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Magneffkm & Matter

The Bar Ma__qnef' Llintro)

A nratural maﬂnef (Iodesf'one) or man-made

! maﬁnef has two poles £ NMorth (W) and
I| South (S) , Inseparable. from each other:

! Ff;./_ poles of a| bar maﬁnef d'rge inseparable

 Basic Properties

@ Attracts iron , nickel , cobalt.

__ I@ Like poles repel ; unlike attract.

b |

|

E | @ Freely  suspended magnet -7 M - S axis
' | (aligns with earth's magretic Feld).

l‘ @ Monopole does not exist 2 even half

. This is unlike electric Thorges poles - which CANV

be isolated (+Z alone exists).
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Magnretic Field Lines

.

Properties

@ Closed  continvous loops emerge

Ffrom N pole , re-enter S, cose inside.

@ Tanﬁgnf’ at any point 9:145 the
direction of B at that point.

@ Den.ﬂ'fy of lines = maym'f'ude of B.

I. @ Two  lines never intersect.

F.:'g_a. field lines gmerge Lrom i , return to S

Inside the majnef‘ s lines 9° from S to WM.

-
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Bar Magret - Axial Field

Magretic Dipole Moment

Pole strength = m ;  separation = 2 |

Mo miy C 2 R i

<-direction S -7 N

Derivation i

e
B = 1 /[L/ pii e 0]

At D = B A 8 along axis (away from N):
g ®
3= o2 M s/ [ 9 pi Erme o j

For r e

szj_lo.Z/W/(%’pf'rg)
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Bar Magret - Eguatorial Field

|
|

Point P on perpendicular bisector of the

magret , at distance r from centre 0.

Result ]

= | Each pole at distance Szrf'(rz Fol)

only components alonﬁ M sorvive (anti- /)
| D= ’—lo Vi /’[ 7 pi (7 ok ,z)g/z j

e e b

5

= M Sl <-anti - parallel
Beg L]O / ( ? P‘ g ) c-to M :
|I : .

fatia e B e/ B e = 2 (same r).
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Torgue on a Bar Magret in B

Bar maﬂnef of moment /M -placed n a uniform
external +eld B at angle theta with 5.

AA-mB

Met force vs torgue

Net -Q)r(g = +mB  + (- mi3) = | @) ConiForm ; B.

But there's a mnon-zero couple (f‘orzue)

o= M Bispn © i e
Sf'qble ezuﬂ:bﬂ‘um @ theta = O ( m | 8_ 7 o
Unstable ezufhbnbm s theta = /¥0O é /M anti - B ) e

Magret rotates to align M along B.
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Potential Energy of the Dipole

Work dore in rof'a'hby the df):ole from theta__/
to theta__2 ayain.sf' the mﬁﬂneﬂc f’orzue

W:/MB(coS@/-co.f@Z),

Tawe UL theta = 90 )= O (perpendt'cular)

B P 8 <-minimum at

<-theta = O

U=z - M B cos O

bl

Specific valves

U ( theta = O ) A A ] (most stable)
U ( theta = 90 ) = O ( perpéndf'cuiar)
U ( theta = /80 ) = + M B  (most unstable)

Oscillations of a magret

SI{'thy tilt the maynef' from theta = O
T = = M B - sin 6 - mMm B 6
T d0 od =M E e

T = 2. pi Szrf'( g AR ) <-I' = moment of

<- inertia of majnef‘

Used in  wvibration maﬁnef’omef’ers.
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Bar Magnet = Solenoid

A solenoid of length 21 and area A | carrying

fa n turns per unit lenﬁf‘h and current I , behaves
P
like a bar magnet ofF moment
sl o = MG A - Con T 01 A
F:_'g. (o) ezw'vafenf bar maﬁnea“
V. hy
i A0

th (a)  soleroid
00 O0OO0OO0CO0OOOOOLOO
X X‘X T T S R A S R S ]

3 - Field on the axis  (s«etch)

5 For a Ionﬁ solenoid | integration over the

'; ccurrent elements 3:’(/(5 CRrriz= 1 ) -

‘—' BZ}JO.ZM/("/pfrg)

|
||

: g Conkirms that maﬂneh'sm = o electric currents.
|
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Side-by-side comparison
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Electric vs Magnetic Dipole

Far - dfield of amn electric d:joofe P and a

magnetic dipole m have exactly the same Form.

Electric Magnetic
P (Z Z.é: .-2 a) V% (Z o !) ’
E, =2 up /v B, = i, 2 4 J (778

- = : : 3'_.'-%.'
E, = &ipfir : B, = H, M/("'P"’)_;g
i =p £ on T = MB %in O
Uz-p.é UZ-M..B
eplacerments

@ P =7 Y (dl}:ole moments)
. B )
L G0 - o0 ) G el

Ezwi./a/enﬂy z I_IO‘ plays the role of / / eps O

(beavtitul symmef‘ry of efecf’romﬂﬁneﬁlfm.)
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Gavss's Law For Magnetism

Statement

Net mayneﬁc Flux fhrouyh any closed surface

s always Zero.

e

- no mayneht

Sum B d A V=20
th?

