferri L
2. Larmor frequency of a diamagnetic material is
s /2m)B (c) Bml2e (d) (2e/m)B -
@ 35 (b) (e (B.U. 2011)
3. When pH > k,T, the Langevin function L(a) = e e
(@) 0 (b) -1 (B.U. 2013)
4. The susceptibility of a Paramagnetic substance 15 _(C) pogitiv;; () none of these
(a) negative (b) zero (B.U. 2014)
5. The Curie-Langevin relation 1S C i ¥
n @©1=7 C  (BU 2012
B1= <t
H
C
R, . 6 M <0
%Wmsclaw is r Y v (d) X T"”(B_,U. 2010)
@ x=— (b) X= -0 :
T-6
7 e 2y Ap*N
- Paramagnetic curie point9= _—— 3 F?_u_].;_____ (d) T3k, (.U, 2011)
| | - B
(a) _1:_”. B) &1 |
B l
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n is necessary feature of

8. Domain formalio (¢) ferrimagnetism  (d) ferromao.
gnfﬂsm

(a) diamagnetism (b) paramagnetism

: . By
_ ferromagnetic material s )
magnetization for )
wirie temperature, the spontancous W
; m?unz ; (b) infinity el 2e () none Of these
(@) On
10. Ferrites are —— (b) ferrimagnetic mgterial
(a) ferromagnetic ““: G (d) antiferromagnetic material
agnetic mate
(¢) paramagn (B.U. Ms, 20

(), 3. (6), 4. (), 5. (), 6 (@), 7.(d), 8. (d), 9. (¢), 10. (b)]

¥ . .
11, ;::;:1 i(:t)lctail Langevin's theory of diamagnetism. Find an expression f“r diamagnetic suscep{ibility‘
‘ (B.U 201
12. Distinguish between para and diamagnetism: (B.U. 20y
13, Explain the Langevin's theory of paramagnetism. - (B.U. 2013
14. Obtain an expression for paramagnetic susceptibility using Langevin's theory. (B.U. "
15, Discuss the origin and naturc of Weiss molecular field (B-U. M.Sc. 2095

ism and derive an expression for the suscentik
' account of the quantum theory of paramagnetism ¥y 5 sceptibility,
" ?i:: :lnm this theory account for the experimentally observed susceptibility of the rare earth iong? [T

(Raj., 1978)
17. Explain the quantum theory of Paramagnetism. (B.U. 2014)
18. Obtain an expression for 7, from quantum theory of paramagnetism. (B.U. M.Sc. 2006
19. Describe the process of cooling by adiabatic demagnetization of paramagnetic salts.  (B.U.2015)
20. Differentiate between paramagnetism and ferromagnetism. (Madras 2006)
" 21. Explain the domain theory of Ferromagnetism. (B.U.2012)
22. Explain the domain structure in ferromagnetic materials. (Madras, 2006)
23. Discuss the Weiss theory of ferromagnetism. (B.U.201l) |
24, Explain the nuclear magnetic resonance. (B.U. 2013)
25. How was Weiss field in ferromagnets explained by Heisenberg?
26. Define Neel temperature. (Madras 2009
27. Outline any five applications of ferrites. (B.U. MSc 2006
28. Give an account of quantum theory of ferromagnetism.
29. Explain Ferrimagnetism. What are ferrites? Discuss their applications. (HPU! 9
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