CHAPTER

8

Magnetic Properties
and Superconductivity

Han:-,f electrical engineering devices such as inductors, transformers, rotating ma-
chines, and ferrite antennas are based on utilizing the magnetic properties of materi-
ils. There are many instances where permanent magnets are also used either on their
own or as part of a device such as a rotating machine or a loud speaker. The majority
of engineering devices make use of the ferromagnetic and ferrimagnetic properties,
which are therefore treated in much more detail than other maghetic properties such
a5 diamagnetism and paramagnetism. Although superconductivity involves the van-
ishing of the resistivity of a conductor at low temperatures and is normally explained
within quantum mechanics, we treat the subject in this chapter because all supetcon-
ductors are perfect diamagnets and, further, they have present or potential uses that
involve magnetic fields. The advent of high-T, superconductivity, discovered in 1986
by George Bednorz and Alex Miiller at IBM Research Laboratories in Ziirich, is un-
doubtedly one of the most significant discoveries over the last 50 years, as popular-
ized in various magazines. High-T,. superconductors are already finding applications
in such devices as superconducting solenoids, sensitive magnetometers, and high-Q)
microwave filters.

8.1 MAGNETIZATION OF MATTER

B1.1 MacNETIC DiPOLE MOMENT

Magnetic properties of materials involve concepts based on the magnetic dipole mo-
ment. Consider a current loop, as shown in Figure 8. 1, where the circulating current is 1.
This may, for example, be a coil carrying a corrent. For simplicity we will assume that
. the current loop lies within a single plane. The area enclosed by the current is A, Sup-
pose that w, is a unit vector coming out from the area A. The direction of a,, is such that

585



486

Defimition af
mu el
TICHRE T

CHAPTER B + NACNETIC PROPERTIES AND SUPERCONDUCTIVITY

- B
I'I'|'|' T (’ l""ﬂ'i'
oy
f
! ‘)T
- B

Figure 8.1 Definilion Figure 8.2 A magnetic dipole
of o magnetic dipole rverent in an exkemal fisld
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Figl.ll‘l: 8.3 A magnetic dipcﬂa moment creates o mognetic fiald just like o bar
magnet,

The fisld B depends on pq.

looking along it, the current circulates clockwise. Then the magnetic dipole moment,
or simply the magnetic moment p.,, is defined by’

K, = fdu, i8.1]

When a magnetic moment is placed in a magnetic field, it experiences a torque
that tries to rotate the magnetic moment to align its axis with the magnetic field, as de-
picted in Figure 8.2, Moreover, since a magnetic moment is a current loop, it gives rise
to a magnetic field B around it, as shown in Figore 8.3, which is similar to the mag-
netic field around a bar magnet. We can find the field B from the current { and its
geomeiry, which are treated in various physics textbooks. For example, the field B ata
point P at a distance r along the axis of the coil from the center, as shown in Figure 8.3,
is directly proportional to the magnitude of the magnetic moment but inversely pro-
portional to ¢, thatis, B oc /7.

! The symbol g for the magnetic dipcle moment should not be confusad with the permeabiliee. Absolute ond reblive
permaabilites will be denated by w, and p..




8.1 MAGNETIZATION OF MATTER

8.1.2 Aromic MAGNETIC MOMENTS

An orbiting electron in an atom behaves much like a current loop and has a magnetic
dipole moment associated with it, called the orbital magnetic moment (j1,), as il-
lustrated in Figure 8.4, If @ is the angular frequency of the electron, then the current 7
due to the orbiting electron is

& = Eo{)]
Perod 2w

I = Charge lowing per unit time = —

If ris the radius of the orbit, then the magnetic dipole moment 13

ewr’
2

M= I{J:rl} =

But the velocity v of the electron is wr and its orbital angular momentum is
L= (mu)r = mowr’

Using this in jt g, we get

L [e.2]

Hort 2m€

We see that the magnetic moment is proportional to the orbital angular momentum
through a factor that has the charge to mass ratio of the electron, The numencal factor,
in this case ¢/2m,, relating the angular momentum to the magnetic moment, is called
the gyromagnetic ratio, The negative sign in Equation 8.2 indicates that uom 15 in the
opposite direction to L and is due to the negative charge of the electron,

The electron also has an intrinsic angular momentum S, that is, spin. The spin of
the electron has a spin magnetic moment, denoted by g, but the relationship be-
tween pq, and 5 is not the same as that in Equation 8.2, The gyromagnetic ratio 15 &
factor of 2 greater,

5
spin = e | [8.3]
M,

The overall magnetic moment of the electron consists of p,, and pg, appropri-

ately added. We cannot simply add them numerically as they are vector quantities,
Furthermore, the overall magnetic moment ., of the atom itself depends on the
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Figure 8.5 The spin mognetic momen! precesses about an
externcl mognetic field aleng z and has a value 1, clong =.

orbital motions and spins of afl the electrons, Electrons in closed subshells, however,
do not contribute to the overall magnetic moment because for every electron with a
given L {or 8), there is another one with an opposite L {or 8), The reason is that
the direction of L is space quantized by m, and all negative and positive values of m,
are occupled in a closed shell. Similarly, there are as many electrons spinning up
as there are spinning down, so there is no net electron spin in a closed shell and no
net .- Thus, only vnfilled subshells contribute to the overall magnetic moment
of an atom.

Consider an atom that has closed inner shells and a single electron in an 5 orbital
(£ = 0). This means that the orbital magnetic moment is zero and the atom has a mag-
netic moment due to the spin of the electron alone, p,,, = m,. In the presence of
an external magnetic field along the z direction, the magnetic moment cannot simply
rotate and align with the field because gquantum mechanics requires the spin angular
momentum to be space quantized, that is, 5, (the component of 8 along z) must be
m b where m, = :I:l1 is the spin magnetic quantum mumber. The torque experienced
by the spinning electron causes the spin magnetic moment to precess about the exter-
nal magnetic field, as shown in Figure 8.5, This precession is such that 5, = —lzh and
leads to an average magnetic moment g, along the field given by Equation 8.3 with 5.,
that is,

eh

€ €
= ——58=——(m,h) =

. m, 1,

—=f [8.4]
The quantity 8 = ¢h/2m, is called the Bohr magneton and has the value 9.27 x
10 #*AmPor J T

Thus, the spin of a single electron has a magnetic moment of one Bohr magneton
along the field.

B.1.3 MAGNETIZATION VECTOR M

Consider a tightly wound long solenoid, ideally infinitely long, with free space {or vac-
uum) as the medium inside the solenoid, as shown in Figure 8.6a. The magnetic field
inside the solenoid is denoted by B, to specifically identify this field as in free space.
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4

Figurs 8.6
{o) Consider a long sclencid. With free spoce os the madium inside, the mogretic field is B,
(b} A material medium insarted into the solenaid develops @ magnetization M.

[a) (k)

This field depends on the current [ through the solenoid wire and the number of turns
per unit length » and is given by*

B,=pnl =yl 18.51

where !’ is the corrent per unit length of the solenoid, that is, ' = »{, and g, is the ab-
solute permeability of free space in henries per meter, H m~".

If we now place a cylindrical material medium to fill the inside of this solenoid, as
in Figure 8.6b, we find that the magnetic field has changed. The new magnetic field in
the presence of a medium is depoted as B. We will take B,, to be the applied magnetic
field into which the material medium is placed.

Each atom of the material responds to the applied field B, and develops, or ac-
quires, a net magnetic moment p,, along the applied field. We can view each magnetic
moment ., as the result of the precession of each atomic magnetic moment about B,
The medium therefore develops a net magnetic moment along the field and becomes
magnetized. The magnetic vector M describes the extent of magnetization of the
mediom. M is defined as the magnetic dipole moment per unit volume. Suppose that
there are N atorns in a small volurne AV and each atom § has a magnetic moment w,, ;
{(whete i = 1 to N). Then M is defined by

1 N
M= D By = bty 8.6

where ng is the number of atoms per unit volume and p, is the average magnetic mo-
ment per atom. We can assume that each atom acquires a magnetic moment ., along
B,. Each of these magnetic moments along B, can be viewed as an elementary current
loop at the atomic scale, as schematically depicted in Figure 8.6b. These elementary

b 2 The preaf of this comes ot fom Ampere’s low and con be found in any leobeek of elecramagnetisn,
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Surface currents

Figure 8.7 Elementary current loops resull in surfacs
currants.,

There is no internal ewrent, as adjacent currents on
naighboring leops are in opposite directions. Surface curments

current loops are due to electronic currents within the atom and arise from both orbital
and spin motions of the electrons. Each current loop has its current plane normal to B,

Consider a cross section of the magnetized medium, as in Figure 8.7, All the
elementary current loops in this plane have the current circulation in the same direction
inasmuch as each atom acquires the same magnetic moment w,, . All neighboring loops in
the bulk have adjacent currents in opposite directions that cancel each other, as appar-
ent in Figure 8.7. Thus, there are no net bulk currents, or internal currents, within the bulk
of the material. However, the currents at the surface in the surface loops cannot be can-
celed and this leads to a net surface current, as depicted in Figure 8.7, The surface cur-
rents are induced by the magnetization of the medium by the applied magnetic field and
therefore depend on the magnetization M of the specimen.

From the definition of M, the total magnetic moment of the eylindrical specimen
is

Total magnetic moment = A (Volume ) = MAF

Suppose that the magnetization current om the surface per unit length of the
specimen is /. Then the total circulating surface current is 7€ and the total magnetic
moment of the specimen, by definition, is

Total magnetic moment = (Total current} » (Cross-sectional area) = fpf A
Equating the two total magnetic moments, we find
M=1I, g7

We derived this for a particular sample geometry, a cylindncal specimen, in which
M is along the axis of the cylindrical specimen and /y, flows in a plane perpendicular
to M. The relationship, however, is more general, as derived in more advanced texts,
It should be emphasized that the magnetization current [y, 15 not due to the flow of free
charge cammiers, as in a current-carrying copper wire, but due to localized electronic
currents within the atoms of the solid at the surface, Equation 8.7 states that we can
represent the magnetization of a medium by a surface current per unit length 7, that is
equal to M.
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B.1.4 MacNETIZING FIELD OR MAGNETIC FIELD INTENSITY H

The magnetized specimen in Figure 8.6b placed inside the solenoid develops magneti-
zation currents on the surface, It therefore behaves like a selencid. We can now regard
the selenoid with medium inside, as depicted in Figure 8.8. The magnetic field within
the medium now arises from not only the conduction current per unit length {7 in the
solenoid wires but also from the magnetization current I, on the surface. The magnetic
field B inside the solenoid is now given by the usual solenoid expression but with a
current that includes both I and 7. as shown in Figure 8.8

B =p, '+ 1s) = B, + poM
This relationship is generally valid and can be written in vector form as
B=0B,+ puM (s.8]

The field at a point inside a magnetized material is the sum of the applied field B,
and a contribution from the magnetization M of the material. The magnetization arises
from the application of B, due to the current of free carriers in the solenoid wires,
called the conduction current, which we can externally adjust. It becomes useful to
introduce a vector field that represents the effect of the external or conduction current
alone. In general, B — 1,M at a point is the contribution of the external currents alone
to the magnetic field at that point inside the material that we called B,. B — p .M rep-
resents a magnetizing field becauvse it is the field of the external currents that magne-
tize the material. The magnetizing field H is defined as

1
H=—B-M
Ho

[8.9]
or

H= —B,
g
The magnetizing field is also known as the magnetic field intensity and is
measured in A m~'. The reason for the division by g, is that the resulting vector field
H becomes simply related to the external conduction currents (through Ampere’s law).
Since in the solenoid B, is g n 7, we see that the magnetizing field in a solenoid is

H = nf = Total conduction current per unit length [8.10]

Figure B.8 Tha ficld B in the material
insicle the salencid is dve fo the conduction
current | theaugh the wires and the
magnetization current I, on the surface of the
magnefized medium, or B = B, + g M
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It is generally helpful to imagine H as the cause and B as the effect. The cause H
depends only on the external conduction currents, whereas the effect B depends on the
magnetization M of matter.

8.1.5 MAGNETIC PERMEABILITY AND MAGNETIC SUSCEPTIBILITY

Suppose that at a point P in a material, the magnetic field is B and the magnetizing
field is H. We let B, be the magnetic field at P in the absence of any material (f.e., in
free space). The magnetic permeability of the medium at P is defined as the magnetic
field per unit magnetizing field,

B

L=w

It relates the effect B to the cause H at the same point P inside a material. In sim-

ple qualitative terms, p represents to what extent a medium is permeable by magnetic

fields. Relative permeability u, of a medium is the fractional increase in the magnetic

field with respect to the field in free space when a material medium is introduced. For

example, suppose that the field in a solenoid with free space in it is B, but with mate-
rial inserted it is B. Then u, is defined by

[8.111

e [8.12]

|

_ B
fodl
From Equations 8.11 and 8.12, clearly,
o= jlatlr
The magnetization M produced in a material depends on the net magnetic field B.
It would be natural to proceed as in dielectrics by relating M to B analogously to re-
lating P (polarization) to € (electric field). However, for historic reasons, M is related
to H, the magnetizing field. Suppose that the medium is isotropic (same properties in
all directions), then magnetic susceptibility x,, of the medium is defined simply by
M=x.H [8.13]

This relationship is not obeyed by all magnetic materials. For example, as we will
see later, ferromagnetic materials do not obey Equation 8.12. Since the magnetic field
B = u,(H+ M)

we have
B=p.H+pM=p.H+ poyul =p.(l + 3 H
and

pr =14 xm [8.14]

The presence of a magnetizable material is conveniently accounted for by using the
relative permeability g, or (1 + x,) to simply multiply g, Alternatively, one can
simply replace ., with ¢ = p, ., . For example, the inductance of the solenocid with a
magnetic medium inside increases by a factor of u,.

Table 8.1 provides a summary of various important magnetic quantities, their def-
initions, and wmts.
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Table 8.1 ‘Magnetic guantities and their units

Magnetic Quantity Symbol Definition Uniits Comment
Magnetic Tield, B F=gv=D T=resla= Produced by moving charges
magnetic indwction wohars 12 o SUReINS, acts o meving
charpes ar currents,
Magnetic flux Jr Ad = Braeme A Wh = weber A s flux through A4 ad

B o) 18 normal to A4
Total flux theoogh any
closed surfuce 15 2o,

Magnetic dipuele oy W = TA Amt Experiences 4 torgue in
rmoment B and a ncg force in a
nonuniform B.
Bobir magneton u H =gl Im, Amor Mapneatic moment due o the
T spin of the electron,
=027 % 1071 A m?
Magnetization M blagnelic moment Am! Met tosgnetic moment in i
veclor per unit volume material per unit volume.
Muapnetizing teld: H H=R8/p, - M Am! H iz due to extemnal
magnetic ticld conducrion currents only
intensity und s the cuuse of B in o
material.
Magnetic Xm M=zl MNone Relates the magnetization of
susccptibility a material w the
magnetizing tield H.
Absolule P £ = {eapra] 12 Hm*' = A fundameneal constant in
permenhility Whm~! A=l magnetism. In free space,
He = R.-"H-
Relubive e e = M, M Mone
permeabilicy
Magnetic m M= o, Hm™! Wi 1o be confused with
permeabilicy [OARTELG IHOment
Inductance L L o= Pyl ff H (henries) Testad flux threwded per unit
current
Magnetostatic Eoa db = HdJdf Im® d E.y 15 the cnerngy requited
cnergy density per unit volwme

in changing &5 by 8.

AMPERE'S LAW AND THE INDUCTANCE OF A TOROIDAL COIL  Ampere’s law provides a
relationship between the conduction current £ and the magnetic feld intensity & threading this

current. The conduction current £ is the current due to the flow of free charge carriers through a

conductor and not due 1o the magnetization of any medium. Consider an arbitrary closed path ©

around a conductor carrying a current £, as shown in Figure 8.9, The tangential component of H

to the curve O at point P is B, If 4 is an infinitesimally small path length of C at /) as shown

in Figure 8.9, then the summation of H, 4! around the path C gives the conduction current en-

closed within . This is Ampere’s law,

f Hadl =1 [8.15]  Amperes law
-
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Figure B.9 Ampere's circuifal law. Figure 8.10 A foroidal coil with ™ erns.

Consider the toroidal coil with & turms shown in Figure 8.10. First assume that the oroid
Core 18 air (e 7 1), Suppose that the current through the coils is 1 By symmetry, the magnetic
field intensity A inside the toreidal core is the same everywhere and is directed along the cir-
cumference. Suppose that [ is the length of the mean circumference C, The current is linked
N times by the circumference C, so Equation 8.15 is

ffﬂ,df:h’ﬁ:!‘n‘f

[
or

NT
H=—
£

The magnetic field B, with air as core material is then simply

it MNT

B, =p.H P

When the toroidal coil has a magnetic medivm with a relative permeability ., the mag-
netic field intensity is still H because the conduction current f has not changed. But the magnetic
field & is now different than 8, and is given by

Mot NI
£
If A is the cross-sectional area of the toreid, then the tolal flux & through the core is BA or

oty NAL /€, The current § in Figure 8.10 threads the flux N times. The inductance L of the
toroidal coil, by delinition, is then

I = Total flux threaded

B=p,nuH=

_N® g, NA
Current il S £

Having a magnetic material as the toreid core increases the inductance by a factor of g, in the
same way a dielectric material increases the capacitance by a factor of 2.

EXAMPLE 5.2

MAGNETOSTATIC ENERGY PER UNIT VOLUME Consider a toroidal coil with & turns that is
energized from 4 voltage supply through a rheostat, as shown in Figure 811, The core of the
torcid may be any material. Suppose thal by adjusting the theostal we inerease the curment §
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‘T‘?" B
w Figure B.11 Energy required te magnetize a
- 3 toreidal coil.

supplied to the coil. The current { produces magnetic flux € in the core, which is 84, where B
is the magnetic field and A is the cross-sectional aren, We can now use Ampere's law for H to
relate the current { (o ff, as in Example 8.1. If £ is the mean citcumference, then

Hi=Ni [8.18]

The changing current means that the flux is also changing (both increasing), We know from
Faraday's law that a changing flux that threads a circuit generates a voltage v in that circuit
given by the rate of change of total threaded fux, or ¥ &. Lene’s law makes the polarty of the
induced voltage oppose the applied voltage, Suppose that in a time interval 8¢ seconds, the mag-
netic field within the core chanpes by 88; then 4% = ASE and

v i{Total flux threaded ) Nid &

=N4A— 8.17
&1 it it i !

The battery has to supply the current ¢ against this induced voltage v, which means that it
has to do electrical work fv every second. In other words, the battery has to do work v 6t in a
time interval 3¢ (o supply the necessary current (o increase (he magnetic field by 48, The elec-
tric energy SE that is input into the ¢oil in time S is then, using Equations 8,16 and 8.17,

HE LY
bE =ivdr = (—)(Hﬂ_—)ﬁr = I:AE:IHSB
) i

This energy £ is the work done in increasing the field in the core by 8. The volume of
the toroid is AL Therefore, the total energy or work required per unit volume to increase the
magnetic field from an initial value B to a final value B; in the toroid is

B
Evul = H dﬂ [E.-'Ia]

a4y

where the integration limits are determined by the initial and final magnetic field. This is the ex-
pression for caleulating the energy density (energy per unit volume) required to change the
field from B o B2 It should be emphasized that Equation 8.18 is valid for any medivm, We
conclude that an incremental energy density of dE., = H JB is required to increase the mag-
netic field by dB at a point in any medium including free space.

We can now consider a core material that we can represent by a constant relative perme-
ability je,. This means we can exclude those materials that do not have a linear relationship
between 8 and H, such as ferromagnetic and ferrimagnetic materials, which we will discuss
Later. If the core is free space or air, then o, = 1.

Suppose that we increase the current in Figure 8.11 from zero to some final value F so that
the magnetic field changes from zero to some final value 8. Since the medium has a constamt
relative permeability g, we can write

B=j.pu, 0
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and use this in Equation .18 to integrate and find the energy per unit volume needed to
establish the feld B or field intensity H

1 8
-E'.'I.II = _”'r.u'on ™

8.19
2 pITRT )

This is the energy absorbed from the battery per unit volume of core medium to establish
the magnetic field. This energy is stored in the magnetic field and is called magnetosiatic
energy density. Tt is a form of magnetic potential energy. If we were to suddenly remove the
battery and short those terminals, the cumment will continue to flow for a short while (deter-
mined by L/R) and do external work in heating the resistor, This external work comes from
the stored energy in the magnetic field. If the medium is free space, or air, then the energy
density is

P | -
Eolair) = EFHH = E

A magnetic [eld of 2 T corresponds to a magnetostatic energy density of 1.6 MJ m™ or
1.6 ) em=3. The energy in a magnetic field of 2 T in a 1 em® volume (size of a thimble) has the
waork ability (potential energy) to raise an average-sized apple by 5 feet. We should note that as
long as the core materal is linear, that is, g, is independent of the magnetic field itself, magne-
tostatic energy density can also be written as

E, = -—HB

5 [8.20]

8.2 MAGNETIC MATERIAL CLASSIFICATIONS

In general. magnetic materials are classified into five distinct grovps: diamagnetic,
paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic. Table 8.2 provides
a summary of the magnetic properties of these classes of materials.