<- monopole exists

Maﬂnerct Ffield lines are cosed loops. Every

S line lkaving the surface re-enters i+ -7 net = O.

Fig.

i \\
¢ 8
: by
! [
1 1
SO RR BF P g 03]
1 I
\

\ ’

\ 1

’
~ ’
~ -

_______

Fox fﬂf‘eﬂ'nj = flux ."zrxur'nﬁ (no  source/sink)

Compare with Gauss +for E

E : fAux = ¥ / eps -0 (monopoles exist)

B : Aux = O (ro monopoles)
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Earth's Maénehkm

Earth behaves like a y:’anr bar magnret with its
Siie pole near 3eoyraph¢'c NMorth and N - F:ole near
| yeoyraphfc South (that's why NV - end of a
| compass points geographically N).

Two axes : geographic vs magnetic

| @ Geographic  axis - rotation axis

defines NV and S yeoyraphfc poles.

/

] @ Mayneh'c axis: 2" tilted by // dey.
Geoyraphic N is rear magretic S, and vice versa.

B_FE majm‘fude @l oL gavss = 3-6 x /O e
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Declination & Inclination

Magretic Declination +( D )
Anﬁle between the geographic meridiarn and the
magmetic meridian at a given place. -

(meridian = vertical planre f“hrouyh the place.)

Magnretic Lnclination / D:}:- (- F)

Anﬁle that the earth's B at a place mades

*
with the horizontal in the mayneh'c meridian.

B
V .
horizontal
.
Components
H =B cast & (horizontal)
Vi B on & (vertical)

tan T = V. /[ H
stzrf(HZ-!—\/Z)

At magnretic eguator I = O ; at magretic poles VB (0]
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Elements of Earth's Field

Three independent elements

@ Declination 12 compass needle uvs

true north (uan'es by place . €.g. India OV

@ Dip / Inclination R anﬂle of B with

horizontal in maﬂneh’c meridian.

@ Horizontal component H - H = B cos i
Knwanﬁ D . iy ; H == it B vector.

Variation across earth

Maﬂneﬁt ezuaf&r : d;p A o) o Ve mO > 8B = H
Magnetic poles oo i o e T S TR e T B
Earth's B is not constant in time

S-ecu!ar variation (slow drift) i

magretic reversals  (every 0./ = 1. Myr)
divrrnal & solar effects.

Typical numbers P

Delbhi ¢z "B .Y e L e gl B o
Eguator : B O i =0

Poles el Q66 oL 20
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Magretisation M &  Iptensity M

Magnretisation ( m )_

Net maﬂnef'fc moment per unit volume

- ) i SR T

| M= L 5 =
< - wector zuanhh/

Magnetic I’nf‘ensﬁ; ()
Maﬂneﬁc Field produced by  external sources

(currents in coils) ; indePEndenf' of medium

=8B /[ ] ST A

<- same unit as M

Total B in a medivm

B = ’_’c‘) (' H 4 M) <-external  +

<-induced

Compare with electric : D = eps_O E + P ;

B plays the role of D , H that of E , M that of P.

: | Inside a long solenoid (vacwum? : B_O = v_O n I
-7 H = »n I (independent of u__0O)

,-i Useful - H depe'ncfs om’y on Free currents.
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S vsceptibility £ F ermeability

~ Magnetic svusceptibility (chi_m)

.'S_.:.

M = >< H <-chi ; dimensionless
e <- (mafgnh.-‘ property)

I S{gn tells the l‘ype of material
Chi e 0 - dt'amaﬁneﬂc
chi 7 O (small) -7  paramagretic

thi-- 22 1w Qrmmaﬁneﬁc

Relative permeability (v__r)

'. Subsﬁ'fuﬁnﬁ M = chi_m H into B = o O H + m)
Fa

szo(/%xm)H

H,

N

/ + Xm <-vu__r d’:}nens{on!ess
== =0/ v—0 8

Permeabf'h'fy (v)

.|. H = Ho H, - ik

bl
f

i! S5 B i Lt
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Summary Table : M , H | B

Quick rederence for the three wvectors

Definitions

5] r total magnretic Feld, (7)

H :  magretising Field (A/m)
M :  magnetisation (A/m)

Key relations

BZMOZH+M)

=
fl
|~
+
>
3

Classification quick view

Dl}]mﬂﬁnf‘f’fc z chi-“Seall =, "€ O ., S p . < £
Paramaﬂneh'c € chismall 7 Q.. (VR gz
Ferromayneﬁc z chi !arye R S (VT S i

(Mext 3 pages couver each class in detail.)
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Diama Qneh'c Substances

Atoms have no  permanent maﬁneﬁc moment

(pm'red glectrons ; net m = o).

