5.21. Magnetic Materials : Magnetic Susceptibility and Permeability.

All materials, with respect to their bulk magnetic properties, may be classified as :

(1) diamagnetic, (ii) paramagnetic, (iii) ferromagnetic. ) .
For distinguishing above classes of magnetic materials, let us first define magnetic perr?zeabzlzty and
susceptibility. As already pointed out that the magnetic polarisation Or magnetisation M is defined as

magnetic moment per unit volume
- _dm _m (D)
Le. M = el
- and permeability |1 is defined as |

=D e B=yH. (2)

Also the magnetic field intensity H is defined as
g=(B_-m ..(32)
Ho s
ie. B =py(H + M) ...(3b)
For simple isotropic materials M is found to be proportional to H and parallel to it i.e.
Mo H

or M=y H, ..(4)

where %, is a dimensionless constant known as magnetic susceptibility and is a characteristic of the

medium.
In most hand books on physical data ¥, is not listed directly but instead is given as the mass

susceptibility Ym , mass and molar susceptibility X  motar defined by
Xm ‘ 5)
p’ ‘ sl

mass susceptibility 5 -
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where p is the mass density.
.molar susceptibility = XmP .
Xm » molar A’ 2 6)

where A is the molecular weight.
Since M and m both have the dimensions of magnetic moment per unit volume,, it is evident that
. . & ”
' - H) and (xm.m",ar H) give magnetic moment per unit mass and magnetic moment per mole

respectively.
Important relations. Let us now find important relations between various magnetic quantities.

Substituting values of B and M from equations (2) and (4) in equation (3), we get
H = L. % H

. Ho
This equation yields
H= o (1+Xm) ‘ A7)
or f; = (1+%)- ‘ (8)
But -““; = K, = relative permeability of medium.
Hence equation (8) may be expressed as
K,=1+%n.

Now let us distinguish between diamagnetic, paramagnetic and ferromagnetic substances.

Diamagnetic Substances. Diamagnetic substances have negative values of magnetic susceptibility
which is practically independent of temperature and consequently possess permeability [refer equation (7)]
that is less than free space. When placed in a strong magnetic field they display magnetic moments that are
antiparallel to the field. By the presence of such materials the magnetic induction B is weekened than the
free space value. In a non-uniform field they experience a force towards the weaker portions of the field.
Most of the simple insulators and approximately half the simple metals are diamagnetic. The examples are
copper, silver, gold, bismuth, diamond, sodium, water, carbon dioxide (1 atm), hydrogen (1 atm) and

nitrogen (1 atm) etc. - _
Paramagnetic Substances. Paramagnetic substances are chara
magnetic susceptibility. When placed in a strong magnetic field they display magnetic moments that are

parallel to the applied field. The magnetic induction is increased by the presence of such materials. In a

non-uiniform field they experience a force towards the sironger portion of the field. For paramagnetic
. X ' -3

substance ¥, usually increases with decrease of temperature and is about 10 ~ at room temperature.

When the temperature is not very small, the paramagnetic substances obey Curie law, according to
which the magnetic susceptibility of paramagnetic substances is inversely proportional to the absolute

cterised by-small‘ positive values of

temperature I.e.

Xom >

or - . Am =

where A is a constant, called Curie constant. : s
For these substances permeability is greater than that of free space, thus -for air it is
Huir = (1+038x10° 6) Ho and for aluminium pyy = (1+025X 10_4) Ho. The examples of paramagnetic

substances are aluminium, magnesium, titanium, tungsten, oxygen (1 atm) and air etc.
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Ferromagnetic Substances.

charaetezised by Tage st Ferromagne.tic subst‘ar?c_es are T .
selafive perlnea){)ilitg gct)ls]ltlve values of magnetic susceptibility. The 3 161 o > 0
B ed o ng(ér ese substances is very high of the qrder (_)f % 14 EE 17 €

. al thousands. In general the flux density B is g l¢ €

not a linear function of magnetic intensity H or in other words the T 21 ™ e
permeability W is not constant but depends upon the strength of the 10] 1 g ! 172
magnetic field and upon their past history. Thus the equation B = uH _ 08 l} = T E
and M = y,, H are not applicable to these substance. It is customary d o%\ 13 E
to use B = uH as defining equation for |, but this practice can lead ¥ ! '?@C\/@\ - 8 -
to a difficulty to certain situations. If the KL of a ferromagnetic - ! k4 N
substance is defined by B = uH, then depending on the value of 0214 T

| f: » L goes throu.gh an entire range of values from m_flmty to zero and 200 400 600 800 1000

ey may be either positive or negative. Iron, nickel, cobalt and ‘

godolinium are the only ferromagnetic elements at room temperatue, H A
but a number of elements at low temperatures and Heusler alloys (Fig. 6.44)

show these effects.

The susceptibility of ferromagnetic substances decrgig_e_s’vﬂ]LMQmpe:ature. Above a certain
temperature, called the Curie temperature, ferromagnetic substances change to paramagnetics. It is

advisable to consider each problem involving ferromagnetism separately and try to determine which region
of B-H cukve is important for the particular problem and make approximations appropriate to this region.