8.2.1 DIAMAGNETISM

Typical diamagnetic materials have a magnetic susceptibility that is negative and
small. For example, the silicon crystal is diamagnetic with x,, = —5.2 x 107" The
relative permeability of diamagnetic matenials is slightly less than unity, When a dia-
magnetic substance such as a silicon erystal is placed in a magnetic field, the mag-
netization vector M in the material is in the apposite direction to the applied field
ioH and the resulting field B within the material ix less than u,H. The negative
susceptibility can be interpreted as the diamagnetic substance trying to expel the
applied field from the material. When a diamagnetic specimen is placed in a nonuni-
form magnetic field, the magnetization M of the material is in the opposite direction
to B and the specimen experiences a net force toward smaller fields, as depicted in
Figure 8.12. A substance exhibits diamagnetism whenever the constituent atoms in
the material have closed subshells and shells. This means that each constituent atom
has no permanent magnetic moment in the absence of an applied field. Covalent
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Toble 8.2 Classification of magnetic materials

Xm
Type (typdcal values) Ko Yersus T Comuments ad Examples
Dramagnetic Megative and T independent Atoms of the matenial have closed
small {— {1~ shells. Ovganic materials, 2.2.,
muny palvmers; covaleol solids,
e, 51, Ge, dismond; some
ionic solids, e.g., alkalihalides,
some oetals, ez, Cu, Ak, Au
Mezative and Below a criticul Superconductors
large (—17 temperatare
Pararmagnelic Posiive and smiall  lodependent of T D (o the aligrinent o spins of
(10510 %)

Ferromagneric

Antiferromaznetic

Fermmagnetic

Positive and
small (1075

Pasitive and
very lurge

Positive and
small

Positive and
very large

Curig of Corie—¥eiss
law, g = C/(T - Fi)

Ferromagnetic helow

and paramaprnelsc
above the Curie
tempreratiire

Antilerromapenedic
helow and

paramagnetic above
the Méel temperaturs

Ferrimugnetic below
and paramagnetic
above the Curie
temmperiture

conduction electrons. Alkali
and transition metals.

Materials in which the constitwen
lorns have o pennatent magnet
moment, 8. gaseons and liguid
axygen; ferromagnets (Fe),
antiferromagnets (Cr, and
femimagnets {FeyOy) at high
femperatares.

May possess a large permanent
mapnelization even in the
absence of an applied field.

Some transition and rave earth
metsls, Fe. Co, Ni, Gd, Dv,

Mainly sults and oxides of
transition metals, £ 2., Mo,
NI, MnlFs, and some
transition metals, ¢—Cr, bin.

May possess & lurpe permansnt
magnctization even in the
abzence of an applied feld.
Herrites.

h’I mﬂgnﬂr.

Figurs B.12 A diomognetic material placed in a nonuniform
magnetic field experiences a Farce toward smaller fislds,

This repels the diamagnetic materiol aweoy from a permanent
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crystals and many icnic crystals are typical diamagnetic matenals because the con-
stituent atoms have no unfilled subshells. Superconductors, as we will discuss later,
are perfect diamagnets with x,, = —1 and totally expel the applied field from the
material.

8.2.2 PARAMAGNETISM

Paramagnetic materials bave a small positive magnetic susceptibility. For example,
oxygen gas is paramagnetic with x, = 2.1 x 10°% at atmospheric pressure and room
temperature. Each oxygen molecule has a net magnetic dipole moment p,,;. In the ab-
sence of an applied field, these molecular moments are randomly oriented due to the
random collisions of the molecules, as depicted in Figure #.13a. The magnetization of
the gas is zero. In the presence of an apphed field, the molecular magnetic moments
take various alignments with the field, as illustrated in Figure 8.13b. The degree of
alignment of p_; with the applied field and hence magnetization M increases with the
strength of the applied field p,H. Magnetization M typically decreases with increasing
temperature because at higher temperatures there are more molecular collisions, which
destroy the alipnments of molecular magnetic moments with the applied field. When a
paramagnetic substance is placed in a nonumiform magnetic field, the induced magne-
tization M is along B and there is a net force toward greater fields. For example, when
liquid oxygen is poured close to a strong magnet, as depicted in Figure .14, the liguid
becomes attracted to the magnet.

Many metals are also paramagnetic, such as magnesiom with x,, = 1.2 = 1077, The
origin of paramagnetism (called Pauli spin paramagnetism) in these metals is due to
the alignment of the majority of spins of conduction electrons with the field.
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Figure 8.13 Figure 8.14 A paromagnetic
|a) In @ poramognetic material, ecch individual atom possesses o material placed in @ nenunitorm
permanant magnetic momant, but due to thermal agitation there magnefic field experiences o force
is no avercge moment per alom and M = 0. toward greater fislds,
|b) In the presence of an opplied field, individual mognetic This attracts the paramagnetic
moments take alignments along the applied field and M is finite material |a.g., liquid oxygen]

and alang B. toward a permanent magnet.



8.2 MAGNETIC MATERIAL CLASSIFICATIONS

8.2.3 FERROMAGNETISM

Ferromagnetic materials such as fron can possess large permanent magnelizations
even in the absence of an applied magnetic field. The magnetic susceptibility x,, is
typically positive and very large (even infinite) and, further, depends on the applied
field intensity. The relationship between the magnetization M and the applied mag-
netic field u,H is highly nonlinear. At sufficiently high fields, the magnetization M of
the ferromagnet saturates. The origin of ferromagnetism s the guantum mechanical
exchange interaction (discussed later) between the constituent atoms that results in re-
gions of the material possessing permanent magnetization. Figure 8.15 depicts a region
of the Fe crystal, called a magnetic domain, that has a net magnetization vector M due
to the alignment of the magnetic moments of all Fe atoms in this region. This crystal
domain has magnetic ordering as all the atomic magnetic moments have been aligned
parallel to cach other, Ferromagnetism occurs below a critical temperature called the
Curie temperature T, At temperatures above T, ferromagnetism is lost and the mate-
rial becomes paramagnetic.

8.24 ANTIFERROMAGNETISM

Antiferromagnetic materials such as chromium have a small but positive suscepti-
bility, They canmot possess any magnetization in the absence of an applied field, in
contrast to ferromagnets. Antiferromagnetic materials possess a magnetic ordering
in which the magnetic moments of alternating atoms in the crystals align in opposite
directions, as schematically depicted in Figure B.16. The opposite alignments of
atomic magnetic moments are due to gquantum mechanical exchange forces (de-
scribed later in Section #.3). The net result is that in the absence of an applied field,
there is no net magnetization. Antiferromagnetism occurs below a critical tempera-
ture called the Néel temperature Ty. Above Ty, antiferromagnetic material becomes
paramagnetic,

M=l)
—M

Figure B.15 In o magnetized region of a Figure B.16 |nthis
ferromagnetic material such as iron, all the antiferrarmagnefic BCT erystal
maognelic mements are spontanecusly oligned in (Cr}, tha megnetic moment 'of the
the same direction, center atem is canceled by the
There is o strong magnetization vecker M even magnetic moments of the comes
in the absence of an applied feld. otoms {one-eighth of the corner

atom belongs o the unit cedl),
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'Figl.lrl 8.17 lllustration of magnahic ardaring in the I : . :
ferrimagnetic crystal, O—- .... O ...
All A ctoms hove their spins aligned in one direction and

all B abems have their spins aligned in the spposite ". O_" "'". Q_"
direction. As the magnatic moment of an A alom is graoker

than that of o B ctom, there is net magnelization M in fhe O_"*. o ""'.
crystal, A B

8.2.5 FERRIMAGNETISM

Ferrimagnetic materials such as ferrites {e.g., Fe104) exhibit magnetic behavior simi-
lar to ferromagnetism below a critical temperature called the Curie temperatre T,
Above T they become paramagnetic. The origin of ferrimagnetism is based on mag-
netic ordering, as schematically illustrated in Figure .17, All A atoms have their spins
aligned in one direction and all B atoms bave their spins aligned in the opposite direc-
tion. As the magnetic moment of an A atom is greater than that of a B atom, there is
net magnetization M in the crystal, Unlike the antiferromagnetic case, the oppositely
directed magnetic moments have different magnitudes and do not cancel. The net ef-
fect is that the crystal can possess magnetization even in the absence of an applied
field. Since ferrimagnetic materials are typically nonconducting and therefore do not
suffer from eddy current losses, they are widely used in high-frequency electronics
applications.

All useful magnetic materials in electrical engineering are invariably ferromag-
netic or ferrimagnetic,

8.3 FERROMAGNETISM ORIGIN
AND THE EXCHANGE INTERACTION

The transition metals iron, cobalt, and nickel are all ferromagnetic at room tempera-
ture. The rare earth metals gadohnium and dysprosium are ferromagnetic below room
temperature, Ferromagnelic materials can exhibil permanent magnetization even in the
gbsence of an applied field; that is, they possess a susceptibility that 1s infinite.

In a magnetized iron erystal, all the atomic magnetic moments are alipned in the
same direction, as illustrated in Figure 8.15, where the moments in this case have all
been aligned along the [100] direction, which gives nel magnetization along this di-
rection. It may be thought that the reason for the alignment of the moments is the mag-
netic forces between the moments, just as bar magnets will tend to align head to tail in
an SMNSN . . | fashion. This is not, however, the cause, as the magnetic potential energy
of interaction is small, indeed smaller than the thermal energy.

The iron atom has the electron structure [Ar]3d%s®. An isolated iron atom has
only the 34 subshell with [our of the five orbitals unfilled. By virtue of Hund's rule, the
electrons try to align their spins so that the five 3d orbitals contain two paired electrons
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+ * + + * + * * Higl‘ler energy Lower energy
Figure 8.18 The isclated Fe Figure 8.19 Hund's rule for an atom
atom has four unpaired spins and o with mony elecirons is based on the
spin magnefic moment of 44, exchange interoction.

and four unpaired electrons, as in Figure 8,18, The isolated atom has four parallel elec-
tron spins and hence a spin magnetic moment of 45,

The origin of Hund’s rule, visnalized in Figure 8.19, lies in the fact that when the
spins are parallel (same m,), as a requirement of the Panli exclosion principle, the
electrons must occupy orbitals with different mry and hence possess different spatial
distributions (recall that m; determines the orientation of an orbit). Different s val-
ues result in a smaller Conlombic repulsion energy between the electrons compared
with the case where the electrons have opposite spins (different m,), where they
would be in the same orbital (same m ), that is, in the same spatial region. It is appar-
ent that even though the interaction energy between the electrons has nothing to do
with mapgnetic forces, it does depend nonetheless on the orientations of their spins
{m1,), or on their spin magnetic moments, and it is less when the spins are parallel. Two
electrons parallel their 2ping not because of the direct magnetic interaction between
the spin magnetic moments bul becanse of the Pauli exclusion principle and the
electrostatic interaction energy. Together they constitute what is known as an
exchange interaction, which forces two electrons to take m;, and m, values that result
in the roinimuem of electrostatic energy. In an atom, the exchange interaction therefore
forces two electrons to take the same me, but difTerent m, if this can be done within the
Pauli exclusion principle. This is the reason an isolated Fe atom has four unpaired
spins in the 3d subshell.

In the crystal, of course, the outer electrons are no longer strictly confined to their
parent Fe atoms, particularly the 4s electrons, The electrons now have wavefunctions
that belong to the whole solid, Something like Hund's rule also operates at the crystal
level for Fe, Co, and Ni. If two 34 electrons parallel their spins and occupy different
wavefunctions (and hence different negative charge distributions), the resulting mu-
twal Coulombic repulsion between them and also with all the other electrons and the
atraction to the positive Fe ions result in an overall reduction of potential energy.
This reduction in energy is again due to the exchange interaction and is a direct
consequence of the Pauli exclusion principle and the Coulombic forces, Thus, the ma-
jority of 34 electrons spontaneously parallel their spins without the need for the appli-
cation of an external magnetic field. The number of electrons that actually parallel
their spins depends on the strength of the exchange interaction, and for the iron erys-
tal this turns out to be about 2.2 electrons per atom. Since typically the wavefunctions

o
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Figure 8.20 The exchange integral as a functien of
t/ra, whare ris the intaratomic distonce and ry the mdivs i * Ty
of the d orbit [or the average d subshell radius), Mn
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of the 3d electrons in the whole iron crystal show localization around the iron ions,
some people prefer to view the 34 electrons as spending the majority of their time
around Fe atoms, which explains the reason for drawing the magnetized iron crystal
as in Figure 8.15.

It may be thought that all solids should follow the example of Fe and become
spontaneously ferromagnetic since paralleling spins would result in different spa-
tial distributions of negative charge and probahbly a reduction in the electrostatic en-
ergy, but this is not generally the case at all. We know that, in the case of covalent
bonding, the electrons have the lowest energy when the twao electrons spin in oppo-
site directions. In covalent bonding in molecules, the exchange interaction does not
reduce the energy. Making the electron spins parallel leads to spatial negative
charge distributions that result in a net mutual electrostatic repulsion between the
positive nuclei,

In the simplest case, for two atoms only, the exchange energy depends on the in-
teratomic separation between two interacting atoms and the relative spins of the two
outer ¢lectrons (labeled as 1 and 2). From guantum mechanics, the exchange interac-
tion can be represented in terms of an exchange energy £, as

Eo=-21.5-5 [8.21]

where 8 and 8; are the spin angular momenta of the two electrons and J,, is a numeri-
cal quantity called the exchange integral that involves integrating the wavefunctions
with the various potential energy interaction terms. It therefore depends on the elec-
trostatic interactions and hence on the interatomic distance. For the majority of solids,
Je 15 negative, so the exchange energy is negative if §; and 8, are in the opposite di-
rections, that is, the spins are antiparallel (as we found in covalent bonding). This is the
antiferromagnetic state. For Fe, Co, and Ni, however, J, is positive. E,, is then nega-
tive if 8, and 8; are parallel. Spins of the 34 electrons on the Fe atoms therefore spon-
taneously align in the same direction to reduce the exchange energy. This spontaneous
magnetization is the phenomenon of ferromagnetism. Figure 8§.20 illustrates how J.
changes with the ratio of interatomic separation to the radius of the 34 subshell {r/ ;).
For the transition metals Fe, Co, and Ni, the r/r, is such that J, is positive.” In all
other cases, it is negative and does not produce ferromagnetic behavior, It should be

1 Amcnrding e H. P. M:(\eu_. .Infr'ﬂd'ucfnr‘y Zalld State Pﬁy!ks 2nd ed., Lnnn:lqn T:rrbr and Francis Lid., ]'?'??_, B 362_,
there have been no theoretical calcufakons of the exchange imegral f, far any real magnetic substance.



8.4 SATURATION MAGNETIZATION AND CURIE TEMPERATURE

mentioned that Mn, which is not ferromagnetic, can be alloyed with other elements to
increase r/ry and hence endow ferromagnetism in the alloy.

03

SATURATION MAGNETIZATION IM IROM The maximum magnetization, called saturation
magnetization M., in ironis about 1.75 = 10° A m~'. This corresponds to all possible net spins
aligning parallel to each other. Calculate the effective number of Bohr magnetons per atom that
would give Mo, given that the density and relative atomic mass of iron are 7.86 g em~* and
3585, respectively.

SOLUTION
The number of Fe atoms per unit volume is
pNy (786 % 107 kg m™)(6.022 x 107 mal™")

My 55.85 x 10-* kg mol ™"
3

flg =

= &.4% » 10" atoms m~

If each Fe atem contributes © number of net spins, then since each net spin has o magnetic
mament of A, we have,

'ws.m = ’T.l.rt.xﬁ}
50

-M:m J..?S X IDE
= #= 22
nnl..lq (B.48 = ]DH'}II:Q.E? = “]_24]

In the solid, each Fe atom contibutes only 2.2 Bohr magnetons (0 the magnetization cven
though the isolated Fe atom has 4 Bohe magnetons. There is no orbital contribution to the mag-
netic moment per atom in the solid because all the outer electrons, 34 and 45 elecrons, can be
viewed as belonging Lo the whole crystal, or being in an energy band, rather than orbiting
individual atoms. A 3d electron is attracted by various Fe ions in the crystal and therefore does
not experience a central force, in contrast to the 34 electron in the isolated Fe atom that orbits
the nucleus, The vrbital momentum in the crystal is said to be quenched.

We should note that when the magnetization is saturated, all atomic magnetic moments are
alipned. The resulting magnetic field within the iron specimen in the absence of an applied
magnetizing field (4 = 0) is

X =

B = UMy =22 T

EXAMPLE 3.3

8.4 SATURATION MAGNETIZATION
AND CURIE TEMPERATURE

The maximum magnetization in a ferromagnet when all the atomic magnetic moments
have been aligned as much as possible is called the saturation magnetization M,y In the
iron crystal, for example, this corresponds to each Fe atom with an effective spin map-
netic moment of 2.2 Bohr magnetons aligning in the same direction to give a magnetic
field p My or 2.2 T, As we increase the temperature, lattice vibrations become more en-
ergetic, which leads to a frequent disruption of the alisnments of the spins. The spins can-
not align perfectly with each other as the temperature increases due to lattice vibrations
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randomly agitating the individual spins. When an energetic lattice vibration passes
through a spin site, the energy in the vibration may be sufficient to disorientate the spin
of the atom. The ferromagnetic behavior disappears at a critical temperature called the
Curie temperature, denoted by T, when the thermal energy of lattice vibrations in the
crystal can overcome the potential energy of the exchange interaction and hence destroy
the spin alignments. Above the Curie temperature, the crystal behaves as if it were para-
magnetic, The saturalion magnetization M.y, therefore, decreases from its maximum
value M, (0) at absolute zero of temperature Lo zero at the Curie temperature. Figure 8.21
shows the dependence of My, on the temperature when M., has been normalized to
M., (0} and the temperature is the reduced temperature, that is, T/ Te. At T/ T = 1,
M.y = 0. When plotted in this way, the ferromagnets cobalt and nickel follow closely
the observed behavior for iron. We should note that since foriron T = 1043 K, at room
temperature, 7/ Tc = 0,29 and M, is very close to its value at My, (0).

Since at the Curie temperature, the thermal energy, of the order of kT, is suffi-
cient to overcome the energy of the exchange interaction E,., that aligns the spins, we
can take kT as an order of magnitude estimate of E,,. For iron, E., is ~0.09 &V and
for cobalt this is ~0.1 eV.

Table 8.3 summarizes some of the important properties of the ferromagnets Fe,
Co, Ni, and Gd (rare earth metal).

Table 8.3 Properies of the farramagnats Fe, Ca, Mi, and Gd

Fe Co Ni Gd
Crysial structure BCC HCP FCC HCP
Rohr magnetons per atom 272 1.72 (L6l 1.1
M0 (MA M) 175 145 0.0 20
By = piy Mo ([ T) 22 1.82 064 2.5
Te TeC 1127 °C 358 °C 16°C

1043 K 1400 K 63l K 2HY K

pis
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8.5 MAGNETIC DOMAINS:
FERROMAGNETIC MATERIALS

8.5.1 MacNETIC DOMAINS

A single crystal of iron does not necessarily possess a net permanent magnetization in
the absence of an applied field. If a magnetized piece of iron is heated to a temperature
above its Curie temperature and then allowed to cool in the absence of a magnetic
field, it will possess no net magnetization. The reason for the absence of net magneti-
zation is due to the formation of magnetic domains that effectively cancel each other,
as discussed below. A magnetic domain is a region of the crystal in which all the spin
magnetic moments are aligned to produce a magnetic moment in one direction only.
Figure 8 22a shows a single crystal of iron that has 4 permanent magnetization as
aresult of ferromagnetism (aligning of all atomic spins). The crystal is like a bar mag-
net with magnetic field lines around it. As we know, there is potential energy (PE),
called magmetostatic energry, stored in 4 magnetic field, and we can reduce this energy
in the external field by dividing the crystal into two domains where the magnetizations
are in the opposite directions, as shown in Figure 8.22b. The external magnetic field
lines are reduced and there is now less potential energy stored in the magnetic field.
There are only field lines at the ends. This arrangement is energetically favorable
because the magnetostatic energy has been reduced by decreasing the external field

Daomnain wall (18507 Closure domain ‘
& U] a0 truneing
m IS A/: %
N S EERE s d ek
T i N g A
L] AR l y l 1 l
|- i g A CE
S I S\*-.‘Er-/'fw F’iﬁq_h ‘S“"" xi"'-. -"‘“‘-"-» -'i""
[a) &) e} (d]

Figure 8.22

|a) Magnetized bar of Ferremagnet in which thare is only one domoin and hence an axternal
magnetic field,

[&] Fermation of fwo demains with cpposite magnetizafions reduces the external fisld. There are,
however, field lines af the ends,

[€) Pamains of dosure fitling ot the ends eliminae the external fields at the ends,

[d] A specimen with several demains and closure domains. There is no external mognetic field
and the speciman oppaars unmagnetized.
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lines. However, there is now a boundary, called a domain wall (or Bloch wall), between
the two domains where the magnetization changes from one direction to the opposite
direction and hence the atomic spins do, also. It requires energy to rotate the atomic
spin through 180" with respect to its neighbor because the exchange energy favors
aligning neighboring atomic spins {(0°). The wall in Figure 8.22b is a 1807 wall inas-
much as the magnetization through the wall is rotated by 1807, It is apparent that the
wall region where the neighboring atomic spins change their relative direction {or ori-
entation) from one domain to the neighboring one has higher PE than the bulk of the
domain, where all the atomic spins are aligned. As we will show below, the domain
wall is not simply one atomic spacing but has a finite thickness, which for iron is typ-
ically of the order of 0.1 pm, or several hundred atomic spacings. The excess energy in
the wall increases with the area of the wall.

The magnetostatic energy associated with the field lines at the ends in Fig-
ure 8.22b can be further reduced by eliminating these external field lines by closing the
ends with sideway domains with magnetizations at 20°, as shown in Figure 8.22c.
These end domains are closure domains and have walls that are 20 walls. The mag-
netization is rotated through 90 through the wall. Although we have reduced the magne-
tostatic energy, we have increased the potential energy in the walls by adding addinonal
walls. The creation of magnetic domains continues (spontancously) until the potential
energy reduction in creating an additional domain is the same as the increase in creat-
ing an additional wall. The specimen then possesses minimum potential energy and is
in equilibrium with no net magnetization. Figure 8.22d shows a specimen with several
domains and no net magnetization. The sizes, shapes, and distributions of domains de-
pend on a number of factors, including the size and shape of the whole specimen. For
iron particles of dimensions less than of the order of 0.01 pm, the increase in the poten-
tial enetgy in creating a domain wall is too costly and these particles are single do-
mains and hence always magnetized.