Ln an external B , Lenz - Ilike induction sets up

a weak moment opposite to B

Properties

@ chi__m small & neﬂaﬁue.
L
@) v_r  slightly less than /.

@ Expelled  from feﬂlbnS. of sf“mnﬁ 5.

@ Field inside is less than outside.

dia mag netic

Examples

Bismuth , copper , water ,ﬁoid , Silver Hﬁ .
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Paramagnretic Suvbstances

Atoms have permanrent maynef'fc moments (on -
paired electrons) but randOmly oriented , so ..
the nret o0 in the absence of B.

In an external B , moments parhh”y al{gn

along B -7 weak nret M parallel to B

Curie's Law

>< = C / T o : <-C = Curig const
m

<-T = absolute T (K)

At higher T , thermal jitter wins -7 less align ;
ML B = ohi im0 e cas ST

Properties

| @ chi_m  small &  positive.
@ v_r  slightly greater than /.
] @ Attracted wealy toward Sfrony B.

| Examples : Al , Pt , Cr | Mn | pa , 02 (liguid).
| .

| ' : i
l
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Ferromagnretic Substances

Sfronﬂ spontaneouvs al{gnmenf ofF atomic moments
within domains - clusters of /0 /7 atoms
all _pointing the same way.

Ln an external 3B -

\

(7)) Domains in B grow at expense of
those opposed to B (domain - wall motion).

' Kemainin domains rotate to align.
9 &

Curie - Weiss Law

XMZC/(T-T) ' b T e

& <- temperature ’

Above 7. C. eromaynef' -7 paramaﬁnef’.
Curig temp ik 1073 K | M 63/ K.

| Pmperf:ks

@ chi__m  very large , positive (10 2 - )0 3

@ 2 I h{gh -7 Feld ampliFication. :
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H'isf'ere.sfs Loop

Jlat o B (v - axis ) ws. H '(x—ax;‘s)asH'

is increased |, reversed |, and cycled bacK.

. Key Ratures

f. 7

| @ /"ef'enf'al/ffy 6 B.r ) : B lefr when H = oO.

@ Coeru'uffy ( H___,c ) reverse H needed to

brinj B baw to Zero.

Loop area energy lost per cycle as heat.

l
I
|
|
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Soft vs Hard  Ferromagnrets

Sof+ Perromq'qnefs

@ Low  retentivity | low coercvity. ‘

@ Marrow hysf'eresfs loop g small

energy loss per cycle (low heah'ny).
(3) Easily magretised and demagnretised.

@ Examples : soft iron , silicon

steel , mu - metal (M - Fe alloy).

@ Used in transformer cores , relays

e/ecfromaynefs . inductor cores.

Hard Ferromagnrets
@ Htgh ref'enf'fw'fy i h{’gz coerm'w'fy.
(2) Fat hysteresis loop ; hold Hield strongly.

(3) Examples  : steel , alnico , Rerrites.

; (9) Used  : permarent magnets data storage.
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Worked Example

Probler ! A bar magnet of moment 0.5, A m
is placed ina - antborm —held of 0.2 T a.f' anyle

O dey with the field. Find ( a ) torgue

( b ) work done to rotate from O to 60O

L) pofenﬁa! energy at 60O

(a) Torgue
T.z M B wn)
= (0.6)0.2) sin 60
=10/ st S Y
= 0.066 N m

(b) Work done
Wz M B icos O = o5 60 )
=0 oK02) Cil w05 )
=g & Al & B i 0.0

(<) Potential enerqgy
' Uz-/MvBcos@ :
= —{ociozNo.c)
=B - 0.0 T

f

WMote ;U is negative since theta < 90 (still

below the fe-perence). Lower U = more stable.
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;S ummary - Ke:/ Formulae

L

Bar magnet

i MR G i m = pole Sf'renyf'h
Bor =il 2 /) (9 o)

582 = b P pr o

Torzue, energy
T = M B sin © . T = M x B

U= -t B s TzZp:'szrf'(I//MB)

Gavss for magnetism

o d A = O (ro mdnopole.s')

Earth .
’3252rf‘(H2+V2) 'f'an_.fz\//H

/

S elomments 2 DL H. -

M , H , B relations
BZI_IO(H'P/W)
MZX,,,H

=9 X D= B

Materials
bia 2ichi < O
Ferro 2 chi 77 /

Fara 7 chi-Z 0 ST

jenlr e

Corié - Weiss : chi = /T : T 8

/
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