Let us consider an unmagnetised sample of ferromagnetic material say annealed iron. If the magnetic
intensity initially zero is increased monotonically, then B—H curve obtained is shown in fig. 6-44. This is
called the magnetisation curve of the material. It is obvious that the value of p taken from
magnetisation curve using the relation i =B/H is not a constant, the dotted curve represents a
graph of p as a function of H. The maximum permeability occurs at the knee of the curve, in some
materials the maximum permeability is 10° Mo ; in others it is much lower. The reason for the knee in the
curve is that the magnetisation M reaches a maximum value in the material and B = U (H + M) continues
to increase at large values of H due to the term o H only. The maximum value of M is called the saturation
magnetisation of the material.
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1o jncrease due to the poH term. This accounts X ‘

“.ilimi 9‘:’ The rvlflti"'g permeability, calculated from tt}::ef(r)tral;}t!;o;];llllilm;? B ILALLEENE Bl SO

in 1 7 as shown 1N Flg.Q.Q,’when B traces curve 1 in Fig.9.8. Thg mas = B/(uoH), varies

- wit 1en o occur at the ‘knee’ of curve 1 in Fig.9.8. This point of maxirzmmum [egeatially

s € act of the tangent drawn from the origin to curve 1. In some am Km_is the point
: ility may be as high as 10°. materials, the maximum

t
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Fig.9.10. A few hysteresis loops

Fig.9.9. Plot of relative
permeability against
magnetic intensity

Fig.9-8. Magnetization curve
and hysteresis loop of a
ferromagnetic material

of a ferromagnetic material

After reaching the value M,, the saturation magnetization, the value of H is gradﬁally
1 of Fig.9.8. Instead,

B-H relationship does not follow back down the curve .
9 which shows that even when H is zero, B is not so. That is,
e value of B at the point 7, enoted by B,

tensity is to be reversed and_increased in
H at pr?int C, denoted by He, 1s referred
din the reverse direction, curve 2 is

' decreased. The
' the B values trace the curve
the material has been permanently magnetized. Th
s called the remanent induction. The magnetic in
magnitude to reduce B to zero. The magnitude of

' to as the gg&mille_famwﬂihe_m@tﬂjal. As H is increase

traced till the magnetization saturates in the reverse direction.-As H is reduced back to Zero,
the B-H relationship follows curve 3. Again, when H is zero a residual negative B value exists.
As H is reversed and increased, curve 3 is followed until the mragnetization saturates. Curves 2
and 3 in Fig.9.8 are symmetrically positioned and enclose a loop in the B-I)I/plane. This shows
' that.in a cyclic variation of the magnetic intensity, the magnetic induction B lags the exciting
intensity H. This phenomenon is referred to as hysteresis, from th e Greek word meaning to
lag”. The loop traced In the B-H plane is known as the hysteresis loop or the B-H loop of the

material.
PRS-

From Fig.9.8 we find that the perfneability given by p = B/H is negative in the second
resis loop depends on the nature

and fourth quadrants of the diagram. The shape of the hyste
" a5 shown in Fig.9.10. However,

',_f)f the material. It also depends on the maximum value of H,
- if the maximum value of H produces the shape of the B-H loop remains

magnetic saturation, |
unchanged as the maximum value of H is increased further. ,
‘When a small alternating H-field is superimposed on a large constant value, one can define

- an incremental permeability as follows : : :

_ 6B : L
Hin = 5P e ” (9.34)
ko e 6H in H. pin is given approxiinately by the

Slope of the B-H curve at the operating point. It is a maximum at the point where the B-H

CUrve ie- . e
: Cu;:: is"the steepest. In the saturation region, fm = Ho- At the point gf the magnetization
where K, is a maximum, we have pioKm = Hm, since there 4 = 55~

Where §B is the change in B caused by a chang

Scanned with CamScanner



exciting field as in electromagnets. We shall see in Sec. 11.5 that as the magﬁém,_fﬁm\‘éen
through a complete cycle, an energy proportional to the area of the hysteresis loop is diS“s‘if)“at: -
as heat. This loss of energy is referred to as the hysteresis loss. To minimise hyst'e'fes“ié‘lbgvses
the materials having a small B-H loop area are used in electromagnets and transformer cope,’
S‘uc_h materials are known as the soft magnetic materials. Such materials have a low remaHEnt;
induction and a low coercieve force, but a high permeabij)ify. Another source gf energy loss j,
soft magnetic materials is the eddy current loss, which cai be reduced by increasing the electricy)
resistivity of the medium. Iron with 4 % silicon, iron-nickel alloys (such as, permalloy), ferriteg
and garnets are suitable for transformer core materials. The values of yoMs and H, fo.r iron
with 4 % silicon are 1.95 tesla and 60 A/m, respectively. Its maximum relative permeability g
8000. Ferrites having a nearly rectangular hysteresis loop find applications as memory cores i,

computers.