The magnetization of each domain is normally along one of the preferred directions
in which the atomic spin alignments are easiest (the exchange interaction is the
strongesth. For iron, the magnetization is easiest along any one of six {100) directions
{(along cube edges), which are called easy directions. The domains have magnetizations
along these easy directions. The magnetization of the crvstal along an applied field oc-
curs, in principle, by the growth of domains with magnetizations (or components of M)
glong the applied field (H), as illustrated in Figure 8.23a and b. For simplicity, the mag-
netizing field is taken along an easy direction. The Bloch wall between the domains A
and B migrates toward the right, which enlarpes the domain A and shrinks domain B,
with the net result that the erystal has an effective magnetization M along H. The migra-
tion of the Bloch wall is caused by the spins in the wall, and also spins in section B ad-
jacent to the wall, being gradually rotated by the applied ficld (they experience a torque).
The magnetization process therefore involves the motions of Bloch walls in the crystal.

8.5.2 MAGNETOCRYSTALLINE ANISOTROPY

Ferromagnetic crystals characteristically exhibit magnetic anisotropy, which means
that the magnetic properties are different along different crystal directions. In the case
of iron (BCOC), the spins in a domain are most easily aligned in any of the six [100] type
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directions, collectively labeled as (10, and correspond 1o the six edges of the cubic
unit cell. The exchange interactions are such that spin magnetic moments are most eas-
ily aligned with each other if they all point in one of the six {100} directions, Thus
{100} directions in the iron crystal constitute the easy directions for magnetization,
When a magnetizing field H along a [100] direction 1s applied, as illustrated in Fig-
ure 8.23a and b, domain walls migrate to allow those domains (e.g., A) with magneti-
zations along H to grow at the expense of those domains (e.g., B} with magnetizations
opposing H. The observed M versus H behavior is shown in Figure 8.24. Magnetiza-
tion rapidly increases and saturates with an applied field of less than 0.00 T,

On the other hand, if we want to magnetize the crystal along the [ 111] direction by
applying a field along this direction, then we have to apply a stronger field than that
along [100], This is clearly shown in Figure %24, where the resulting magnetization
along [111] 15 smaller than that along [100)] for the same magnitude of applied field.
Indeed, saturation is reached at an applied field that is about a factor of 4 greater than

M versus H depends on the crystal direction and i3 easiest along
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Table 8.4 Exchange interaction, magnetocrystalline anisctropy energy K, and soturafion magnetostriction caefficient kg

Eo = kT K Pl
Material Crystal [e¥) Easy Hurd (mJem ¥ (10 )
Fe BLC g0 = 10=; cube odge <111=; cobe diagnnal a8 2001007
—=200101
o HCF 1204 Ao e axis L toe anis 4350
Ni FCC =1l <1 1>} cube diagonal = 00 = cube edge 3 -t [ 10H]
24 [111]

MEITE: K is tha magnituda of wht is callad the first anizotropy eonstant (K1) ond Is appresimolely the magnilude of the onisolropy enengy.
g 15 an estimate from kT, whara T is the Curie tlemparatura. All approximate walues are from wariows sources. {Further data con ba found
boin B Jiles, intraduction e Adogoeliaon wed Sogisdic Molesiol, London, Englund. Chapman and Holl, 1991

that along [100]. The [111] direction in the iron erystal is consequently known as the
hard direction. The M versus H behavior along [100], [110], and [111] directions in
an iron crystal and the associated anisottopy are shown in Figure 8.24.

When an external field is applied along the diagonal direction OD in Figure 824,
initially all those domains with M along OA, OB, and OC, that is, those with magne-
tization components along OD, grow by consuming those with M in the wrong direc-
ton and eventually take over the whole specimen. This is an easy process (similar
tor the process along | 100]) and requires small fields and represents the processes from
0 to P on the magnetization curve for [111] in Figure 8.24. However, from P onwards,
the magnetizations in the domains have to be rotated away from their easy directions,
that is, from OA, OB, and OC toward OD. This process consumes substantial energy
and hence needs much stronger applied fields,

It is apparent that the magnetization of the crystal along [100] needs the least
energy, whereas that along [111] consumes the greatest energy. The excess energy
required to magnetize a unit volume of a crystal in a particular direction with respect
tor that in the easy direction is called the magnetocrystalline anisotropy energy and
15 denoted by K. For iron, the anisotropy energy is zero for [100] and largest for the
[111] direction, about 48 kI m™ or 3.5 = 10~* eV per atom. For cobalt, which has the
HCP ¢rystal structure, the anisotropy energy is at least an order of magnitude greater.
Table 8.4 summarizes the easy and hard directions, and the anisotropy energy & for the
hard direction.

853 Donam WaLrs

We recall that the spin magnetic moments rotate across a domain wall. We men-
tioned that the wall is not simply one atomic spacing wide, as this would mean two
neighboring spins being at 180" to each other and hence possessing excessive ex-
change interaction. A schematic illustration of the structure of a typical 180° Bloch
wall, between two domains A and B, is depicted in Figure 8.25. It can be seen that
the neighboring spin magnetic moments are rotated gradually, and over several hun-
dred atomic spacings the magnetic moment reaches a rotation of 180%. Exchange
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Figure 8.25 In o Bloch wall, the neighbaring spin magnetic moments rotate gradually,
and it fokes several hundred atomic spacings to rotate the magnetic moment by 180°,

forces between neighboring atomic spins favor very little relative rotation. Had it
been left to exchange forces alone, relative rotation of neighboring spins would be so
minute that the wall would have to be very thick {infinitely thick} to achieve a 180"
rotation.

However, magnetic moments that are oriented away from the easy direction pos-
sess excess energy, called the anisotropy energy (K). If the wall is thick, then it will
contain many magnetic moments rotated away from the easy direction and there would
be a substantial anisotropy energy in the wall. Minimum anisotropy energy in the wall
is obtained when the magnetic moment changes direction by 1807 from the easy di-
rection along +z to that along —z in Figure 8.25 without any intermediate rotations
away from z. This requires a wall of one atomic spacing. In reality, the wall thickness
is a compromise between the exchange energy, demanding a thick wall, and anisotropy
energy, demanding a thin wall. The equilibrium wall thickness is that which minimizes
the total potential energy, which is the sum of the exchange energy and the anisotropy
energy within the wall. This thickness turns out to be ~0.1 pm for iron and less for
cobalt, in which the anisotropy energy is greater.

e

MAGHNETIC DOMAIN WALL ENERGY AND THICKMESS The Bloch wall encrey and thickness
depend on two main factors: the exchange energy ., (J atom™") and magnetocrystalline energy
K (] m™?). Suppose that we consider a Bloch wall of unit area, and thickness &, and calculate
the potential encrgy L, in this wall due to the exchange energy and the magnetoerystalline
anisoiropy energy. The spins change by 130° across the thickness § of the Bloch wall as in Fig-
urz § 25 The contribution {7.,ng. from the exchange enerpy arises becanse it takes energy to
rotate one spin with respect to another. If the thickness § is large, then the angular change from
one spin to the next will be small, and the exchange energy contribution U, gage will also be
small, Thus, Uachangs 15 inversely proportional to 8, Uacnoge 15 also directly proportional to E,,
which gauges the magnitude of this exchange energy: it costs £, to rotate the two spins 1807 o
cach other. Thus, U s = £ /8,

The anisotropy energy contribution Iy arises from having spins point away from the
easy direction. If the thickness & is large, there are more and more spin moments that are aligned
away from the easy direction, and the smisotropy energy contribution L 15 also large.
Thus, Uinearay 15 proportional to 4, and also, obviously, to the anisotropy energy K that gauges
the magnitude of this energy. Thus, U o K 4.
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Figure 8.26 shows the contnibutions of the exchange and anisotropy energies, U g and
Uaniscencpys 10 the total Bloch wall energy as a function of wall thickness §. It is clear thal exchange
and anizotropy energies have opposite {or conflicting) requirements on the wall thickness,
There is. however, an oplimum thickness & that minimizes the Bloch wall cnergy. that is, a
thickness that halances the reguirements of exchange and anisotropy forces,

If the interatomic spacing is «, then there would be & = §/a atomic layers in the wall.
Sinee the spin moment angle changes by 1807 across 4, we can caleulate the relative spin on-
entations (1807 /N of adjacent atomic lavers, and hence we can find (he exact contributions of
exchange and anisotropy energies. We do not need the exact mathematics, but the final resultis
that the potential encrgy U,y per unit area of the wall is approximately

niE,,

b
The first term on the Aght is the exchange energy contribution {proportional w £, /8), and the sec-
ond is the anisotropy energy contribution (proportional to £ 4); both have the features we discussed.

Show that the minimom energy oceurs when the wall has the thickness

B,y
|'3'I = - ~ax
( 2akK )
Taking Fe. 7= kT, where T is the Curie lemperature. and for iron, K = 50 kJ m~, and
a == (.3 nm, estimate the thickness of a Bloch wall and its enerey per unit area.

+ Ké

SOLUTION
We can differentiate [V, with respect to &,

duuui] e ﬂlErx
dé  2aé?

and then set it to zero for & = & to find,
e (ngu )I.-'E
2ak
Since Te = 143 K, Foy = kTe = (138 x 1078 TKNI043 K) = 1.4 x 107% J, 50 that

TlE 14 % 1072 ]'”
= = = 6.8 x 107% 68
( 2ak ) |:2(ﬂ-3 = 10-9) (50, 000} * o o o

+ K
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wE mi1.4 % 107 g
Foio i TBEh g 84 10-2
and Uy Tad + K 203 % 10-9)(6.8 % 10-7) + (50 = 107}6.8 = 1077

= 0.007 I m? or 7 ml m?

A better caleulation gives & and Uon as 40 nm and 3 md m—2, respectively, about the same
order of magnitde.! The Bloch wall thickness is roughly 70 nm or §/a = 230 atomic layers. It
is left as an exercise to show that when & = &', the exchange and anisotropy cnergy contribu-
lions are equal.

AR

8.54 MAGNETOSTRICTION

If we were to strain a ferromagnetic crystal {by applying a suitable stress) along 4 cer-

. tain direction, we would change the interatomic spacing not only along this direction

but also in other directions and hence change the exchange intersctions between the
atorme spins, This would lead to 4 change in the magnetization properties of the crys-
tal. In the converse effect, the magnetization of the crystal generates strains or changes
in the physical dimensions of the crystal. For example, in very qualitative terms, when
an iron crystal is magnetized along the [111] direction by a strong field, the atomic
spins within domains are rotated from their easy directions toward the hard [111] di-
rection. These electron spin rotations involve changes in the electron charge distn-
butions around the atoms and therefore affect the interatomic bonding and hence the
interatomic spacing, When an iron crystal is placed in a magnetic field along an easy
direction [100], it gets longer along this direction but contracts in the transverse
directions [010] and [001], as depicted in Figure 8.27. The reverse is true for nickel.
The longimdinal strain Af/f along the direction of magnetization is called the
magnetostrictive constant, denoted by i.. The magnetostrictive constant depends on
the crystal direction and may be positive (extension) or negative (contraction). Further,
A depends on the applied field and can even change sign as the field is increased, for
example, A for iron along the [110] direction is initially positive and then, at higher
fields, becomes negative. When the crystal reaches saturation magnetization, & also
reaches saturation, called saturation magnetostriction strain ..,;, which is typically
10~°-10~°, Table 8.4 summarizes the L., values for Fe and Ni along the easy and hard
directions. The crystal lattice sirain energy associated with magnetostriction is called
the magnetostrietive energy, which is typically less than the anisotropy energy.

Magnetostriction is responsible for the transformer hum noise one hears near
power transformers. As the core of a transformer is magnetized one way and then in the
opposite direction under an alternating voltage, the alternating changes in the longitu-
dinal strain vibrate the surrounding environment, air, oil, and so forth, and generate an
acoustic noise at twice the main frequency, or 1200 Hz, and its harmonics. (Why?)

The magnetostrictive comstant can be controlled by alloying metals. For example,
A along the easy direction for nickel is negative and for iron it is positive, but for the
dlloy B5% MNi-15% Fe, it is zero. In cerlain magnetic materials, o can be quite large,

* 5ee, for example, D, Jiles, ntrodustion o Magrelism end Mognetie Materlals, Londen, England: Chapman and
Hall, 19%1.
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Figure B.27 Magnetoshriction means that the :
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greater than 1074, which has opened up new areas of sensor applications based on
the magnetostriction effect. For example, it may be possible to develop torque sensors
for automotive steering applications by using Co-ferrite type magnetic materials®
(e.g., CoO—Fe; 05 or similar compounds) that have A, of the order of 1074,

8.5.5 Donam WarLn MoTtion

The magnetization of a single ferromagnetic crystal involves the motions of domain
boundaries to allow the favorably oriented domains to grow at the expense of domains
with magnetizations directed away from the field (Figure 8.23). The motion of a do-
main wall in a crystal is affected by crystal imperfections and impurities and is not
smooth. For example, in 2 90° Bloch wall, the magnetization changes direction by 90°
across the boundary. Due to magnetostriction (Figure 8.27), there is a change in the
distortion of the lattice across the 90" boundary, which leads to a complicated strain
and hence stress distribution around this boundary. We also know that crystal imper-
fections such as dislocations and point defects also have strain and stress distributions
around them. Domain walls and crystal imperfections therefore interact with each
other, Dislocations are line defects that have a substantial volume of strained lattice
around them. Figure 8.28 visualizes a dislocation with tensile and compressive strains
around it and a domain wall that has a tensile strain on the side of the dislocation. If
the wall gets close to the dislocation, the tensile and compressive strains cancel,
which results in an unstrained lattice and hence a lower strain energy. This energeti-
cally favorable arrangement keeps the domain boundary close to the dislocation. It
now takes greater magnetic field to snap away the boundary from the dizslocation. Do-
main walls also interact with nonmagnetic impurities and inclusions. For example, an
inclusion that finds itself in a domain becomes magnetized and develops south and
north poles, as shown in Figure 8.29a. If the domain wall were to intersect the inclu-
sion and if there were to be two neighboring domains around the inclusion, as in Fig-
ure 8.29b, then the magnetostatic energy would be lowered—energetically a favorable
event. This reduction in magnetostatic potential energy means that it now takes greater
force to move the domain wall past the impurity, as if the wall were “pinned” by the
impurity.

The motion of a domain wall in a crystal is therefore not smooth but rather jerky.
The wall becomes pinned somewhere by a defect or an impurity and then needs a

| % %aa, for example, 0. Jiles ond €. C. H. Lo, Sensors and Acfwators, A106, 3, 2003,
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{&] This arrongement has lower potentiol anergy and is thus faverabla.

greater applied field to break free. Once it snaps off, the domain wall is moved until it
15 attracted by another type of imperfection, where it is held until the field increases
further to snap it away again. Each time the domain wall is snapped loose, lattice
vibrations are generated, which means loss of energy as heat. The whole domain wall
motion is nonreversible and involves energy losses as heat to the erystal,

8.5.6 POLYCRYSTALLINE MATERIALS AND THE M VERSUS H BEHAVIOR

The majority of the magnetic materials used in engineering are polycrystalline and
therefore have a microstructure that consists of many grains of various sizes and ori-
entations depending on the preparation and thermal history of the component. In an
vnmagnetized polycrystalline sample, each erystal grain will possess domains, as de-
picted in Figure 8.30. The domain structure in each grain will depend on the size and
shape of the grain and, to some extent, on the magnetizations in neighboring grains.
Although very small grains, perhaps smaller than (1.1 pm, may be single domains, in
most cases the majority of the grains will have many domains. Overall, the structure
will possess no net magnetization, provided that it was not previously subjected to an
applied magnetic field. We can assume that the component was heated to a temperature
above the Cuorie point and then allowed to cool to room temperature without an ap-
plied field.

Suppose that we start applying a very small external magnetic field {j2, H ) along
some direction, which we can arbitrarily label as +x. The domain walls within van-
ous grains begin to move small distances, and favorably oriented domains (those with
acomponent of M along +x) grow a little larger at the expense of those pointing away
from the field, as indicated by point a in Figure 8.31. The domain walls that are
pinned by imperfections tend to bow out. There is a very small but net magnetization
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Figure 8.30 Schamatic illustration of magnetic
clormains in the groins of an unmognatized
palyerystalling iren somple.

Wary small grains hawe single domains.
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Figure B.31 M wversus H behavior of a previausly unmognetized palycrysialling iron specimen,

An example grain in the unmagnetized specimen is that ot G,

la] Under very small fields, the domain boundary mofion is reversibla,

[b The boundary mations are irveversible and eccur in sudden jerks.

[g] Maarly all the grains are single demains with saturafion magnetizations in the easy directions,
[d] Magnetizations in individual grains have o be retated to align with the Rald H.

[e} When tha field is remeved, the specimen refurns aleng d 1o .

() To demagnetize the specimen, we have o apply o magnetizing field of H; in the reverse direction,

along the field, as indicated by the Oa region in the magnetization versus magnetiz-
ing field (M versus /) behavior in Figure 8.31. As we increase the magnetizing field,
the domain motions extend larger distances, as shown for point b in Figure 8.31, and
walls encounter various obstacles such as crystal imperfections, impunties, second
phases, and so on, which tend to attract the walls and thereby hinder their motions. A
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domain wall that is stuck {or pinned) at an imperfection at a given field cannot move
until the field increases sufficiently to provide the necessary force to snap the wall
free, which then suddenly surpes forward to the next obstacle. As a wall suddenly
snaps free and shoots forward to the next obstacle, essentially two causes lead to heat
generation. Sudden changes in the lattice distortion, due to magnetostriction, cteate
lattice waves that carry off some of the energy. Sudden chanpges in the magnetization
induce eddy currents that dissipate energy via Joule heating (domains have a finite
electrical resistance). These processes involve energy conversion lo heat and are irre-
versible. Sudden jerks in the wall motions lead to small jumps in the magnetization of
the specimen as the magnetizing field is increased; the phenomenon is known as the
Barkhausen effect. If we could examine the magnetization precisely with a highly
sensitive instrument, we would see jurnps in the M versus [ behavior, as shown in the
inset in Figure 8.31.

As we increase the field, maghetization continues to increase by jerky domain wall
motions that enlarge domains with favorably oriented magnetizations and shrink away
those with magnetizations pointing away from the applied field. Eventually domain
wall motions leave each crystal grain with a single domain and magnetization in one of
the easy directions, as indicated by point ¢ in Fipure 8.31. Although some grains would
be oriented to have the easy direction and hence M along the applied field, the magne-
tization in many grains will be pointing at some angle to H as shown for point ¢ in
Figure 8.31. From then until point d, the increase in the applied field forces the magne-
tization in a grain, such as that at point ¢ to rotate toward the direction of H. Eventually
the applied field is sufficiently strong to align M along H, and the specimen reaches sat-
uration magnetization Mg, directed along H or 4x, as at point o in Figure 8.3 1.

If we were to dectease and remove the magnetizing field, the magnetization in
each grain would rotate to align parallel with the nearest easy direction in that prain,
Further, in some grains, additional small domains may develop that reduce the magne-
tization within that grain, as indicated at point e in Figure 8.31, This process, from
point ¢ to point e, leaves the specimen with a permanent magnetization, called the
remanent or residual magnetization and denoted by M.

If we were now to apply a magnetizing field in the reverse direction —x, the mag-
netization of the specimen, atill along +x, would decrease and eventually, at a suffi-
ciently large apphied feld M would be zero and the sample would have been totally
demagnetized. This is shown as point £ in Figure 8.31. The magnetizing field H,. re-
quired to totally demagnetize the sample is called the coercivity or the coercive field.
It represents the resistance of the sample to demagnetization. We should note that at
point fin Figure 831, the sample again has grains with many domains, which means
that during the demagnetization process, from point e to point f, new domains had to
be generated. The demagnetization process invaniably involves the nucleation of vari-
ous domains at various crystdl imperfections to cancel the overall magnetization. The
treatment of the nucleation of domains i1s beyond the scope of this book; we will
nonetheless, accept it as required process for the demagnetization of the crystal grains.

If we continue to increase the applied magnetic field along —x, as illustrated in
Figure 8.32a, the process from point f onward becomes similar to that described for
magnelization from point g to point & in Figure 8.31 along +x except that it is now
directed along —x. At point g, the sample reaches saturation magnetization along the
—x direction. The full M versus H behavior as the magnetizing field is cycled between

¥15
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Figure 8.32

[a] A typical M versus H hysteresis curve,

[b] The comesponding B versus H hysteresis curve, The shaded aren inside the hysteresis loop is the
enargy loss per unit volume per cycle,

+x to —x has a closed loop shape, shown in Figure 8.32a, called the hysteresis loop.
We observe that in both +x and —x directions, the magnetization reaches saturation
M. when H reaches H.., and on removing the applied field, the specimen retains an
amount of permanent magnetization, represented by points ¢ and h and denoted by M.
The necessary applied field of magnitude &, that is needed to demagnetize the speci-
men is the coercivity (or coercive field), which is represented by points f and i. The
initial magnetization curve, Oubed in Figure 8.31, which starts from an unmagnetized
state, is called the initial magnetization curve.

We can, of course, monitor the magnetic field 8 instead of M, as in Figure 8.32h,
where

B=pM+puH

which leads to a hysteresis loop in the B versus H behavior. The very slight increase in
B with H when M is in saturation is due to the permeability of free space (j1.H). The
area enclosed within the 8 versus H hyst.eres-:i.'-; loop, shown as the hatched region in
Figure § 32b, represents the energy dissipated per unit volume per cycle of applied
field varation,

Suppose we do not take a magnetic material to saturation but stll subject the speci-
men to a cyclic applied field alternating between the + x and — x directions. Then the hys-
teresis loop would be different than that when the sample is taken all the way to saturation,
as shown in Figure #.33. The magnetic field in the material does not reach B, (come-
sponding to M,,) but instead reaches some maximum value B, when the magnetizing
field is H,,. There is still a hysteresis effect because the magnetization and demagnetiza-
tion processes are nonreversible and do not retrace each other. The shape of the hysteresis



8.5 MAGNETIC DOMAING: FERROMAGNETIC MATERIALS

e Magnetized
- 2 to saturation

S ' Small eyclic
e applied field Figure 8,33 The B versus M hysteresis loop
T f deperds on the mognitede of the applied field in
-B addition to the material and sample shope and size.

loop depends on the magnitude of the applied field in addition to the material and sample
shape and size. The area enclosed within the loop is still the energy dissipated per unit
volume per cycle of applied field oscillation. The hysteresis loop taken to saturation, as in
Figure 8.32a and b, is called the saturation (major) hysteresis loop. It is apparent from
Figure & 33 that the remanence and coercivity exhibited by the sample depend on the B—H
loop. The quoted values normally cormespond to the saturation hysteresis loop.
Fermmagnetic materials exhibit properties that closely resemble those of ferro-
magnetic materials, One can again identify distinct magnetic domains and domain
wall motions during magnetization and demagnetization that also lead to 8- hyste-
resis curves with the same characteristic parameters, namely, saturation magnetization
(Mg and B at Heo), remanence (M, and B;), coercivity (H.), hysteresis loss, and so on.