‘/\&n‘_onlggpgt_ic_s,a:e-also used to produce permanent magnets. Such materials are called
hard magnetic materials. To produce a permanent magnet, the specimen is first magnetized tq
saturation with the help of an exciting field. The exciting field is thgn removed. Clearly t:,he
materials for permanent magnets must have a large remanent induction and a large coercive
force. Steel and AL-Ni-Co (alnico) alloy are common materials are for permanent magnets.. The
values of uoM,, B, and H, for alnico are 1.2 tesla, 0.7 tesla and 5 x 10* A/m, respectively,
Pure Fe,Os is used in magnetic tapes to store information. It is evident that the study of B-H
curves is extremely useful in the choice of ferromagnetic materials for specific applications.

[Ferromagnetic materials like soft iron are used to increase the magnetic flux for 5 g

T I .

I

1

|

|

I

|

'H,

H——>
Fig.9.10A. Different magnetization curves Fig.9.10B. Hysteresis loop with small

cyclic changes of H superimposed

Observations : If the coercive force H,. is removed, the magnetic induction B follows
the dashed curve CD (Fig.9.10A), so that at zero magnetic intensity, the magnetic induction

B has the value OD. If H is now increased in the forward
T direction, B increases along the dashed curve DS. If, from
any point L on curve 2, H is increased in the forward direc-

tion, B increases following the curve LPS. Thus different

magnetization eurves are obtained, depending upon the past

treatment of the specimen. When, in the cyclic variation of

H from —H; to +H,, small cyclic changes of H are super-

H—>  imposed at intermediate stages, the hysteresis loop assumes
the shape shown in Fig.9.10B.

A ferromagnetic material is said to achieve a cyclic state

when, for the same change in H from a given initial value

Fig.9.10C. Demagnetization by  the change in B is always the same. This condition can b®
electrical means attained by repeated reversals of H at the given initial value:

e
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Generally, previous treatments leave the speci B
E ey o o g : pecimen with some magnetizati -
. petize the specimen, L.e:, to reduce the magnetization to zero in the fbsence o(;nt;h;r ?n:;nmei?c

' iptensity, the specimen is subjected to smaller and smaller cycles of magnetization (Fig.9.10C)

| This is achieved by placing the specimen in a solenoid and feeding the solenoid by an alter-

‘_ nating current of slowly diminishing amplitude. Before the current amplitude falls to zero, the
4 spemmentllndel' goes a number of cycles of magnetization to wipe out the remanents of the past
' treatments: s A =Y

: The magnetization curve and the B-H loop of a ferromagnetic- :
| substance can be experimentally determined with the help of a Bt a
' ballistic galvanometer (see Sec. 12.8) . el e
ron and Steel | ' AT : : / ‘,"b

"

Hysteresis loops- of annealed soft iron and steel after being - A H->
. haidened, are shown schematically in Fig. 9.10D. Soft iron (which is = 4
' a soft magnetic material) has a smaller loop area than steel (which -
' is a hard magnetic material), and so the hysteresis loss in soft iron -
s less. Soft iron has smaller rermanent induction and coercive force
.than steel. Thus soft iron is suitable for use in electromagnets and
transformer cores, whereas steel'is a suitable material for perma-
- rrent magnets. '

ng.Q.lOD. Hysteresis loops
of soft iron (curve a) and
~ steel (curve b)
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Energy loss due to hysteresis. According to molecular theory of magnetisation, the molecule of a
magenetised or unmagnetised magnetic substance are themsleves complete magnets. When a magnetising
field is applied, the molecular magnets align themselves in the direction of the field. During this process
work is done by the magnetising field in turning the molecular magnets against the mutual attraction forces.
This energy required to magnetise a specimen is not completely recovered when the magnetising field is
turned off, since the magnetisation does not become zero. The specimen retains some’magnetisation
because some of the molecular magnets remain aligned in the new formation due to the group forces. To
tear them out completely a coercive force in the reverse direction has to be applied. Thus there is a loss of
energy in taking a magnet though a cycle of magnetisation. Now we have to calculate this loss of
magnetisation. Now we have to calculate this loss of energy.

Consider a magnetic material having n molecular magnets per unit volume. Let m be the magnetic
moment of each elementary magnet and 6 the angle which its axis makes with the direction of magnetising
field H , then magnetic moment per unit volume parallel to the field i is .

: M=ZXmcos®. (1)
The magnetic moment per unit volume perpendicular to the field is

Zmsin@,
and this is equal to zero since there can be no magnetlsatlon perpendicular to H.

Now, the torque due to the field acting on the dipole of moment m when it is inclined at an angle 0 to
field is

= Uom Hsin0 | : wel2)
and the work done when it moves through a small angle.+ d® is — [y mH sin 8. Here minus sign comes in

because the work has to be done against the magretic field in increasing 6 by d8. Hence the work done per'
unit volume of the material is

dW = — % iy mH sin do -(3)
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