8.5.7 DEMAGNETIZATION

The B—H hysteresis curves, as in Figure 8 32b, that are commonly given for magnetic
materials represent 8 versus H behavior observed under repeated cycling. The applied
field intensity & is cycled back and forward between the —r and +x directions. If we
were to try and demagnetize a specimen with a remanent magnetization at point € in
Figure 8.34 by applying a reverse field intensity, then the magnetization would move
along from point e to point f If at point f we were to suddenly switch off the applied
field, we would find that & does not actoally remain zero but recovers along fto point
e’ and atlains some value B8,. The main reason is that small domain wall motions are
reversible and as soon as the field is removed, there is some reversible domain wall
motion “bouncing back™ the magnetization along f~'. We can anticipate this recovery
and remove the field intensity at some point f' so that the sample recovers along f'O
and the magnetization ends up being zero. However, to remove the field intensity at
point ', we need to know not only the exact 5—H behavior but also the exact location
of point ' {or the recovery behavior). The simplest method to demagnetize the sam-
ple is first to cycle H with ample magnitude to reach saturation and then to continue
cycling H but with a gradually decreasing magnitude, as depicted in Figure 8.35. As H
is cycled with a decreasing magnitude, the sample traces out smaller and smaller 5—#
loops until the B=H loops are g0 small that they end up at the origin when & reaches

7
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Figura B8.34 Removal of the demagnetizing Figure 8.35 A magnetized specimen can be

field ot point f does not necessarily result in zers demagnelized by cycling the field intensity with o

magnatization as the sample recovers along ' decreasing magnitede, that is, fracing out smaller
and smaller B-H loops until the origin is reached,
H=0.

zero. The demagnetization process in Figure 8.35 is commonly known as deperming.
Undesirable magnetization of various magnetic devices such as recording heads is ryp-
ically removed by this deperming process (for example, a demagnetizing gun brought
close to a magnetized recording head implements deperming by applying a cycled H
with decreasing magnitude).

EXAMPLE 8.5

Work done
Per unit
volume
dnring
magnerization

ENERGY DISSIPATED PER UNIT VOLUME AND THE HYSTERESIS LOOP  Consider a toroidal coil
with an iron core that is energized from a voltage supply through a rheostat, as shown in Fig-
ure 8,11, Suppose that by adjusting the rheostat we can adjust the current f supplied to the coil
and hence the magnetizing field H in the core material. B and § are simply related by Ampere's
law. However, the magnetic field B in the core is determined by the 8—# characteristics of the
core material. From electromagnetism (see Example 8.2), we know that the battery has to do
work dEyy per unil volume of core material to increase the magnetic field by dB, where

dE. o = H 4B

&0 that the total energy or work involved per unit volume in changing the magnetic fisld from
an initial value Ky to a final value B in the core is
Bz
Epq = H dB [8.22]
L]
where the integration limits are determined by the initial and final magnetic fields,

Equaton 8.22 cowresponds to the area berween the B—H curve and the # axis berween B
and By, Suppose that we take the iron core in the toreid from point P on the hysteresis curve to
@, a5 shown in Figure 836, This is a magnetization process for which energy is put into the
sample. The work done per unit volume from P to (0 is the area PORS, shown as hatched, On
returning the sample to the same initial magnetization (same magnetic field 2 as we had at /),
teking it from @ w0 8, energy is returned from the core into the electric circuil, This energy per
unit volume is the area (RS, shown as gray, and is less than QRS during magnetization, The
difference is the energy dissipated in the sample as heat (moving domain walls and =0 on) and
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Figure 8.36 The area between the
B-H curve and the B axis is the enargy
absorbed per unit volume in
magnetization or released during
damagnetization.

corresponds to the hysteresis loop area POS. Over one full cyele, the energy dissipated per unit
volume is the total hysteresis loop area.

The hystercsis loop and hence the energy dissipated per unil volume per eyele depend not
only on the core material but also on the magnitude of the magnetic field (2,), as apparent in
Figure 8.33. For example, for magnetic steels used in transformer cores, the hysteresis power
loss Py, per unit volume of core is empirically expressed in terms of the maximum magnetic field
B, and the ac frequency fas®

P, = KfR" [8.23]

where X is a constant that depends on the core material (typically, K = 150.7), fis the ac fre-
quency (Hz), By, is the maximum magnetic field (T) in the core (assumed to be in the range
0.1-1.5T), and r = 1.6. According to Equation §.23, the hysteresis logs can be decreased by
operating the transformer with a reduced magnetic field.

Hysteresis

pawer loss

perm’

7y

856 SOFTAND HARD MAGNETIC MATERIALS
B.6.1 DEFINITIONS

Based on their B—H behavior, engineering materials are typically classified into soft and
hard magnetic materials. Their typical B—H hysteresis curves are shown in Figure 8.37.
Soft magnetic materials are easy to magnetize and demagnetize and hence require rel-
atively low magnetic field intensities. Put differently, their B—H loops are narrow, as
shown in Figure 8.37. The hysteresis loop has a small area, so the hysteresis power loss
per cycle i1s small. Soft magnetic materials are typically suitable for applications
where repeated cycles of magnetization and demagnetization are involved, as in elec-
tric motors, transformers, and inductors, where the magnetic field varies cyclically.
These applications also require low hysteresis losses, or small hysteresis loop area.
Electromagnetic relays that have to be turned on and off require the relay iron to be
magnetized and demagnetized and therefore need soft magnetic materials.

Hard magnetic materials, on the other hand, are difficult to magnetize and demag-
netize and hence require relatively large magnetic field intensities, as apparent in Fig-
ure 8.37. Their B—H curves are broad and almost rectangular. They possess relatively
large coercivities, which means that they need large applied fields to be demagnetized.
The coercive field for hard materials can be millions of times greater than those for soft

| 2 This is the power engineers Sheinmetz equoticn far cammersial mognetic steads 1 has been applled nat anly o
sllicen irans [Fa 4 few percent Si) but alsa te a wide range of magnatic materials.
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Figure 8.37 Soft ond hard magnetic
materials

magnetic materials. Their characteristics make hard magnetic materials useful as per-
manent magneis in a variery of applications. It is also clear that the magnetization can
be swiiched from one very persistent direction to another very persistent direction,
from + 8B, to — B,, by a suitably large magnetizing field intensity. As the coercivity is
strong, both the states + 8, and — 8, persist until a suitable (large) magnetic field in-
tensity swiiches the field from one direction to the other. It is apparent that hard mag-
netic materials can also be used in magnetic storage of digital data, where the states
+ B, and — B, can be made to represent 1 and 0 (or vice versa).

8.6.2 ImrtiaL anp Maximum PERMEABILITY

It is useful to characterize the magnetization of a material by a relative permeability
pt, since this simplifies magnetic caleulations. For example, inductance calculafons
become straightforward if one could represent the magnetic material by g, alone. But
it is clear from Figure 8.38a that

_ B
T
is not even approximately constant because it depends on the applied field and the
magnetic history of the sample, Nonetheless, we still find it useful to specify a relative
permeability to compare various materials and even use it in vanous calculations. The
definition 1, = B /{1, H) represents the slope of the straight line from the origin O to
the point P, as shown in Figure &.38a. This 1s a maximum when the line becomes a tan-
gent to the B—H curve at P, as in the figure. Any other line from O to the B-H curve
that is not a tangent does not yield a maximum relative permeability (the mathematical
proof is left to the reader, though the argument is intuitively acceptable from the fig-
ure). The maximum relative permeability, as defined in Figure 8.38a, is denoted by
i r max @0d serves as a useful magnetic parameter. The point F in Figure 8.38a that de-
fines the maximum permeability comresponds to what is called the “knee™ of the B-H
curve. Many transformers are designed to operate with the maximum magnetic field in
the core reaching this knee point. For pure iron, {4, mg is less than 10¥, but for certain
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Figure 8.38 Definitions of (g} maximum permeakslity and (b} inital permeability.

soft magnetic materials such as supermalloys (a nickel-iron alloy), the values of w2, o,
can be as high as 10°.

Initial relative permeability, denoted as g, represents the initial slope of the ini-
tial B versus M curve as the matenal is first mapmetized from an unmagnetized state, as
illustrated in Figure 8.38b. This definition is useful for soft magnetic materials that are
emploved at very low magnetic felds (e g., small signals in electromics and communi-
cations engineering). In practice, weak applied magnetic fields where i, is useful are
typically less than 107* T. In contrast, (i, qu 1 useful when the magnetic field in the ma-
terial is not far removed from saturation, Initial relative permeability of a magnetically
soft material can vary by orders of magnitude. For example, g, for iron is 150, whereas
for supernumetal-200, a commercial alloy of nickel and iron, it is about 2 x 107,

8.7 SOFT MAGNETIC MATERIALS:
EXAMPLES AND USES

Table 8.5 identifies what properties are desirable in soft magnetic materials and also lists
some typical examples with variows applications. An ideql soft magnetic material would
have zero coercivity (H,), a very large saturation magnetization (B..), Zero remanent mag-
netization (B,), zero hysteresis loss, and very large p, g, and g, . A number of example
materials, from pure iron to ferrites, which are ferrimagnetic, are listed in Table 8.5. Purs
iron, although sofi, is normally not used in electric machines (except in a few specific
relay-type applications) because its good conductivity allows large eddy currents to be in-
duced under varying fields. Induced eddy currents in the iron lead to Joule losses (RI%,
which are undesirable. The addition of a few percentages of silicon to iron (silicon—iron),
known typically as silicon—steels, increases the resistivity and bence reduces the eddy cur-
rent losses. Silicon—iron is widely used in power transformers and electric machinery.
The nickle—iron alloys with compositions around 77% Ni—23% Fe constitute an
important class of soft magnetic materials with low coercivity, low hysteresis losses, and
high permeabilities (g, and g, 0 ). High go,; makes these alloys particularly useful in
low magnetic field applications that are typically found in high-frequency work in

mn
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Toble 8.5 Selected soft magnefic materials and some typical values and applications

f\_'!lt.q,:nuliu T By, 8,

Material (T (T} {T) T Bty max W, Typleal Applications

Tdeal soft a Large [ Large Large ] Trunsformer cores, inductors, electre

machines, electromagnet corcs,
felays, magnetie cecoiding heads.

Tron {commercial) <10t 22 0,1 150 1o 250 Lurge eddy current losses. Generully
crade, (245 not prefermad in electric machinery
imparitics) excepl in some spacific applications

{e.g., some elocromagnets and
relays).

Silican iron = [V 24 0.5-1 10° 1= 30-100  Higher resistivity and hence lower eddy
(Fe: 2—4% Si) 4w 1P current losses, Wide range of electric

muchinery (e.g., trunsformers).

Supermalloy R [ R A - S 0° 1o =[5 High permcability, low-loss electric

(799 Ni-15.5% devices, e.g., specialty teansformers,
Fe-53% Mo-0.5% Mn) muenetic smplifiers.

78 Permalloy Sx 0% 08 <01 Hw 1P P =[] Low-loss electric devices, audio
(T6.5% transformers, HEF translommers,
Mi-21.5% Fe) recording heads, filters.

Glassy metals. 2w DD 1a =107 — i M) Laow-loss trans former cones.

Fe-Si—H

Ferrites, Jigd 04 =001 2100 Fx 105 <001 HF low-loss applications. Low

Min—Zn ferme conductivity ensurcs negligible

eddy current loszes, HF transformers,
iductors {e.p., pol cores, E and U
vores), reeording heads.

| MIOTE: Wi is the |'|:,r!-‘.1=r=|.i= lass, energy dis:ipuf&d per unil vedume per cpcle in hysheresis losses, | m-* c:,'c|n' L Iypim":,- atBn=1T,

electronics (e.g., audio and wide-band transformers). They have found many engi-
neering uses in sensitive relays, pulse and wide-band transformers, current transform-
ers, magnetic recording heads, magnetic shielding, and so forth, Alloying iron with
nickel increases the resistivity and hence reduces eddy current losses. The magne-
tocrystalline anisotropy energy is least at these nickel compositions, which leads to
easier domain wall motions and hence smaller hysteresis losses. There are a number of
commercial nickel-iron alloys whose application depends on the exact composition
(which may also have a few percentages of Mo, Cu, or Cr) and the method of prepara-
tion {e.g., mechanical rolling). For example, supermalloy (79% Ni-16% Fe—5% Co)
has p,, = 107, compared with commercial grade iron, which has ., less than 104,
Amorphous magnetic metals, as the name implies, have no crystal stucture (they
only have short-range order) and consequently possess no crystalline imperfections such
as grain boundaries and dislocations. They are prepared by rapid solidification of the melt
by using special technigues such as melt spinning (as described in Chapter 1). Typically
they are thin ribbons by virtue of their preparation method. Since they have no crystal
structure, they also have no magnetocrystalline anisotropy enetgy, which means that all
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directions are easy. The absence of magnetocrystalline anisotropy and usual crystalline
defects which normally impede domain wall motions, leads to low coercivities and hence
to soft magnetic properties. The coercivity, however, is not zero inasmuch as there is still
some magnetic anisotropy due to the directional nature of the strains frozen in the metal
during rapid solidification. By virtue of their disordered structure, these metallic glasses
also have higher resistivities and hence they have smaller eddy current losses. Although
they are ideally suited for various transformer and electric machinery applications, their
limited size and shape, at present, prevent their use in power applications.

Ferrites are ferrimagnetic materials that are typically oxides of mixed transition
metals, one of which is iron, For example, Mo ferrite is MnFex(y and MgZn ferrite is
Mn;_.Zn.Fe;04. They are normally insulators and therefore do not suffer from eddy
current losses. They are ideal as magnetic matenials for high-frequency work where
eddy current losses would prevent the use of any material with a reasonable conductivity.
Although they can have high initial permeabilities and low losses, they do not possess
as large saturation magnetizations as ferromagnets, and further, their useful temperature
range (determined by the Curie temperature) is lower. There are many types of commer-
cial femrites available depending on the application, tolerable losses, and the required
upper frequency of operation. MnZn ferrites, for example, have high initial permeabil-
ities (e.g., 2 » 10%) but are only useful up to about 1 MHz, whereas NiZn ferrites have
lower initial permeability (e.g., 10°) but can be used up to 200 MHz. Generally, the ini-
tial permeability in the high-frequency region decreases with frequency.

Garnets are ferrimagnetic materials that are tvpically used at the highest frequencies
that cover the microwave range (1-300 GHz). The yttrium iron garnet, YIG, which is
¥aFes (s, is one of the simplest garnets with a very low hysteresis loss at microwave fre-
quencies. Garnets have excellent dielectric properties with high resistivities and hence
low losses. The main disadvantages are the low saturation magnetization, which is (118
T for YIG, and low Curie temperature, 280 °C for YIG. The compositions of gamets de-
pend on the properties required for the particular microwave application. For example,
¥ 1GdpgeFes(s 18 a pamet that 15 used in X-band (8-12 GHz) three-porl circulators
handling high microwave powers (e.g., peak power 200 kW and average power 200 W).

13

AN INDUCTOR WITH A FERRITE CORE Consider a toroidal coil with a ferrite core. Suppose REOLTFUEX

thal the coil has 200 twrns and is used in HF work with small signals. The mean diameter of the
toroid is 2.5 cm and the core diameter is 0.5 cm. If the core is a MnZn ferrite, what is the
approximate inductance of the coil?

SOLUTHON
The inductance L of a toroidal coil is given by

[ o B NZA
80
0005 3*
(2 % 107)(d4m = 107" Hm ™" 1(200)%x (T m)

L= =025 H or 25 mH
(m0.025 m)
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Had the core been air, the inductance would have been 1.26 x 10~ H or 12.6 uH. The main
assumplion is that & is uniform in the core, and this will be only so if the diameter of the toroid
(2.5 cm) is much greater than the care diameter (1.5 cm). Here this ratio is 5 and the calculation
is only approximate.

8.8 HARD MAGNETIC MATERIALS:
EXAMPLES AND USES

An ideal hard magnetic matenal, as summarized in Table 8.6, has very large coerciv-
ity and remanent magnetic field. Further, since they are used as permanent magnets,
the energy stored per unit volume in the external magnetic field should be as large as
possible since this is the energy available to do work. This energy density (J m™) in
the external field depends on the maximum value of the product BH in the second
quadrant of the B—H characteristics and is denoted as (BH)pay. It corresponds to the
largest rectangular area that fits the B—H curve in the second quadrant, as shown in
Figure 8.39.

When the size of a ferromagnetic sample falls below a certain critical dimension,
of the order of 0.1 pm for cobalt, the whole sample becomes a single domain, as
depicted in Figure 8.40, because the cost of energy in generating a domain wall is too
high compared with the reduction in external magnetostatic energy. These small
particle-like pieces of magnets are called single domain fine particles. Their magnetic

Teble 8.4 Hard magnetic matarials and typical values

o B. L, -
Magnetic Material (T) (T klm ™) Exomiples and Uses
ldeal hard Large Large Large Fermanent magncts in various
applications,
Alnico (Fe-Al-Ni—-Co—{Cu) 019 0.4 S0 Wide range of permanent magnet
applications.
Alnico (Columnar) LTS 1.35 £l
Stromtiom ferrite 1h3-00.4 (L3642 24-34 Starter motors, de mntors,
{anisaLrapick loudspeakers, elephone
TeCeivers, Yarious tinys.
Rare carth cobalt, e.g.. {L62-1.1 1.1 150-240 S MOMTS, SEEPPCT ML,
SmyCoys (sintered) couplings, cliffches, quality
alidio bewdphunes,
MNdFeB magnels 0.09-1.0 [0-1.2 200275 Wide runge of applicutions, smuall

maobors (&2, in hand tools],
walkman equipment, CT
motors, MEI body scanoers,
computer applications.
Hard particies, {3 0.z Audio and video tapes,
¥ -Feals floppy disks.

—_ . —_— e
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Figura 8.41 A single domain elongated particle.
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properties depend not only on the crystal structure of the particle but also on the
shape of the particle because different shapes give rise to different external magnetic
fields. For a spherical iron particle, the magnetization M will be in an easy direction,
for example, along [ 100] taken along +z. To reverse the magnetization from 4z to —z
by an applied field, we have to rotate the spins around past the hard direction, as shown
in Figure 840, since we cannot generate reverse domains (or move domain walls).
The rotation of magnetization involves substantial work due to the magnetocrystalline
anisotropic energy, and the result is high coercivity. The higher the magnetocrystalline
anisotropy energy, the greater the coercivity. The energy invaolved in creating a domain
wall increases with the magnetocrystalline anisotropy energy. The critical size below
which a particle becomes a single domain therefore increases with the crystalline
anisotropy. Barium ferrite crystals have the hexagonal structure and hence have a high
degree of magnetocrystalline anisotropy. Critical size for single domain barium ferrite
particles is about 1-1.5 pm, and the coercivity w.H, of small particles can be as high
as 0.3 T, compared with values 0.02-0.1 T in multidomain barium fermte pieces,
Particles that are not spherical may even have higher coercivity as a result of shape
anisotropy. Consider an ellipsoid (elongated) fine particle, shown in Figure 8.41a, If
the magnetization M is along the long axis (along z), then the potential energy in the
external magnetic field is less than if M were along the minor axis (along v}, as com-
parsd in Figure 8.41a and b. Thus, we have to do work to rotate M from the long to the
short axis, or from Figure §.41a to b, An elongated fine particle therefore has its mag-
netization along its length, and the effect is called shape amisotropy. If we have to
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reverse the magnetization from +z to —z by applying a reverse field, then we can only
do so by rotating the magnetization, as shown in Figure 8.41a to ¢, M has to be rotated
around through the minor axis, and this involves substantial work, Thus the coercivity
is high. In general, the greater the elongation of the particle with respect to its width,
the higher the coercivity, Small spherical Fe—Cr—Co particles have a coercivity p, H,
at most 0.02 T, but elongated and aligned particles can have a coercivity as high as
0.075 T due to shape anisotropy.

High coercivity magnets can be fabricated by having elongated fine particles dis-
persed by precipitation in a sttucture. Fine particles will be single domains, Alnico is a
popular permanent magnet material that is an allov of the metals Al, Ni, Co, and Fe
{hence the name). Its microstructure consists of fine elongated Fe—Co rich particles,
called the «'-phase, dispersed in a matrix that is Ni—-Al rich and called the «-phase. The
structure 1s obtained by an appropriate heat treatment that allows fine a' particles to
precipitate out from a sohid solution of the alloy. The @' particles are strongly magnetic,
whereas the o-phase matnix is weakly magnetic. When the heat treatment i carmied out
in the presence of a strong applied magnetic field, the &' particles that are formed have
their elongations (or lengths) and hence their magnetizations along the apphed feld.
The demagnetization process requires the rotations of the magnetizations in single do-
main elongated «" particles, which is a difficult process (shape anisotropy), and hence
the coercivity is high. The main drawback of the Alnico magnet 15 that the alloy 15
mechanically hard and brittle and cannot be shaped except by casting or sintering
before heat treatment. There are, however, other alloy permanent magnets that can be
machined.

A variety of permanent magnets are made by compacting high-coercivity particles
by using powder metallurgy {e.g., powder pressing or sintering). The particles are
magnetically hard because they are sufficiently small for each to be of single domain
or they possess substantial shape anisotropy (elongated particles may be ferromagnetic
alloys, e.g., Fe—Co, or various hard ferrites). These are generically called powdered
solid permanent magnets. An important class is the ceramic magnets that are made by
compacting barium ferrite, BaFe 20q, or strontium ferrite, 5rFe|;0q, particles. The
barium ferrite has the hexagonal erystal structure with a large magnetocrystalline
anisotropy, which means that barium ferrite particles have high coercivity. The ce-
ramic magnet is typically formed by wet pressing ferrite powder in the presence of a
magnetizing field, which allows the easy directions of the particles to be aligned,
and then drying and carefully sintering the ceramic. They are used in many low-cost
applications.

Rare earth cobalt permanent magnets based on samarium—cobalt (Sm—Co) alloys
have very high {BH )}y, values and are widely used in many applications such as de
motors, stepper and servo motors, traveling wave tbes, klystrons, and gyroscopes,
The intermetallic compound SmCos has 2 hexagonal crystal structute with high map-
netocrystalline anisotropy and hence high coercivity. The SmCos powder is pressed in
the presence of an applied magnetic field to align the magnetizations of the particles.
This is followed by careful sintering to produce a solid powder magnet. The SmaCoys
magnets are more recent and have particularly high values of (BH )., up to about
240 k) m™*, 8mCoys is actually a generic name and the alloy may contain other tran-
sition metals substituting for some of the Co atoms,
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The more recent neodymium—iron-horon, NdFeB, powdered solid magnets can
have very large (HB),,, values up to about 275 kJ m . The tetragonal crystal struc-
ture has the easy direction along the long axis and possesses high magnetocrystalline
anisotropic energy. This means that we need a substantial amount of work to rotate the
magnetization around through the hard direction, and hence the coercivity is also high.
The main drawback is the lower Curie temperature, typically around 300 °C, whereas
for Alnico and rare earth cobalt magnets, the Curie temperatures are above 700 °C.
Another method of preparing NdFeB magnets is by the recrystallization of amorphous
NdFeB at an elevated temperature in an applied field. The grains in the recrystallized
structure are sufficiently small to be single domain grains and thetefore possess high
coercivity.

(BH} e FOR A PERMAMNENT MAGMNET Consider the permanent magnet in Figure §.42. There
i5 a small air gap of length £, where there is an external magnetic field that is available w do

work. For example, if we were to insert an appropriate coil in the gap and pass a current through

the coil, it would rotate as in 3 moving coil panel meter. Show that the magnetic energy per unit

volumme stored in the gap is prupq_rliunal to the maximum value of B4 . How does (BH )y, vary

with the magnetizing field?

SOLUTION

Let £, be the mean length of the magnet from one end to the other, as shown in Figure 8.42.
We assume that the cross-sectional area A is constant throughout, There are no windings
around the magnet and no current, 7 = 0. Ampere’s law for H involves integrating M along a
closed path or around the mean path length £, + £,. Suppose that B, and H, are the magnetic
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Figure 8.42 A perrmanent magnel with a small air gap. ﬁ;

field intensities in the permanent magnet and in the gap, respectively. Then H d¢ integrated
around £, -+ £, is

?gﬁ.::f= Hyln+ Hf, =0

50 that
£re
H,=-H —
g,
and hence
£
By = ~gbs 7 Hu [8.24]

¥
Eqguation 8.24 15 a relationship between B, in the gap and H,, in the magnet. In addition, we
have the B—H relationship for the magnetic material itself between the magnetic field By, and
intensity & in the magnet, that is,

B = fIH) [8.25]

The magnetic flux in the magnet and in the air gap must be condnuous. Since we assumed
a uniform cross-sectionsl area, the continuity of flux across the air gap implies that 8, = B,.
Thus we need to equate Equation 8.24 to Equation 8,25, Equation 8.24 is a straight line with a
negative slope in a B, versus Hy, plot, 45 shown in Figure 8.43a. Equation 8.25 is, of course, the
B-H characteristics of the material. The two intersect at point P, a5 shown in Figure 3.43a,
where B, = B, = B, and . = A .

We know that there is magnetic energy in the air gap given by

Eyag = (Gap volume ) (Magnetic energy density in the gap)

1 1 v e | Em
3 {AER}(EHRHX) = EI:AER}HHIHM (H)

1
= —(A£)B. H'
2( 1B H,

| :
=g (Magnet volume) B, [B.24]

Thus, the external magnetic energy depends on the magnet volume and the prodect of B
and Ff. of the magnet charcteristics at the operating point F. For a given magnet size, the mag-
netic energy in the gap is proportional to the rectangular area B, H., @8, PH' in Figure 8.43a,
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Figure 8.43

|e1) Point P reprasents the opercling peint of the magnet and determines the mognetic field inside and
cutside the magnet.

|&x) Energy density in the gap is proportional to BH, and for a given geometry and size of gap, this is o
maximum at o particular magnetic held 8, or By,

and we have to maximize this area for the best energy extraction, Figure £.43h shows how the
product B4 vanes with B in a typical magnetic material. B4 is maximum at § BH )., when the
magnetic field is B2 and the field intensity is 7. We can appropriately choose the air-gap size
to operate at these values, in which case we will be only limited by the { BH ). available for that
magnctic material. It is clear that { BH )., is 8 good figure of merit for comparing hard magnetic
materials, According (0 Table 8.6, we can extract four to five times more work from a rare earth
cobalt magnret than from an Alnico magnet of the same size if we were not limited by economics
and weight, It should be mentioned that Equation 8.26 is only approximate as it neglects all
fringe felds,

e

8.9 SUPERCONDUCTIVITY

8.9.1 ZERO RESISTANCE AND THE MEISSNER EFvECT

In 1911 Kamerlingh Onnes at the University of Leiden in Holland observed that
when g sample of mercury is cooled to below 4.2 K, its resistivity totally vanishes
and the material behaves as a superconductor, exhibiting no resistance to current
flow. Other experiments since then have shown that there are many such substances,
not simply metals, that exhibit superconductivity when cooled below a critical
temperature 7. that depends on the material. On the other hand, there are also many
conductors, including some with the highest conductivities such as silver, gold, and
copper, that do not exhibit superconductivity, The resistivity of these normal
conductors at low temperatures is limited by scattering from impurities and crystal
defects and saturates at a finite value determined by the residual resistivity, The two
distinctly different types of behavior are depicted in Figure 8 44, Between 1911 and
1986, many different metals and metal allovs had been studied, and the highest
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recorded critical temperature was about 23 K in a niobium-germanium compound
(MbsyGe) whose superconductivity was discovered in the early 1970s, In 1986 Bednorz
and Miiller, at IBM Research Laboratories in Ziirich, discovered that a copper
oxide-based ceramic-type compound La-Ba—Cu-0O, which normally has high resis-
tivity, becomes superconducting when cooled below 35 K. Following this Nobel
prize-winning discovery, a variety of copper oxide—based compounds (called cuprate
ceramnics) have been synthesized and studied. In 1987 it was found that yttrium bar-
ium copper oxide (Y-Ba—Cu-0O) becomes superconducting at a critical temperature
of 95 K, which is above the boiling point of nitrogen (77 K). This discovery was par-
ticularly significant because liguid nitrogen is an inexpensive cryogent that is readily
liquified and easy to use compared with cryogent liquids that had to be used in the

Suparconduchivity, zesa resistence below o certain critical
lemperature, was discovared by a Dutch physicist, Heike
Kamerlingh Onnes, in 1911, Komeringh Ornes ard cne of his
gradunte students found thai the resistence of frozen mescury
simphy wanishad ar 4.15 K; Komedingh Onnes won the Mobal
prize in 1913

SOURCE: & Rijksmuzeum voor de Geschiedanis der

Metuurwetenschappen, courtesy AIP Enilia Segré Yisual

Archivas,




8.9 SUPERCONDUCTIVITY

John Bordesn, Leon M. Conper, ond John Eobert Schriaffar, in Mokl prize ceremany
1572). They receivad the Mebel prize for the explonetion af superconductivity in ferms
of Cocpar pairs.

| SCURCE: AIP Emilia 5:5-"1': Wisuesl Archives.

“My balist is that tha pairing condensation is what Mother Mature had in mind when sha
creaied these Fl:l:q'.'im:llil'-g high T ::,.l:.izm:..' Robert Schrieffer |1091)

past (liquid helium). At present the highest critical temperature for a superconductor
is around 130 K (—143 °C) for Hp-Ba—Ca—Cu—0O. These superconductors with T,
above ~30 K are now typically referred as high-T. superconductors. The quest for
8 near-room-temperature superconductor goes on, with many scientists around the
world trying different materials, or synthesizing them, to raise T, even higher. There
are already commercial devices utilizing high-T, superconductors, for example,
thin-film SQUIDs’ that can accurately measure very small magnetic fluxes, high-Q
filters, and resonant cavities in microwave communicalions.

The vanishing of resistivity is not the only characteristic of a superconductor. A
superconductor cannot be viewed simply as a substance that has infinite conductivity
Below its critical temperature. A superconductor below its critical temperature expels
all the magnetic field from the bulk of the sample as if it were a perfectly diamagnetic
substance. This phenomenon 15 known as the Meissner effect. Suppose that we place
4 superconducting material in a magnetic field above T,.. The magnetic field hines will
penetrate the sample, as we expect for any low p, medium. However, when the
superconductor is cooled below T, it rejects all the magnetic flux in the sample, as
depicted in Figure 843, The superconductor develops a magnetization M by devel-
oping surface currents, such that M and the applied field cancel everywhere inside

| #2@UID Is o supercanducting guantum inserference device thet can detact very small magnetic Auses.

i
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Figure 8.45 The Meissner effect,

A superconductor cooled below its critical temperature expels oll mognetic field lines from
the bulk by sefting vp a surface current. A perfect conductor |o = oe] shows no Meissnes
effact.

the sample. Put differently .M is in the oppesite direction to the applied field and
equal to it in magnitude. Thus, below T, a superconductor is a perfectly diamagnetic
substance (;n = — 1}, This should be contrasted with the behavior of a perfect conduc-
tor, which only exhibits infinite conductivity, or p = 0, below T If we place a perfect
conductor in a magnetic field and then cool it below T, the magnelic feld is not re-
jected. These two types of behavior are identified in Figure 8.45. If we switch off the
field, the field around the superconductor simply disappears, But switching off the ficld
means there is a decreasing applied field. This change in the field induces currents in the
perfect conductor by virtue of Faraday's law of induction, These currents generate a
magnetic field that opposes the change (Lenz’s law); in other words, they generate a
field along the same direction as the applied field to reenforce the decreasing field. As
the current can be sustained (o = ) without Joule dissipation, it keeps on flowing and
maintaining the magnetic field, The two final situations are shown in Figure .45 and
distinguish the Meissner effect, a distinct characteristic of a superconductor, from the
behavior of a perfect conductor (¢ = 0 only). The photograph showing the levitation of
a magnet above the surface of a superconductor (Figure 8.46) is the direct result of the
Meissner effect: the exclusion of the magnet's magnetic fields from the interior of the
superconductor.

The transition from the normal state to the superconducting state as the temperature
falls below the critical temperature has similarities with phase transifions such as solid
to liquid or liquid to vapor changes. At the critical temperature, there is a sharp change
in the heat capacity as one would observe for any phase change. In the superconducting
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Figure 8.446

Leh: A magnet over o 5uparcc\nducrar bacomes levitated. The supercnnd uctor is o parfecr diumngne‘t which means that there
can be no magnetic field inside the superconducior,

Right: Photogroph of o magnet levitating above a superconductor immersed in liquid nitregen {77 KL This is the Meissner
effect,
| SOURCE: Photo courlasy of Professer Paul C. %W, Chu.

state, we cannot eat a conducton electron in isolation. The electrons behave collec-
tively and thereby impart the superconducting characteristics to the substance, as dis-
cussed later.

8.9.2 TyPE 1 AND TYPE II SUPERCONDUCTORS

The superconductivity below the eritical temperature has been observed to disappear
in the presence of an applied magnetic field exceeding a critical value denoted by B...
This critical field depends on the temperature and is a characteristic of the material.
Figure 8.47 shows the dependence of the critical field on the temperature. The criti-
cal field is maximum, B.(0), when T = 0 K (obtained by extrapolation®). As long as
the applied field is below B, at that temperature, the material is in the superconduct-
ing state, but when the field exceeds B, the material reverts to the normal state. We
know that in the superconducting state, the applied magnetic field lines are expelled
from the sample and the phenomenon is called the Meissner effect. The external
field, in fact, does penetrate the sample from the surface into the bulk, but the mag-
mtude of this penetrating field decreases exponentially from the surface. If the field
at the surface of the sample is B,, then at a distance x from the surface, the field is

8 There is o third low o fermodynomics that is not a: amphasizad as the first bwo laws, which dominate all branches
af enEinEErlng. That is, one can newer rench the ohsalule zerm of lemperahire
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Figure 8.49 Charocterisiics of Type | and Type || superconductors, B = M is the
applied field and M is the overall magnatization of the sample. Field inside the sampla,
Binside = riofH + p2pM, which is zero only for 8 < B [Type ) and 8 = B [Type Nl).

given by an exponential decay,

Bix)= 8, e:r.p(— '::—)

where & 18 a “characteristic length” of penetration, called the penetration depth, and
depends on the temperature and T, {(or the material). At the critical temperature, the
penetration length is infinite and any magnetic field can penetrate the sample and de-
stroy the superconduching state. Near absolute zero of temperature, however, typical
penetration depths are 10-100 nm. Figure 8.4% shows the B, versus T behavior for
three example superconductors, tin, mercury, and lead,

Superconductors are classified into two types, called Type I and Type II, based on
their diamagnetic properties. In Type [ superconductors, as the applied muagnetic
tield B increases, so does the opposing magnetization M until the field reaches the erit-
ical field B., whereupon the superconductivity disappears, At that point, the perfect
diamagnetic behavior, the Meissner effect, is lost, as illustrated in Figure 3.49. A Type
I superconductor below B, is in the Meissner state, where it excludes all the magnetic
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flux from the interior of the sample. Above B, it is in the normal state, where the mag-
netic flux penetrates the sample as it would normally and the conductivity is finite.

In the case of Type II superconductors, the transition does not occur sharply from
the Meissner state to the normal state but goes through an intermediate phase in which
the applied field is able to pierce through certain local regions of the sample. As the
magnetic field increases, initially the sample behaves as a perfect diamagnet exhibit-
ing the Meissner effect and rejecting all the magnetic flux. When the applied field in-
creases beyond a critical field denoted as 8., the lower critical field, the magnetic
flux lines are no longer totally expelled from the sample. The overall magnetization M
in the sample opposes the field, but its magnitade does not cancel the field everywhere.
As the field increases, M zeis smaller and more flux lines pierce through the sample
until at 8, the upper critical field, all field lines penetrate the sample and supercon-
ductivity disappears. This behavior is shown in Figure 8.49. Type 11 superconductors
therefore have two critical Relds B and #_;.

When the applied field is between B, and B,4, the field lines pierce through the sam-
ple through tubalar local regions, as pictured in Figure 8,50. The sample develops local
stnall eylindrical (filamentary) regions of normal state in a matrix of superconducting
state and the magnetic flux lines go though these filaments of local normal state, as
shown in Figure 8.50). The state between B, and B,z is called the mixed state (or vortex
state) because there are two states—normal and superconducting—mixed in the same
sample. The filaments of normal state have finite conductivity and a quantized amount
of flux through them. Each filament is a vortex of flux lines (hence the name varfex
state). It should be apparent that there should be currents circulating around the walls of
vortices, These circulating currents ensore that the magnetic flux through the supercon-
ducting matrix is zero. The sample overall has infinite conductivity due to the supercon-
docting regions. Figure 8,51 shows the dependence of B.| and 8.7 on the temperature and
identifies the regions of Meissner, mixed, and nommal states. All engineering applica-
tions of superconductors invariably use Type II materials because B4 is typically much
greater than B, found in Tyvpe I materials and, furthermore, the critical temperatures of
Type II materials are higher than those of Type I. Many superconductors, including the
recent high-T, superconductors, are of Type II. Table 8.7 summarizes the charactenstics
of selected Type I and Type II superconductors.
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Table 8.7 Exomples of Type | and Type Il superconductors

Type 1l Sn Hg Ta YV Fb Mh
1K) 3.32 415 4.47 5.40 .19 02
B, (T} (L0030 ikl (k.03 .14 (.04 0.194

Y=-Ba-{u=0) Bi-Sr-Ca—Cu=()

Type IT NbSn  NbyGe  Bap Br.CuOs  (VBayCu;On)  (BisSraCazCusOi)  Hg-Ba-Ca-Cu-0
T (K) 18415 232 =35 e L j32 130135
B.. {Tesls) 4.5 % ~ 150 1K)
alt K
2o iAo - 107 110’
a P K

| MOTE: Crifical fialds are dase 40 chsolute zere, chicined by axtrapolkation. Type | for pure, dean elements,

8.9.3 Crrmicar CURRENT DENSITY

Another important characteristic feature of the superconducting state is that when the
current density through the sample exceeds a entical value J., it 1s found that super-
conductivity disappears. This is not surpnsing since the current through the super-
conductor will itself generate a magnetic field and at sufficiently high current densities,
the magnetic field at the surface of the sample will exceed the critical field and extin-
guish superconductivity, This plausible direct relation between B, and J. is only true
for Type I superconductors, whereas in Type Il superconductors, J,. depends in a com-
plicated way on the interaction between the current and the flux vortices, New high-T,.
superconductors have exceedingly high critical fields, as apparent in Table 8.7, that do
not seem to necessarily translate to high critical current densities, The cntical current
density in Type Il superconductors depends not only on the temperature and the
applied magnetic field but also on the preparation and hence the microstructure {e.g.,
polycrystallinity) of the superconductor material. Critical current densities in new
high-T, superconductors vary widely with preparation conditions. For example, in
Y—Ba—Cu-0, J. may be greater than 107 A cm~? in some carefully prepared thin films
and single crystals but around 10°~10° A cm™2 in some of the polycrystalline bulk
material (e.g., sintered bulk samples). In NbiSn, used in superconducting solenoid
magnets, on the other hand, J. is close to 107 A cm*? at near 0 K.

The critical current density is important in engineering because it limits the total cur-
rent that can be passed through a superconducting wire or a device. The limits of
superconductivity are therefore defined by the critical temperature T, critical magnetic
field B, (or B.5), and critical corrent density J,.. These constitute a surface in a three-
dimensional plot, as shown in Figure 8.52, which separates the superconducting state
from the normal state. Any operating point (T, B, J|} inside this surface is in the
superconducting state. When the cuprate ceramic superconductors were first discovered,
their /. values were wo low to allow immediate significant applications in engineering.
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Figure 8.52 The critical surfece for
a nichbivm-tin alley, which is a Type |l
superconduchor,

Their synthesis over the last 10 years has advanced to a level that we can now benefit
from large critical currents and fields. Owver the same temperature range, ceramic
cuprate superconductors now easily outperform the traditional superconductors. There
are already a number of applications of these high-T, superconductors in the commer-
cial market.

e

SUPERCOMDUCTING SOLENQIDS? Superconducting solenoid magnets can produce very
large magnetic fields up to ~15 T or s0, whereas the magnetic fields available from a ferro-
magnetic core solenoid is limited to ~2 T. High field magnets used in magnetic resonance
imaging are based on superconducting solencids wound vsing a supercenducting wire, They
are operated around 4 K with expensive liquid heliuvm as the cryogen. These superconducting
wires are typically Nb;Sn or NbTi alloy filaments embedded in a copper matrix. A very large
current, several hundred amperes, is passed through the solenoid winding to obtain the neces-
sary high magnetic fields. There is, of course, no Joule heating once the current is flowing in
the superconducting state. The main problem is the large forces and hence stresses in the coil
due to large currents. Two wires carmrying currents in the opposite direction repel each other,
and the force is proportional to 2. Thus the magnetic forces between (he wires of the coil give
rise to outward radial forces trying to "blow open™ the solenoid, as depicted in Figure 8.53.
The forces between neighboring wires are attractive and hence give rise to compressional
forces squeczing the solencid axially, The solenoid has to have a proper mechanical support
structure around it (o prevent mechanical fraciure and failure due 1o large forces between the
windings. The copper matrix serves as mechanical support to cushicm against the stresses as
well as a good thermal conductor in the event that superconductivity is inadvertently lost dur-
ing operation.

Suppose that we have a superconducting solenoid that is 10 cm in diameter and 1 m in
length and has 500 turns of Wby Sn wire, whose critical field B. at 4.2 K (liquid He temperature)
is about 20 T and critical current density J-is 3 = 10% A cm~2, What is the current necessary (o
set up a field of 5T a1 the center of a solenoid? What is the approximate energy stored in the

? Dasigning a supercanducling salenoid is by no means trivial, and the anthusiastic student is raferred to a vary
mduﬂhr ga;criprinn given by Jomes D. Doss, Engineer’s Guide o High Temperahre Suparcanduchivity, Mew Yock:
John Wiley & Sany, 1989, ch. 4, Phologrophs and deseriplions of mrm!rapﬁx. failure in high feld solencida can be
found in an arficle by G_ Brosbinger, A. Passner, and |. Bavk, “Building World-fecord Mognats” in Scientific
American, luna 1995, pp. 5‘?—6?

EXAMPLE 8.8
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Figure 8.53 A solencid carrying o current experiences radial forces pushing the coil apart and axial
farces compressing the enil.

Superconducting electromagnels usad an

MKl Operatas with liguid He, providing a
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| SOURCE: Courtasy of K3C Magnat
Businass group.

solenoid? Assume (hat the critical current density decreases linearly with the applied field, Fur-
ther, assume also that the field across the diameter of the solenoid iz approximately uniform
ifield at the windings is the same as that at the center).

SOLUTION

We can assume that we have a long solenoid, that s, length (100 cm) 3 diameter (10 cm), The
field at the center of a long solenoid is given by
_ HeN

a
£

so the current necessary for # =3 Tis

L (5)(1)

- = : =7558 A  or  T.96 kA
oN  (dm x 10-7)(500)

Asthe coil is 1 m and there are 500 trns, the coil wire radios must be 1 mm. If all the cross
section of the wire were of superconducting medium, then the cormresponding current density
would be

g L I TI5K
T et T (000132
The actual current density through the superconductors will be greater than this as the

wires are embedded in a metal matrix. Suppose that 20 percent by cross-sectional area (amd
hence as volume percentage) is the superconducior; then the actual current density through the

=25%10° Am™ ar 2.5 % 10° Aem?
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superconductor is

Foi
Finper = F”;— =125 % 10° A em™?

We now need the critical current density 7 at a field of 5 T. Assuming Jf. decreases linearly
with the applied field and vanishes when 8 = 8., we can find /;, from linear interpolation

T O R By Lt e B

o=
e =Je R, 0T

=225 % 10°% A cm™?

The actual current density Jouper through the superconductors is less than this critical value
J’. We can assume that the superconducting solencid will operate “safely” (with all other de-
signs correctly implemented). It should be emphasized that accurate and reliable calculations
will involve the nctual J.—8.—T. surface, as in Figure 8.52 for the given materiol,

Since the field in the solenoid is 8 = 5 T, assuming that this is uniform along the axis and
the core is air, the energy density or energy per unit volume is

B* 5

s F sy g iy e
T, 24w % 10-7) i L

Eml =

so the total cnergy
E = E,y [volume | = (995 x 10° Jm ™)1 m)(w 0.05° m%)]
=781 % 10%] or 781k

If all thisx energy can be converted to electrical work, it would light a 100 W lamp for
13 min (and if converted to mechanical work, it could lift an 8 ton truck by 1 m).
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8.10 SUPERCONDUCTIVITY ORIGIN

Although superconductivity was discovered in 1911, the understanding of its ongin
did not emerge until 1957 when Bardeen, Cooper, and Schrieffer formulated the theory
(called the BCS theory) in terms of quantum mechanics. The quantum mechanical
treatment is certainly beyond the scope of this book, but one can nonetheless grasp an
intuitive understanding, as follows. The cardinal idea is that, at sufficiently low tem-
peratures, two oppositely spinning and oppositely traveling electrons can attract each
other indirectly through the deformation of the crystal lattice of positive metal ions.
The idea is illustrated pictorially in Figure 8.54. The electron 1 distorts the lattice

i 9 2 Figure B.54 A pictorial and intuitive
view of an indirect oHraction batween
e uppmile}y Irqu‘a|ing e|ec1rans wig
[attice distortion and vibration.

Lattice vibration
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around it and changes its vibrations as it passes through this region. Random thermal
vibrations of the lattice at low temperatures are not strong enough to randomize this in-
duced lattice distortion and vibration, The vibrations of this distorted region now look
differently to another electron, 2, passing by. This second electron feels a “net™ attrac-
tive force due to the slight displacements of positive metal ions from their equilibrium
positions, The two electrons interact indirectly through the deformations and vibra-
tions of the lattice of positive ions. This indirect interaction at sufficiently low temper-
atures is able w overcome the mutual Coulombic repulsion between the electrons and
hence bind the two electrons to each other, The two electrons are called & Cooper pair,
The intuitive diagram in Figure 8,54, of course, does not even convey the intuition why
the spins of the electrons should be opposite. The requirement of opposite spins comes
from the formal quantum mechanical theory, The net spin of the Cooper pair is zero
and their net linear momentum is also zero, There is a further significance 1o the pair-
ing of electron spins in the Cooper pair. As a quasi-particle, or an entity, the Cooper
pair has no net spin and hence the Cooper pairs do not obey the Fermi-Dirac statistics. '
They can therefore all “condense” to the lowest energy stale and possess one single
wavefunction that can describe the whole collection of Cooper pairs. All the paired
electrons are described collectively by a single coherent wavefunction ¥, which ex-
tends over the whole sample. A crystal imperfection cannol simply scatter a single
Cooper pair because all the pairs behave as a single entity—Ilike a “huge molecule.”
Scattering one pair involves scattering all, which is simply not possible. An analogy
may help. One can scatter an individual football player running on his own. But if al]
the team members got together and moved forward arm in arm as a rigid line, then the
scatlering of any one now is impossible, as the rest will hold bim in the line and con-
tinue to move forward (don't forget, iC's only an analogy!). Superconductivity is said
to be a macroscopic manifestation of guantum mechanics, The BCS theory has had
good success with traditional superconductors, but there seems to be some doubt about
its applicability to the new high-T,. superconductors. There are a number of high-T,
superconductivity theories at present, and the interested student can easily find addi-
tional reading on the subject,

ADDITIONAL TOPICS
8.11 ENERGY BAND DIAGRAMS AND MAGNETISM
B.11.1 PauLi Srin PARAMAGNETISM

Consider a paramagnetic metal such as sodivm. The paramagnetism arises from the
alignment of the spins of conduction electrons with the applied magnetic field. A con-
duction electron in a metal has an extended wave function and does not orbit any par-
ticular metal ion. The conduction electron’s magnetic moment arises from the electron
spin alone, and p, is in the opposite direction to the spin; p,, can be either up

I " |n Fact, the Cooper paoir without o nat spin behoves as if is were a basan particle.
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Figure B.55 Pouli spin poramagnetism in metols due fo conduction electrans.

(m, = —;} or down (m, = +%}. In the absence of a magnetic field, the energies of
magnetic moment up and down states (or wavefunctions) are the same and there are as
many electrons with magnetic moment up as there are with magnetic moment down.
Figure 8.55a shows the density of states {(number of states per unit energy per unit vol-
ume) for states with magnetic moment up (1), denoted as g;(£), and for states with
magnetic moment down (] ), denoted as g, { E). Both states have the same energy and
both are equally occupied. All energy levels up to the Fermi energy E¢ are occupied as
shown in Figure 8.55a. Effectively we are viewing the energy band of the metal as two
subbands corresponding to magnetic moment up and down bands. The bands overlap
in the absence of a field and are indistinguishable.

Consider what happens in the presence of an applied field B, along the ¢ direction.
If a conduction electron’s magnelic moment . is afong the field (aligned with the
field), then it has a lower potential energy. Thus, those electron wavefunctions with a
magnetic oment up have lower energy, whereas those wavefunctions with a mag-
netic moment down have higher energy. In the presence of a field B, therefore, all
states with magnetic moment up, and hence g4(E), are lowered in energy by fB,
where 8 is the Bohr magneton. All states with magnetic moment down, and hence
@, (E}, are raised by £B,. Both shifts are shown in Figure 8,55b. Those electrons with
magnetic moment down near Er in the g, (E) band can now find lower energy states
in the g4 (£) band and hence flip their spins and transfer to the g;(E) band. There are
now more electrons in states with magnetic moment up in the gy (E) band than in the
g, (E) band. When averaged over all conduction electrons there is now a net magnetic
moment per conduction electron along the z direction or the apphed field.

To find the net magnetic moment per conduction electron we have to find how
many electrons transfer from the g, ( £} band to the g- (E} band. The energy separation
A E between the magnetic moment down and up states is 288, All electrons, #, per umit
volume, in the g, {E) band around E » within an energy range %ﬁ E transfer (o the g;(E)
band. A E is small, so n, is approximately g, (Ep}(1 AE) or 1 gIEF)(1 AE) because
@ Er) includes states with spin up and down, that is, % NEr) = g {Er). The magnetic

711
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moment down band decreases by n, and the magnetic moment vp band increases by n,
and the net magnetic moment per unit volume is
M = 2n.u, = 2[L g(Ep) (3 AE)] B
= 2[5 g(Er) (128B,)] B = B’QUEF)B,
Using 8, = 1, A and the definiton x,, = M/, the paramagnetic suscepiibility is
Xparn % 0B GEF)
We sge that the density of states at the Fermi level determines the susceptibility.

EXAMPLE 8.9

PAUU SPIM PARAMAGMETISM OF SODIUM  The Fermi enerpy of sedium, Ep, is 3.15 eV.
Using the density of states g £} expression for the free conduction electrons in a metal, cvalu-
ate the paramagnetic susceptibility of sodium and compare with the experimental value of
9.1 % 10-%,

SOLUTION
The density of states g{ £} in the free electron model 15

E) = i f e Az 3
QE) = (Bx27") W E

We have to evaluate g £) at the Fermi energy £ = Ep = 3.15 eV,

9.1 x 102
(6,626 x 10-3)2

12
NE:) = (8x 2" ( ) (315 1L6x 107 =754 x 10% T ' m~?

Puramagnetic susceptibility is

Frar = pof EF) = (dm % 107){9.27 x 107 (7.54 x 10%) = 8.16 x 107°

We need to subtract the diamagnetic from the calculated puramagnetic suscepiibility lo ob-
tain the net susceptibility, which would decrease the calculated value slightly, Nonetheless,
given the approximate nature of the theory, the calculated value is not far out from the measured
value,

8.11.2 EneErcY Banp MobDEL 0OF FERROMAGNETISM

The energy band model of paramagnetism can be extended to explain ferromagnet-
1sm. Once we start using the energy band model, we are essentially assigning all the
valence (outer shell) electrons of the atoms to a collective sharing among afl the
atoms; they no longer belong to their individual parents. These valence electrons
now belong to the whole crystal. (The model is also known as the itinerant electron
model)

Recall that in a ferromagnetic crystal there is an internal magnetization, even in
the absence of an applied field, due to a net number of unpaired spins; that is, overall,
the crystal has more electrons with spins up than with spins down, The reason is the
exchange energy, which cavses the spin magnetic moments of two electrons to line up
parallel to each other so that their energy is lowered in much the same way as Hund's
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(b} The sband is not alected. The arrows in

(al b the bands are spin mogretic moments.

rule works within an atom. In magnetic metals such as Fe, Mi, and Co, there are two
bands of interest, the s-band and the 4-band. The two bands overlap but the s-band is
much wider. We can represent the density of states for magnetic moment up and mag-
netic moment down states separately. Consider the J-band. The density of states
g.(E) for magnetic moment up states is lowered by AE with respect to the density of
states g, (E) for magnetic moment down states due to the exchange energy as shown
in Figure 8.56a. The energy lowering AE for the s-band can be neglected as in Fig-
ure 8.36b. All the states up to the Fermi energy are occupied. For Fe, the -band
magnetic moment up states are filled almost to the top of the band (this band is 96
percent full), and magnetic moment down states are filled roughly halfway. Thus,
there are many more electrons with moments up than moments down: put differently
there are many electrons that have aligned their spins. The spin magnetic moment
alignment of electrons is exactly what is needed to generate a net magnetization. (In
some books, the spin magnetic moment down band is sketched lower than the spin
magnetic moment up band in contrast to Figure 8.36a. Both sketches are correct
since both would also result in a net number of electrons having their spins in paral-
lel, and hence a net magnetization within the erystal. Another way to look at it is to
realize that there are two bands: one band for the “majority of spins,” and another
band for the “minority spins.”)

The s-band is filled up to Ex, and there are almost equal numbers of electrons
with up and down moments in this band. The ferromagnetic effect arises from the be-
havior of electrons mainly in the o -band. Electrical conduction, on the other hand, is
determined by electrons in the s-band. The reason is that the s-band is very wide
compared with the d-band, and the electron effective mass in the s-band is very
small. Thus, electrons have a much higher mobility in the s-band than in the d-band.
When an s-electron is scattered (by phonons, impurities, defects, ete.) into the d -band,
it does nol make any significant contribution to conduction because the drift mobil-
ity is very small in this band, The spin of the electron cannot be lipped easily in
a scatlering process. An s-electron with ils moment down can be easily scattered
into the empty states in the corresponding moment-down d-band {there are many
emply states at Ef), but the moment-up electron has no states in the moment-up
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d-band into which it can be scattered. Conduction occurs by moment-up electrons;
these are the favored electrons for conduction,

The band model is particularly useful in explaining the nonminteger number of
Bohr magnetons that give rise o the ferromagnetism. The isolated Fe atom has six
3d and two 45 electrons or B valence electrons. These electrons in the crystal become
shared by all the atoms. If N is the nomber of atoms per unit volume, then one unit
volume of crystal has 8N valence electrons, 88 electrons enter the £ and 4 bands,
filling states starting from the lowest energy.'! The exact distribution of electrons
depends on how many states are available al each energy as electrons fill the bands.
We simply summanize the results of the filling process that 15 shown in Figure 8.56
tor Fe:

(L3N electrons in the moment-up s-band (N states available)
0.34 electrons in the moment-down #-band (& states available)
4.8 electrons in the moment-up «-band (5N states available)
2.6/ electrons in the moment-down J-band (5 states available)

To find how many electrons have parallel spin magnetic moments, we simply sum
the above, which is 2.2¥ moment-up electrons per unit volume or 2.2 Bohr magne-
tons per unit volume, or 2.2 Bohr magnetons per atom. The saturation magnetization
M is then (2.2N)8 or 2.2 T. There is therefore a natural explanation for a noninteger
number of spins per atom in the band model of ferromagnetism.

8.12 ANISOTROPIC AND GIANT
MAGNETORESISTANCE

In general, magnetoresistance refers to the change in the resistance of a material
(any material) when it is placed in & magnetic field. When a nonmagnetic metal
such as copper is placed in a magnetic field, the change in its resistivity, and hence
the sample resistance, is so small that it has no real practical use. When a magnetic
metal, such as iron, is placed in a magnetic field, the change in the resistivity
depends on the direction of the current flow with respect to the magnetic field. The
resistivity g for current flow parallel to the magnetic field decreases, and the re-
sistivity g, perpendicular to the field, increases by roughly the same amount. The
change in the resistivity due to the applied magnetic held is anisotropic (depends
on the direction) and is called anisotropic magnetoresistance (AMR). The change
in resistivity is limited to a few percent, but, nonetheless, is still useful, The physi-
cal origin of this phenomenon is based on the applied field being able to tilt the
orbital angular momenta of the 3d electrons as shown in Figure 8.57a. The field
totates the 34 orbitals, which changes the scattering of the conduction electrons
according to their direction of travel; hence 5, and p, are different, as shown in
Figure 8.57b.

P ' BMis used o emphasize that oll these valance elactrons belong to the crvstal, ., BN & 7 = 108 om=3,
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{a) The origin of anisotropic mognetoresistanca [AMR). The electrons fraveling alang the
field experience mare scattering than those troveling perpendicular to the feld,

(b} Resistivity depends an the current fiow direction with respect to the applied magnefic
field,

On the other hand, a very large magnetoresistance, called giant magnetoresis-
tance (GMR), has been observed in certain special multilayer structures, which ¢x-
hibit substantial changes in the resistance (¢.g., more than 10 pereent) when a magnetic
field is applied.'* Even though GMR is a relatively new discovery (1988), it is already
widely used in the read heads of hard disk drives. There are also various magnetic field
sensors based on the GMR.

The special multlayer structure in its simplest form has two ferromagnetic lay-
ers (such as Fe or Co or their alloys, etc.) separated by a nonmagnetic transition metal
layer (such as Cu), called the spacer, as shown in Figure 8.584. The magnetic layers
are thin {less than 10 nm), and the nonmagnetic layer is even thinner. The magnetiza-
tions of the two ferromagnetic layers are not random; they depend on the thickness of
the spacer because the two layers are “coupled” indirectly through this thin spacer.’® In
the absence of an external ficld, two magnetic layers are coupled in such a way that
their magnetizations are antiparalle! or in opposite directions; this arrangement is also
called an antiferromagnetically coupled configuration, We will use the notation FNA
to represent the antiparallel configuration, where N stands for the nonmagnetic metal.

We can apply an external magnetic field to one of the layers and rotate its magne-
lization so that the two magnetizations are now in parallel as in Figure 8.58c. This par-
allel configuration is frequently called ferromagnerically coupled layers and is denoted
as FNE The two structures have a giant difference in their resistances, hence the term
giant magnetoresistance, The resistance of the antiparallel FNA in Figure 8.38b struc-
ture is much higher than that of the paralle] structure FNF in Figure 8.58c.

1% G was discovered in the late | 9805 by Patar Grinbarg [ulich, Garmany|, ond Albart Fart [Universiey of Paris-
Sudl] and their cowarkers, Mognetoresisianoe itself, howaever, hos been wall known, ond doses back to Lord Kalvin's
expearimants In 1237,

™ The physics of the covpling process batween the bvo mogretic loyers is an indirect sxchonge intaraction, the
delails af which are nat needed o understand the basics af the GME pheramenon

F45
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Figure 8.58 A highly simplified view of the principle of the giant magnetoresistance affect.
[a] The basic trilayer structure.

[b] Antiparallel magnetic layers with high resistiance Rap.

[¢] An external field aligns layers; parallel alignment has a lower resistance fp.

The current flow through this multilayer structure (whether along or perpendicu-
lar to the layers) will involve electrons crossing from one layer to another, passing
through the interfaces. Recall that it is the electrons around the Fermi energy that are
involved in the conduction and that their mean speed is orders of magnitude larger than
the drift velocity. The electron trajectories are therefore not parallel to the current flow
{and should not be confused with corrent flow lines).

Consider the antiparallel FNA structure. The magnetic moment up electron in the
first magnetic layer is the favored conduction electron; that is, it suffers very little scat-
tering. However, when this moment-up electron artives at the A layer in which the
magnetization is reversed, it finds itself with the wrong spin or wrong moment, It is
now an unfavered electron and is subject to scattering. Thus, the moment-up electron
suffers scattering not only in the bulk of A but, more significantly, as il crosses the N-
layer into the A-layer, that is, at the interface as in Figure 8,58b. The antiparalle] FNA
structure therefore has a high resistance, denoted as R ap. In contrast, when the magne-
tizations are parallel, the moment-up electron is the favored electron in both the layers
and experiences very little scattering. The resistance R e of this parallel (FNF) struc-
ture is smaller than Rap (Rp = Rap). The difference in the resistances Rp and Bap in
this simple trilayer is roughly 10} percent or less. But, in multilayered structures, which
have a series of alternating magnetic and nonmagnetic layers (e.g., 30 or more mag-
netic and nonmagnetic alternating layers as in FNANFANFA . . ), the change in the
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Table 8.8 GMR affect in friloyers and multilayers

MARRe Temperature
Sample Structire and layer thicknesses (%) (Kb
Cole/CArCulole Trilaver 4-7 kLY
Nile/CulfCo Trilayer. 14¥2.5/2.2 nm 4.6 304}
(spin valve)
gy Pe ol CwfiCngp P g Trilayer, 42,5108 am (spin valve) 7 300
oW [ 100 Bayers of CodCu, | nm 7 1 om B0 300
[CoviCalgn 60 layers CofCu, 0.8 nen £ 083 am 113 4.2

| SCHJRCE: Dota harn P Grinksesry, Sensovs and Achuciors, &1, 153, 2001,

resistance can be impressively larpe, exceeding 100 percent at low temperature and
6080 percent at room temperature.
The GMR effect is often measured by quoting the change in the resistance with re-

spect to K g,
( Mi') Rap— Rp
Ry /oum Ry

Further, the magnetoresistance effect can be measured either by passing a current that
flows in the plane of the layers or perpendicular to the plane, Most experiments use the
first one, in what is known as current in plane (CIP) measurements; but the biggest
change, however, 18 observed for currents perpendicular to the plane of the layers,
Table 8.8 summarizes typically reporied A R/Rp values for the GMR effect in simple
trilavers and multilayers.

The structures with antiparallel and parallel magnetic alignments are obviously
two extreme cases. I the angle between the magnetization vectors My and M; of the two
magnetic layers is £, then the resistance of the structure depends on & , with the minimum
lor & = 0 (FNF) and the maximurn for & = 180° (FNA) as shown in Figure 8.59. The
[ractional change in the resistance depends on 8 as

AR _\psey Yoo
Rp  \Rp/l,. 2

As expected, the change is maximum when & = 1807,

One of the best applications of GMR is in a spin valve, in which the current flow
is controlled by an external applied magnetic field. Stated differently, the resistance of
the valve is controlied by an applied field. Figure 8.60a shows one possible simple spin
valve structure. The magnetization of the Co magnetic layer is fixed, that is, pinned, by
having this laver next to an antiferromagnetic layver, called the pinning laver. The
exchange interaction between the ferromagnetic Co layer and the antiferromagnetic
CoMn layer effectively pins the direction of the Co layer; it takes an enormous field to
change the magnetization of the Co layer. A Cu spacer layer separates the Co and the
next magnetic FeNi layer. The FeNi layer is called the free layer because its magneti-
zation can be changed by an external magnetic field. Normally, in the absence of a
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Figure 8.59 Resistance of the mullilayer struchure depends on the relative orienlations of magnetization
in the heo magnetic laoyers,
Pinning layer (hMnFe)
Taxed M
AR/R
L
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Cu o pemy mnali
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Figure 8.80 Principle of the spin valve,

[a} Mo applied feld.

(b} Applied field hos fully ariented the freelayer magnetization.

[c} Resistance change versus applied magnetic field {schematic) for o FeMi/Cu/FeMi spin valve.

field, the magnetization of the FeNi layer is antiparallel to the Co layer, and the struc-
ture has a high resistance K ap. An applied external field B, = g, H can rotate the FeNi
layer's magnetization and can easily align FeNi's magnetization fully in parallel with
that of Co so that the resistance becomes minimum, i.e., Bz as in Figure 8.60b, It is
clear that the external field can be used to control the flow of current through this struc-
ture. {The name spin valve reflects the fact that the valve operation relies on the spin
of the electrons.) The free layer should be relatively soft to be able to respond to the
applied field, whereas the pinned laver should have sufficient coercivity not to lose its
magnetization. Figure 8.60c shows a typical magnetoresistance versus applied field
characteristics for one particular type of spin valve. The spin valve exhibits hysteresis;
that is, the signal AR versus H depends on the direction of magnetization as shown in
the figure,
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8.13 MAGNETIC RECORDING MATERIALS

General Principles of Magnetic Recording Qutside electric machinery (mainly
rotating machines and transformers), magnetic materials are most widely vsed in mag-
netic recording media to store information in either analog or digital form. The deep
disappointment of accidently losing valuable stored information on the hard drive of
one's computer is well known to most computer users, Magnetic materials in magnetic
recording fall into two categonies: those used in magnetic heads to record (write), play
{(read), and erase information, and those vsed in magnetic media in which the informa-
tion is stored either permanently or until the next write requirement. The magnetic
storage media can be flexible, as in audie and video cassettes and floppy disks, orit can
be rigid, as in the hard disk of a computer hard drive. Even though magnetic recording
appears in seemingly diverse applications (e.g., audio tape recorders vis-3-vis com-
puter hard drives), the basic principles are nonetheless quite similar,

As a very simple example, we will consider magnetic recording of a signal on an
audio Lape, as shown schematically in Figure 8.61. The tape is simply a polymer back-
ing tape that has a thin coating of magnetic material on iL, as described later. The in-
formation is converted into a current signal #(f) that modalates the current around a
toroid-type electromagnet with a very small air pap (around 1 pm). This gapped core
electromagnet is the inductive recording head. The current modulates the magnetic
field intensity in the core of the head and hence the field in the gap and around it. The
recording of information is achieved by the fringing magnetic field around the gap re-
gion magnetizing the audio type passing under the head at a constant speed (the tape is
usually in contact with the head). As the fringing field changes according to the current
signal, so does the magnetization of the audio tape. This means that the electrical sig-
nal is stored as a spatial magnetic pattern in the tape, The fringing Hields of the recording
head modulate the magnetization in the tape in the direction of motion, put differently,
along the length of the tape. This type of magnetic information storage is called longi-
tudinal recording,

'|I H
Input signal i) ).-
Qutput signal § W) »

o Ao

J A& 1 Magnetic medium (e g, tape)
Hh £ e }l[ Velocity, u

| ' 1]
Fringe field TS =
Record {write) Storage Read (play)

Figure 8.61 The principle of longitedingl magnetic recording on o Aexible medium, for examphe,

magnatic tape in an audio cassette.
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The audio tape moves forward and passes under a second head, called the play (or
read} head, that converts the spatial variations in the magnetization in the tape into a
voltage signal that is amplified and appropriately conditioned for playback, as depicted
in Figure 8.61. Of course, the same recording head can also serve as the play head, as
is customarily the practice in various general audio recording equipment. The reading
process is based on Faraday's law of induction. As the magnetized region in the tape
passes under the play head, a portion of the magnetic field from this tape region pene-
trates into the core and flows around the whole core and hence links the coil. We should
recall that magnetic fields prefer to flow in high permeability regions to which they are
strongly attracted. The field thus loops around through the core of the head. It does so
because the magnetic permeability of the core is very high. As the tape moves past the
play head, the field linking the coil changes as different magnetized regions in the tape
pass through, The changes in the magnetic flux hinking the coil generate a voltage v{y)
that is proportional to the strength of the field and hence the magnetization in the tape
under the head; the speed of the tape remains the same. Thus the spatial magnetic pat-
tern (information) in the tape is converted into an output voltage signal as the tape is
run through under the play head at a constant tate, It should be apparent that the spatial
magnetic pattern in the tape is proportional to the current signal #(#), whereas the out-
put signal at the play head is the induced voltage v(f).

Suppose that the input signal has a frequency f. or period 1/, and the speed of the
tape is 1. Then the magnetic pattern repeats at every 1/ seconds. During this time the
tape advances by a distance Ax = u/f. This Ax represents a spatial wavelength A that
characterizes the repetition of the spatial magnetic pattern that represents the informa-
tion. The smaller the A, the greater the fand hence the greater the information that can
be stored. Typical video tapes have A in the submicron range (e.g., 0.75 um) to be able
to store the high density of information in a video signal into a spatial magnetic pat-
tern. The actual recording process in a video cassette recorder is more complicated and
involves moving the heads helically across the film, which increases the relative tape
speed and hence the induced voltage.

The recording of digital information is straightforward because the information in
the form of ones and zeros involves only changes, or no changes, in the direction of
magnetization along the tape. In the recording of analog signals, the audio signal is
combined with an ac bias signal. However, the analog signal can also be stored as a
digital signal by converting it, by an appropriate encoding procedure, to a digital
signal.

Hard Disk Storage The basic principle of magnetic recording vsed in hard disk
drives of computers is somewhat similar to the basic schematic illustration for record-
ing on a tape in Figure B.61, but with a few notable differences that allow high mag-
netic data storage capacity and a compact size. The basic principle of the magnetic
hard disk drive storage is shown in Figure 8.62. The information storage medium is a
thin film of magnetic material (described later) coated, for example, by sputtering, on
a disk substrate, which rotates inside the hard drive. The information is recorded as
magnetization patterns on this thin-film magnetic medium by an inductive write head,
similar in principle to the recording head in Figure 8.61. Both the write and the read
heads are in 4 single compact assembly that moves radially across the rotating disk to
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Figure 8.2 The principle of the hard disk drive magnetic recording.

The write inductive head and the GMR read sensor hove been integraled inte a single tiny read,/write head.

Abova: Gient mognetorasistance [GMR] hard disk
heads cn o U.5. quorter, Lefi; A smoll hard disk
drive nest la o guarter cain—a mlcradeive.

| SOURCE: Courtasy of IBM,

write or read the information into tracks, called magnetic bit tracks, on the magnetic
medium. The total area storage density depends on the information density in the track
and the track density on the disk. The read head is not an inductive head {as in Figure
B.61} but a tiny giant magnetoresistance (GMR) sensor whose resistance depends on
an external magnetic field, as explained in Section 8.12. In this case, the field that in-
fluences the GMR sensor comes from that of the magnetized region of the disk that is
under the GMR sensor. The principle of the GMR is shown in Figure 8.60. The GMR
sensor 1% a multilayered thin-film device whose resistance changes by roughly 10 per-
cent or 50 in response to an applied field. This change in the resistance generates the
read signal. Normally a constant current is passed through the GMR sensor, and the
read signal 18 the voltage variation across the sensor; this voltage is due to the resis-
tance variation induced by the field {rom the magnetization pattern under the sensor.

There are two important reasons for using a GMR sensor instead of a conventional
inductive read head. First is that the GMR sensor is so much smaller than the inductive
head that it can probe a much smaller region of the magnetic medium; we can there-
fore squeeze more information into a given area on the magnetic storage medium. A

Inductive thin-film
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Ferrite
Glass gap
spacer
Figure 8.63 A simplified schematic illusirafion of @ MIG [metalin-
gap) head. .
The ferrite core has the pc||=_ls coated with a fermrnqgneﬁc soft metal \*'J,
1o enhance the head performance. Sendust layers

typical GMR sensor has a width that is something like 50 nm {~1000 tmes thinner than
the human hair). Second, Tor the same size, GMR is much more sensitive than the in-
ductive bead. Thus, all hard drive read heads are tiny GME sensors as indicated in Fig-
ure 8,62 The inductive write head is normally a thin-film head, which has a very
small width, Consequently, the information can be written into a very small area on the
magnetic storage mediom, Usuvally the thin-film write head and the GME sensor are
integrated into the same structure for convenient write and read operations. The afore-
mentioned basic principles still govern the operation of current magnetic hard drive
storage devices.'*

Recording Head Materials The material for the recording head must be magneti-
cally soft so that its magnetization easily follows the input signal (current / or magnetic
field intensity ). At the same time, it must provide a strong fringing magnetic field
at the gap to magnetize the audio tape, that is, overcome the coercivity of the tape. This
requires high saturation magnetization. Thus, the recording head needs small coer-
civity and large saturation magnetization, which requires soft magnetic materials with
as large relative permeabilities as possible.

Typical materials that are used in recording heads are permalloys (Ni=Fe alloys),
Sendust (Fe—Al-Si alloy), some sintered soft ferrites (e.g., MnZn and NiZn ferrites),
and, more recently, various magnetic amorphous metals such as CoZrNb alloys. Typi-
cally, metal-based heads (from permalloy, Sendust, or related materials) are made of
laminated metal sheets (with thin insulation between them) to suppress eddy corrent
losses at high frequencies. For high-frequency recording, generally ferrite beads are
preferred since ferrites are insulators and suffer no eddy current losses. Ferrites how-
ever have low saturation magnetizations and require magnetic storage media of low
coercivity. The main problem in ferrite recording heads is that the comers of the poles
at the air gap become saturated [irst, Once saturated, the field around the zap is not
proportional to the input current signal, and this degrades the quality of recording. This
is overcome by coating the pole faces with a high magnetization metal alloy such as
Sendust, or, more recently, a magnetic amorphous metal (e.g., CoZrND), as depicted
in Figure §.63. Since the magnetic metal alloy is only at the tips of the head, the eddy
current losses are still small. This type of head where the poles of the ferrite core have
a metal coating is called a metal-in-gap (M1G) head and is widely used in various

| " Ona highly recommendad book on mognafic recording is B. L. Comstock, nfraduction fo Mognatism and
| Mu rahis E'u{:ordrng, tlawe York: Wl|a 1609 Sgp nlsnﬂ i Cam:.iu:l fu‘.n:durn Mmgﬂahr Mq}gmls in Dan
Erarnga J. Mater. Sci: Moler. En'er:rnn 12, 3049, 2002,
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recording applications. The gap distance itself also influences the extent of the fring-
ing field around it and henee the field penetrating into the magnenc tape. The smaller
the gap, the greater the fringing. The necessary fringing fields for proper recording on
a tape require gap sizes around 1 pm or less.

More recently, recording head devices have been fabricated using thin films of
various ferromagnetic metals or ferrite alloys that have sufficiently small eddy current
losses to be useable at high frequencies. A highly simplified illustration of the princi-
ple of a thin-film head is shown in Figure 8.64. The head is manufactured by using
typical thin-film deposition technigues, such as sputtering of the metal film in a vac-
uum chamber, photolithography, or some other method. The magnetic core is in the
form of a thin film whose thickness is a few microns and whose width is about the
same as the tape, The gap at the end of the core has the same width as the core, but its
spacing is very small {e.g., 0.25 pm) and generates the necessary fringing field. A
spiral-type coil made by depositing a nonmagnetic metal thin film threads the core.
The magnetic core is like a U-shaped core that is threaded by the metal strips of the
coil. If the core is a metallic material, the coil metal is appropriately insulated from it
by thin films of insulation.

Magnetic Storage Media Materials The properties of magnetic storage media
such as magnetic tapes, floppy disks, and hard disks used in various magnoetic recording
applications (audio, video, digital, etc.) must be such that they are able to retain the
spatial magnetization pattern written on them after they have passed the recording
head. This requires high remanent magnetization M,. High remanent magnetization is
also important in the reading process because the magnetic flux that induces voltages
in the read head depends on this remanent magnetization, given a particular speed of
motion under the read head. Thus the read operation requires media with high M.
Further, it should be difficult to undesirably erase the magnetic information on the
tape by demagnetizing it under stray fields, and this requires high coercivity H.. A
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strong magnet passed over a floppy disk can destroy the information stored in it. The co-
ercivity therefore determines the stability of the recording. The coercivity cannot be too
high, however, as this would prevent the writing operation, that is, magnetization, under
the recording head. (ne therafore has to find a compromise that allows the information
to be written and at the same lime retained without ease of demagnetization.

These two requirements, high M, and medium-to-high H,, lead to a choice of
mediom to hard magnetic materials as magnetic storage media. Typical flexible stor-
age media (eg., aodio or video tapes) use particulate coatings on flexible polymeric
sheets or tapes, as pictured schematically in Figure 8.65, Elongated particles of various
magnetic materials are magnetically hard due o a combination of two factors. First,
these particles tend to be single domains and are hard due to the magnetocrystalling
anizotropy energy. Second, they are also elongated, have a preater length to width ratio
(aspect ratio), which means they are also hard due to shape anisotropy; they prefer to
be magnetized along the length,

Typical particulate matter used in coatings are y -Fep05, Co-modified y-Fe;05 or
Coly -Fes0s), CrOs, and metallic particles (Fe), as summarized in Table 8.9, The over-
all magnetic properties of the particulate coating depend not only on the properties of
the individual particles (which are hard) but also on the concentration of particles as
well as their distribution in the coating. For example, as the packing density of parti-
cles increases, the saturation magnetization My, (total magnetic moment per unit vol-
ume) also increases, which is desirable, but the coercivity worsens, The concentrations
of particles in the coating are typically between 5 = 10" em™ (e.g., floppy disk) and

Table B.# Selected exomples of flexible magnstic storage media based on coatings of particulate
matter; typical valees

Particulate ey, Lol

Matter Typical Application (T} [T) Comments

y-Fealy Audio tape (Tvpe T} 016 0034 Widely used particles.

yFeals Floppy disk 007 003

Coiy=Fex07) Vided tape 013 007 Cobali=impregnated Fea05 pamicles,
Cr0 Audio tape {Tepe 11D 0.le Q.05 Muore expensive than 1~FeaOs,

Cr; Wideo tape Q014 0.06

Fe Audio tape (Tvpe IV) 0.30 LIN Y High coercivity and magpetization, To

avoid corrosion, the particles have
o be ireated (cxpensive).
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5 x 10" cm™? (e.g., video tape), which are sufficient to provide the necessary rema-
nent field and maintain adequate coerciviry.

The brown gamma iron oxide, y-Fea0a, is a metastable form of iron oxide that is
ferrimagnetic and is prepared synthetically. Cobalt-treated 3-Fe20y particles have a
small percentage of Co impregnated into the surface of the particles, which improves
the magnetic hardness. Cobalt-impregnated 3-FeaO4 particles are used in various video
tapes. All these particles in Table 8.9 are needle shaped (elongated rod-like shapes)
with length-to-diameter ratios greater than 3, which makes them substantially hard as a
result of shape anisotropy. The needle-like particles are typically 0.3-0.6 pm in length
and 0.050.1 pm in diameter. The particles are initially mixed into & laeguer-like resin
binder that is then coated onto a thin polyester backing tape. When the resin coating
solidifies, it forms a magnetic coating stuck on the backing tape. Typically between
24} percent of this magnetic coating is actually due to the magnetic particles.

Anaother form of magnetic storage medium is in the form of magnetic thin films de-
posited onto various hard substrates or even on a flexible plastic tape as in some video
tapes. The hard disk in the bard drive of a computer, for example, is typically an alu-
minum disk that has a thin magnetic film (e.g.. CoPtCr) coated onto it. The deposition
of the magnetic thin film may involve vacuum deposition techniques (e.g.. electron
beam evaporation or sputtering) or electroplating. Typical film thicknesses are less
than 50 nm. The advantage of using a thin-film coating is that they are solid films of a
magnetic material, that is, almost 100 percent dense, whereas in a particulate medium,
the packing density of magnetic particles is 2040 percent. Consequently, thin mag-
netic films have higher saturation and remanent magnetizations, which enable a
smaller area of the thin film to be used for storing the same information as that in a flex-
ible medium. Thus there is an increase in the stored information density—a distinet ad-
vantage. Table 8.10 lists the characteristics of a few selected thin magnetic films used
as magnetic storage media. Most thin films are alloys of Co because Co has a high
degree of magnetocrystalline anisotropy and hence good coercivity H.. Alloying Co
with Cr provides good corrosion resistance and increases H.. Alloying with PLor Ta
also increases H.. The desired film properties can usually be obtained by alloying Co
with other elements and optimizing the deposition conditions; this is an ongoing
research area. The current commercial interest is o increase the storage density even

Table 8.10 Selected sxomples of thin films in mognefic staroge media: typical volues

f35

Jio My i Commrent and Typical
Thin Film Typical Deposition m (T) or Potenlial Applivation

Lo and rane carth Spuitering in vacuum [WRrEREE Y 005007 Longitudinal magnetic recording media
Codp-Fea (5] Sputicring in vacuum 02 [.417-40.08 Longitudinal magnetic recording media

CoMiP Electroplating 1 0.1 Longitudinal magnetic recording media, hard disks

CoCr alloys Sputtcring in vacoum 0307 (.05-40.3 Longitudinal and perpendicular magnedic recording

moedsa, hard disks

CoPiCrB Sputtering in VACm 0,205 0.25-0.6 Longitudinal and perpendicular magnenc recarding

media. hurd dizks
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further by using perpendicular magneiic recording in contrast W longituding) record-
ing. In perpendicular recording, the local magnetizations in the thin film are perpen-
dicular to the surface of the film.

The magnetic coaling on some video tapes may be in the form of a thin Glm
deposited by vacuum evaporation of the magnetlic material using an electron beam to
heat it. Some recent video tapes have CoNi thin-film coatings that are evaporated by
an electron beam onto a polvesier (PET) Lape.

8.14 JOSEPHSON EFFECT

The Josephson junction is a junction between two superconductors that are separated
by a thin insulator (a few nanometers thick) as depicted in Figure 8.66. If the insulating
barrier is sufficiently thin, then there is a probability that the Cooper pairs can tunnel
across the junction. The wavefunction ¥ of the Cooper pair, however, changes phase
by ¢ when it tunnels through the junction, ot unexpected as the pair goes through a
potential barrier. The maximum superconducting current £ that can flow through this
wedk link depends on not only the thickness and area (size) of the insulator but also on
the superconductor materials and the temperature. The current {, or the supercurrent,
through the junction due to Cooper pair tunneling is determined by the phase angle 4,

I=1sing 18.27]

where [, is the maximum current or the critical carrent. If the corrent through the junc-
tion is controlled by an external circuit, then the tunneling Cooper pairs on either side
of the junction (in the superconductors) adjust their respective phases to maintain the
phase change to satisfy Equation 8.27. If we plot the -V characteristics of this june-
ton as in Figure B.67, we would find that for 7 < [, the behavior follows the vertical
OC line with no voltage across the junction,

If the current through the junction exceeds /., then the Cooper pairs cannot tunnel
through the insulator because Equation 8.27 cannot be satisfied. There is still a current
through the junction, but it is due to the tunneling of normal, that is, single electrons as
represented by the curve JABD in Figure 8.67. Thus, the current switches from point
C to point B and then follows the normal tunneling curve B to D. At point 8, 4 voltage

Insulating barrier

T -—r

Superconductor .'I Superconductor Superconducior
g f 5 1
! r ‘ - %
- —i /“

Figure B.66

iy 2y TR ]?
[ Superconductor ! "™ Thin film of oxide
*FI,,? — ‘

[e) (bl

[a] & Josephson junclion is o junclion between rwo superconduciors separated by o thin insulatar,
[b] In prociice, hindilm lechnology is used 1o fobricate o Josephson junction,
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develops across the junction and increases with the current. The normal tunneling cur-
rent in the range OA is negligible and rises suddenly when the voltage exceeds V.. The
reason is that a certain amount of voltage (corresponding to a polential energy eV,) 15
needed to provide the necessary energy to disassociate the tunneling single electron
from its Cooper pair. It 15 apparent that the thin insulation acts 8s 8 weak superconduc-
tor or as a weak link in the superconductor; weak with regard 10 the currents that can
flow in the superconductor itself. The 7~V characleristic in Figure 8,67 15 symmetric
about @ (as in the photograph for an actual device), and is called the de characteristic
of the Josephson junction. In addition, the /=¥ behavior exhibits hysteresis; that is, if
we were 10 decrease the current, the behavior does not follow PBC down to €2, but fol-
lows the DBA curve. When the current is decreased nearly to zero, the normal tunnel-
ing current switches to the supercurrent. The Josephson junction is bistable; that is, it
has two states corresponding to the superconducting state OC and normal state ABD.
Thus, the device behaves as an electronic switch whose switching time, in theory, is
determined by tunneling times, in the picoseconds range. In practice the switching
time (~10 ps) 1s limited by the junction capacitance,

It, on the other hand, a dc voltage is applied across the Josephson junction, then
the phase change & is modulated by the applied voltage. The most interesting and sur-
prising aspect is that the voltage modulates the rate of change of the phase through the
barrier, that is.

de  2eV
dt  h
When we integrate this, we find that & is time and voltage dependent, so, accord-
ing to Equation 8.27, the current is a sinusoidal function of time and voltage, that is,

In {2EV}F)

f = [.sin (6‘0 - B

Applied
voltage
modulates
phase

Far
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a Josephyon
effect

Figure 8.58

|o) Above T, the Aux lines enter the ring,

{b) The ring and magnet are cooled through Te.
The flux lines do rot enter the superconducling ring 4

but stay in the hala.

{c) Remnowing the mognet doas nof change the flux

in the hole,
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or
i = [,sin(2mft)

where I, is a new constant incorporating #, and the frequency of the oscillations of the
current is given by

2eV
f= ih~ (8.28]

The Josephson junction therefore generates an oscillating current of frequency f
when there is a dc voltage ¥ across it. This is called the ac Josephson effect, a re-
matkable phenomencon originally predicted by Josephson as a graduate student at
Cambridge (1962). According to the ac Josephson effect, the junction generates an ac
current at & frequency of 2¢/ h Hz per volt or 4836 MHz per microvolt, Furthermore,
the frequency of the current has nothing to do with the material properties of the junc-
tion but is only determined by the applied voltage through e and h. The ac Josephson
effect has been adopted to define the voltage standard: One volt is the voltage that,
when applied to a Josephson junction, will generate an ac current and hence an elec-
tromagnetic radiation of frequency 483,597.9 GHz,

8.15 FLUX QUANTIZATION

Consider a ring of a superconducting material above its .. Suppose that the ring is im-
mersed in magnetic flux lines from a magnet placed above it as shown in Figure 8.63a,
When we cool the ring to below T, the magnetic flux lines are excluded from the ring
itself, due to the Meissner effect, but they go through the hole, as shown in Fig-
vre 5.68b. If we now remove the magnet, we may think that the magnetic flux lines
simply disappear, but this is not the case. A persistent current is set vp on the inside sur-
face of the superconducting ring that flows to maintain the flux constant in the hollow.
This supercurrent generates flux lines in the hollow as if to replace those taken away
by the removal of the magnet, as depicted in Figure 8.68c. Since the current can flow
indefinitely in the ring, the overall effect is that the magnetic flux is trepped within the
ring. Indeed, if we were to bring back the magnet, the current in the ring would disap-
pear to ensure that the magnetic flux in the hollow remains unchanged. The crigin of

[a] T=T. fh]T-:T: (€] TeT:
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flux trapping can be appreciated by considering what would happen if the flux were
allowed to change, that is, d$/dr % 0. A changing flux would induce a voltage
V = —~dd/dt around the ring that would drive an infinite comrent [ = V/R where
R = ). This 15 not possible, and hence the flux cannot change, which means we must
have d®/di = 0. One should also note that there can be no electric field inside a
superconductor because

g
E===0
¥

since the conductivity o is infinite.

What would happen if we have a superconducting ring (below 7.} that initially had
no flux in the hole? If we were to bring a magnet to it. then the flux lines would now
be excluded from hoth the ring itself and also the hole since the trapped flux within the
ring is Zzero.

It turns out that the trapped flux @ inside the ring is quantized by virtue of super-
conductivity being a quantum phenomenon. The smallest quantized amount of flux is
called the magnetic flux quantum and is given by A/2e or 2.0679 x 107'* Wh. The
Mlux @ in the ring is an integer multiple »# of this quantum,

h Trapped flux
® = "e f8.29) is quartized
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Antiferromagnetic materials have crystals in which
allernaling permunent stomic spin magnetic Moments
are equal in magnitude but point in opposite directions
{antiparallel), which leads to no net magnetization of
the crystal.

Bloch wall is a magnetic domain wall.

Bohr magneton (#) is a useful clementary unit of
magnetic moment on the atomic scale. It is equal to the
magnetic moment of one elecron spin aleng an
applied magnetic ficld 8 = e /2m,.

Coercivity or coercive field (H,) measures the ability
of a magnetized material to resist demagnetization. Iris
the required reverse applied field that would remove
any remanent magnetization, that is, demagnetize the
material.

Cooper pair is a quasi-particle formed by the mutual
atraction of two electrons with cpposite spins and
opposite linear momenta below a critical temperature.
It has a charge of ~2¢ and a mass of 2m, but no net
spin. It does sor ohey Fermi-Dirac statstics. The
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electrons are held together by the induced distortions
and vibrations of the latrice of positive metal ions with
which the electrons interact.

Critical magnetic field (8.} is the maximum field
that can be applied to a superconductor without
destroying the superconducting behavior, 8, decreases
from its maximum value at absolute zero to zeno at T,.

Critical temperature (T:} is a temperature that sepa-
rates the superconducting state from the normmal state.
Above T., the substance is in the normal state with a
finite resistivity, but below T, it is in the super-
conducting state with zero resistiviry.

Curie temperature (T} is the critical emperature at
which the ferromagnetic and ferrimagnetic properiies
are lost. Above the Curie temperature, (he material
behaves as if it were paramagnetic,

Diamapnetic material has o negalive magnetic sus-
ceptibility and reduces or repels applied magnelic
fizlds. Superconductors are perfect diamagnets that
repel the applied field. Many substances possess weak
diamagnetism, so the applied field 1s shightly decreased
within the material,

Domain wall is a region between two neighboring
magnetic dumains of diffening onentations of mag-
netization.

Domain wall energy is the excess energy in the domain
wall as a result of the graduoal orientations of the neigh-
boring spin magnetic moments of atoms through the wall
region. Itis the excess energy due to the excess exchange
Interaction energy, magnetocrystalline anisotropy en-
ergy. and magnetostrictive energy in the wall region,

Easy direction is the crystal direction along which the
atomic magnetic moments (due (0 spin) are sponta-
neously and most easily aligned, Exchange inleraction
energy is lowest (hence [avorable) when the ahgnment
of atomic spin magnetic moments is in this direction in
the crystal. For the imon erystal, it is one of the six [100]
directions (cube edge),

Eddy current loss is the Joule energy loss (PR in a
ferrumagnetic material subjected to changing magnetic
felds (n ac fields). The varving magnetic field induces
voltages in the fermromagnetc material that dove cur-
rents {called eddy currents) that generate Joule heating
due to PR,
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Eddy currents arc the induced conduction currents
flowing in a ferromagnetic material as a result of vary-
ing {ac) magnetic ficlds.

Exchange interaction energy (F.) 5 a kind of
Coulombic interaction energy between two neighbor-
ing electrons and positive metal ions that depends on
the relative spin orientations of the electrons as a conse-
guence of the Panli exclusion principle. s exact origin
is quanmum mechanical. Qualitatively, different spins
lead to different electron wavefunctions, different neg-
ative charge distributions, and hence different Coulom-
bic intcractions. In ferromagnetic crysials, £, is hega-
tive when the neighboring electron spins are parallel.
Ferrimagnetic materials possess crystals that con-
tain two sers of atomic magnetic moments that oppose
each other, but one set has greater strength and there-
fore there is a net magnetization of the crystal, An
unmagnetized ferrimagnetic substance normally has
many magnetic domaing whose magneti zation vectors
add to give no overall magnetization.

Ferrites are ferrimagnetic materials that are ceramics
with insulaling properties. They are therefore used in
HF applivations where eddy current losses are signifi-
canl, Their general composition 15 (MOWFe04),
where M is Lypically a divalent metal, For magnetically
soft ferrites, M is typically Fe, Mn, Zn, or Ni, whercas
for magnetically hard fermites, M is ypically Sror Ba.
Hard ferrites such as BaOFeyOy have the hexapgonal
crystal structure with a high degrec of magnetocrys-
talline anisotropy and therefore possess high coereivity
(difficult to demagnetize),

Ferromapnetic materials have the ability to possess
large permanent magnetizations even in the ahsence
of an appliad field. An unmagnetized ferromagnetic
material normally has many magnetic domains whose
magnetization vectors add to give no overall magneti-
zation. However, in a sufficiently strong magnetizing
field, the whole ferromagnetic substance becomes one
magnetic domain in which all the atomic spin magneiic
moments are aligned o give a large magnelizalion
along the field. Some of this magnetization is retained
even after the removal of the field,

Giant magnetoresistance (GMR) s the large change
in the resistance of u special multilayer structure when a
magnetic field is applied; the simplest structure usually



consists of two thin fermomagnetic layers (e g, Fe) sand-
wiching an even thinner nonmagnetic metal ( e.g., Cu).
Hard direction is the crystal direction along which it
is hardest to align the atomic spin magnetic moments
relative to the easy direction. Exchange interaction
cacrgy £y, favors the easy direction mast (E,, is most
negative) and favors the hard direction least (£, is
least negative).

Hard magnetic materials characteristically have high
remanent magnetizations (8;) and high coercivities
(H.}, 30 once magnetized, they are difficult to demag-
netize. They are suitable for permanent magret appli-
cations, They have broad B—H hysteresis loops.

Hard magnetic particles are small particles of van-
ous shapes that have high coervivity due 1o having a
single magnetic domain with high magnetocrystalline
anisOlTOpy Chergy, Or possessing substantial shape
anisoropy (aspect ratio—length-to-width o).
Hysteresis loop is the magnetizaton (M) versus
applied magnetic field intensity () or B versus H
behavior of a ferromagnetic (or {emimagnetic) sub-
stance through one cycle as it is repeatedly magnetized
and demagnetized.

Hysteresis Joss is the energy loss involved in mupne-
tizing and demagnetizing a femomagnetic (or ferr-
magnetic) substance. It arises from wvarious coergy
losses involved in the imeversible motions of the
domain walls. Hysteresis loss per unit volume of spec-
imen is the area of the B—-H hysteresis loop.

Initial permeability (i@ @,) is the initial slope of the
B versus A characteristic of an unmagnetized ferro-
magnetic (or ferrimagnetic) material and typically rep-
resents the magnetic permeability under very small
applied magnetic fields. Initial relative permeability
(i) is the relative permeability of an unmagnetized
ferromagnatic (or ferrimagnetic) material under very
small applied fields.

Magnetic dipole moment () is defined as fAn,,
where f is the current flowing in a circuit loop of area A
and u, is the unit vector in the direction of an advance of
a screw when it is wmed in the direction of the circulat-
ing current. Qualitatively, it measures the strength of the
magnatic field created by a current loop and also the ex-
tent of interaction of the curvent loop with an externally
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applied magnetic field. p,, is nomal o the surface of
the loop. Magnetic moment in 2 magnetic field experi-
ences a torque that tries to rotate p o align it with the
field. In a nonuniform field, the magnetic moment ex-
periences a force that attracts it to a greater field.

Magnetic domain iz a region of a ferromagnelic (or
ferrimagnelic) crystal thal has spontanecus magnetiza-
(ion, that is, magnetizaion in the ghsence of an applied
field, due to the alignment of all magnetic moments in
that region,

Magnetic field, magnetic induction, or magnetic flux
density (B) is a ficld that is generated by a current-
carrying conductor that produces a force on a curment-
carrying conductor elsewhere, Equivalently, we can
define it as the [eld generated by a moving charge that
acts to produce 4 force on a moving charge elsewhere.
The force 15 called the Lorenlz force and is given by
F = gv = B where ¥ is the velocity of the particle with
charge ¢, The magnetic field B in a matenial is the sum
of the applied ficld ¢ H, and that due to the magnetiza-
tion of the material w M., that is, B = p,(H + M.

Magnetic field intensity or magnetizing field (H)
gauges the magnetic strength of exiernal conduction
currents (e g., currents flowing in the windings) in the
absence of & material medium. It excludes the magne-
tization currents that become induced on the surfaces
of any malerial placed in a magnetic field, 2, 5 i the
magnetic field in free space and s considersd 10 be the
applied magnetic field, The werms fnrensity or sirengih
distinguish H from B, which is simply called the mag-
netic field.

Magmetic flux (&) represents to what extent magnetic
field lines are flowing through a given area perpendi-
cular to the field lines. If 44 is a small area perpendic-
ular to the magnetic field B and B is constant over 84,
then the flux 4@ through 84 is defined by & = 8 54.
Total flux through any closed surface is zero.

Magnetic permeability (1) 1s the magnetic Deld gen-
erated per unit magnetizing feld, that is, 0 = B/H,
Permeability gauges the effectiveness of a medium in
generaling as much magnetic field as possible per unit
magnetizing field. Permeability of free space is the
absolute permeability p,, which is the magnetic field
generated in a vacuumn per unit magnetizing field.
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Magnetic susceptibility () indicates the ease with
which the material hecomes magnetized under an
applied magnetic field. It is the magnetization in-
doced in the material per unit magnetizing field,
Yoo = MH.

Magnetization or magnetization vector (M) rcpre-
sents the net magnetic moment per unit volume of
material, In the presence of @ magnetic field, individual
atomic mornents tend to alipn with the field, which
results im a net magnetization. Magnetization of a spec-
imen can be represented by the flow of cuments on the
surface over a unit length of the specimen; & = £,
where [ is the surface magnetizalion current per unil
lengih.

Magnetization current (I} is a bound cument per
unit length that exists on the surface of a substance dus
0 its magnetizadon. It is not, however, due to the flow
of free charges bul arises in the presence of an applied
magnetic ficld as a result of the orentations of the elec-
ironic motions in the constituent atoms. In the bulk,
these electronic motions cancel cach other and there is
ni net bulk current, but on the surface, they add to give
a bound surface cument f, per unit length, which is
equal to the magnetization M of the substance.

Magnetocrystalline anisotropy is the anisotropy
associated with magnetic properties such as the
magnetization in different directions in a ferromag-
netic (or ferrimagnetic) erystal. Alomic spins preler to
align along certain directions in the crystal, called easy
directions, The direction along which it 13 most diffi-
cult 1o align the spins is called the hard direction. For
example, in the iron erystal, all atomic spins prefer to
align along one of the [100] directions (easy direc-
lions) and it is most difficult to align the spins aleng
one of the [111] directions (hard directions).
Magnetocrystalline anisotropy energy (K) is the
energy needed to rotate the magnetization of a ferro-
magnetic (or ferrimagnetic) crvsial from its natucal
easy direction to a hard direction. For example, it takes
an energy of about 48 mJ cm™ io rotate the magneti-
zariom of an iron crystal from the easy direction [ 100]
to the hard direction [111].

Magnetoresistance generally refers to the change in
the resistance of & magnetic material when it is placed
in 4 magnetic ficld. The change in the resistance of a
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nonmagnetic metal, such as copper, is usually very
small. In a magnetic metal, the change in the resistivity
due to the applied magnetic field is arisotropic; that is,
it depends on the direction of current flow with respect
to the applied field and is called anisotropic magne-
toresistance (ANMER).

Magnetostatic energy is the potential energy stored
in an external magnetic field, Tt takes extermal work Lo
establish a magnetic field, and this energy is said to be
stored in the magnetic field. Magnetic encrgy per unit
volume at a point in free space is given by

1
Magnetostriction is the change in the length of a fer-
romagnetic (or femmagnetic) crystal as a result of its
magnelization. An iron crystal placed in a2 magnetic
field along an easy direction becomes longer along this
direction but contracts in the transverse direction,

Magnetostrictive energy is the strain encrgy in the
crystal due to magnetostriction, that is, the work done
in straining the crystal when it becomes magnetized.

Maximum relative permeahility {p, o, ) i5 the max-
imum relative permeability of a ferromagnetic (or
ferrimagnetic) material.

Meissner effect is the repulsion of all magnetic flux
from the interior of a superconductor. The supercon-
ductor behaves as if it were a perfect diamagnet with
Xm = = 1.

Paramagnetic materials have a small and positive
magnetic susceplibility. In an applied field, they
develop a small amount of magnetization in the direc-
fon of the applied feld, so the magnetic feld in the
material 15 slightly greater. They are atiracted to a
higher magnetic field.

Relative permeability (i) measures the magnetic
field in a medium with respect to that in a vacuum,
e = 8/uH. Since B depends on the magnetization
of the medium, ¢, measures the case with which the
muterial becomes magnetized.

Remanence or remanen! magoetization (M,) is the
magnctization that remains in & magnetic material after
it has been fully magnetized and the magnetizing ficld
has been removed. It measures the ability of a magnetic
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8.2

8.3

8.4

8.5

8.4

8.7

What is the upproximate inductunce of an wir-cored solewond with a diameter of 1 cm, length of
2{k o, and 500 turns? What is the magnetic field inside the solenoid and the energy stored i the whole
solenoid when the cuerent is | A7 What happens to these values if the core medivm has a relative par-
meubility u, of 6007

Magnetization Consider a long solenaid with a core that is an iron alloy (zee Problemn 8.1 for the rel-
evanl [omnolas), Suppese thut the diameier of the solenoid is 2 cm and the lengih of the solenoid is
20 cm. The number of turms on the solenoid is 200. The current is increased untl the core is magmetized
to saturation at about F = 2 A and the sarurated magnetic ficld is 1.5 T,

@ What is the magnetic field intensity at the center of the solenaid and the applicd magnetic field,
e I, Lot saturation?

Whui 12 the sawrstion mugnetzotion M., of this mon alloy?

Whaui 12 the total magnetzation current un the surfuce of the magnenzed fron alloy specimen?

d. Il we were to remove the iron-alloy core and atiempt o obtain the sume magnetic field of 1.5 T in-
sicke dlwe solenoid, bow much current woul) we oeed? Is thene o practical way ol doing this?

2]

Paramagnetic and diamagnetic materials Consider bismuth with g, = — 16,6 = 107 and alumimm
with yy = 2.3 % 1073, Suppose ihai we subject each sample to an applied magnetic field B, of | T
upplied in the +r direction. Whot 1s the magmetzotion M oand the aquivalent magnetic Geld w0 0 each
sample? Which is paramagnetic and which is diamagnetic?

Mass and molar suscepiibilities Sometimes magnetic susceptibilities are repored as molar or mass
susceptihilities. Mass susceptibility (in m! kg~ 1) is ym /o where 5 is the density. Molar susceptibility
(inm® mol~') is K (W /i) where M, is the atomic mass. Terhium (Th) has a magnetic molar suscep-
Libility of 2.0 ¢! mel™!, Th hos 4 density of 8.2 g em ™ and an atomic mass of 158.93 g mol =", What
in its susceptihility. mass susceptibility and relative permeability? What is the magnetization in the sam-
ple in an applied magnetic fveld of 2 TT

Pauoli spin paramapnetism  Parsmagnetism in metals depends on the number of conduction electruns
that can flip their spins and align with the applied magnetic ficld, These electrons are near the Fermi
level Er, and their mamber is determined by the density of states giE o) at B, Since each electron has a
spin magnetic moment of §, paramagnetic susceptibility can be shown to be given by

s 7 o fiE HEF)

where the density of stites is given by Equation 4,10, The Fermi energy of calcivm Er is 4,68 eV, Eval-
vate the paramagnetic susceptibility of calcium and compare with the experimental value of 1.9 = 1073

Ferromagnetism and the exchange interaction Consider dysprosium (D), which is a rare earth
metal with o density of .54 p em ? und atomic muss of 16250 g mol ™t The isoloted atom has the ebec-
tran structure [Xeldf'“6s*, What is the spin magnefic moment in the isoleted atom in tesms of number of
Bobr mugnetons? IF the suturation magnetization of Dy near absolule zero of temperature is 2.4 MAm~!,
whiat is the effective number of spins per atom in the ferromuapnetic state? How does this compure with
the number of spins in e isolated atom? What is the order of megnitde for the cxchenge interaction in
eV per atom in Dy if the Cune temperature is 85 K?

Magnetic domain wall energy and thickness The energy of a Bloch wull depends on two main fuc-
tors- the exchange energy Fa (Tfatom) and magnetocrystalline encegy & {J m~3}, Ifa is the interatomic
distance and & is the wall thickness, then it can be shown that the potential enerpy per umit area of the
wall is

]TZEE.:

+ Ka
Iad

Lan =

Showr that the minimum energy occurs when the wall has the thickness

,j-' g5 (32-5“)1-"1
TNk




material to retain a porion of its magnetization
after the removal of the applied field, The correspond-
ing magnetic field (4,M.) is the remanent magnetic
fizld B,

Saturation magnetization is the maximum magneti-
zation that can be obtained in a ferromagnetic crystal at
a given temperamre when all the magnefic momeants
have been alignad in the direction of the applied field,
when there is a single magnetic domain with its mag-
netization M along the applied feld,

Shape anisotropy is the anisotropy in magnetic prop-
erties associated with the shape of the ferromagnetic
{or ferrimagnetic) substance. A crystal rod that is thin
and long prefers to have its magnetization M along the
length (long axis) of the rod because this direction of
magnetization creates less external magnetic fields and
leads to less external magnetostatic energy compared
with the case when M is along the width (short axis) of
the rod. Reversing the magnetization involves rotating
M through the width of the rod, where the extemnal
magnetic field and hence magnetostatic energy ars
large, and requires large substantial work, It is there-
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[ore difficult o roate magnetization around from the
long axis to the short axis.

Soft magnetic materials characteristically have high
saturgtion magnelizations (B bul low saluralion
magnetizing helds (M) and Tow coercivities (H.), 50
(hew can be magnelized and demagnetized easily, They
have tall and narrow B—H hysteresis loops,

Superconductivity is a phenomenon in which a sub-
stance loses all resistance o current flow {acquires
ere resistivity) and also exhabits the Meissner effect
(becomes a perfect diamagnet).

Type 1 superconductors have a single critical fleld
(8.) above which the superconducting behavior is
totally lost.

Type II superconductors have a lower (8.1) and an
upper (8.7} critical field, Below B, the substance is in
the superconducting phase with Meissner effecr; all
magnetic flux is excluded from the interior. Berween
£, and ., magnetic flux lines pierce through local
filamentary regions of the superconductor, which
behave normally. Above B, the superconductor re-
verts o normal behavior,

a1 Inductance of a leng stlenvid  Consider the very long (ideslly infinitely long) solenoid shown in Fig-
ure 3.64. If r is the radios of the core and £ is the length of the solenodd, then £ 3 . The total mumber
of trns s & and the number of tuens per unil length is w = N /¢, The corrent through the cotl wires is 1
Apply Ampere’s law around C, which is the rectangular circuit AQRS, and show that

B o= pppeemd

Further, show that the inductance is

L= ety n:m*t

Inductance of a
lemig aolenodd

where Vig is the valume of the core. How would you increase the inductance of a long solenaid?

[
o S s

Figure 8.69
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und show that when § = &' the exchange and anisotropy energy contributions ane equead. Using reasonahle
values for various parameters, estimate the Bloch energy and wall thickness for Mi. (See Bxample 5.4.)

*8.8  Toroidal mductor and radie engineers toroldal Inductance equation

a,

Caonsider a womoidal coil (Figure 8,100 whose mean cirowmierence 15 € and that bas &' oghtly weound
twrns wround it. Supposs that the diameter of the core is 2a and £ 25 a. By applying Ampere’s law,
show that if the corrent through the eoil is [, then the magnetic field in the core is

Ni
= % [8.30]
where pe, 15 the relative permeability of the medium. Why do you need £ 5 a for this to be valid?
Dipes this cquation remain valid if the core cross section is not cireular but reciangolar, & « b, and
£ oo quwd B7
Ehow that the inductance of the wrodal coil i
CHIA
PO e Bt [8.31]
£
where A iy the cross-sectional arca of the core.
Consider u toroidal inductor used in electronics that has a ferrite core sise FT-37, that is, round but
with a rectangular cross section. The outer diameter iz (.375 in (9,52 mom), the inver diameter is
0,187 i (4,75 mnd, and the beight of the core 1s 0125 io (3,175 mm). The mitial relative perme-
ability of the fertite come is 2080, which comresponds to a fermite called the 77 Mix. If the inductor
has M} tumns, then using Equation 8.31, calzulate the approximate inductance of the coil,

Radio engineers nse the following equation to calculate the indoctances of waoidal codls,

Ap Wt

T (8.32]

LimH) =

where L is the inductance in millikenries (mH) and A, is an indoctance parameter, called an induc-
tance index, that characterizes the core of the inductoe. Ay Ls supplied by the masulactucers of fei-
nte cores and is typically quoted as millibenrics (mH) per LKL tums. In using Equation 8.32, one
simply subsritutes the numerical value of Ap to find L in millihenries. For the FT-37 ferrite toroid
with the 77 Mix as the leciite core, Ay 1s specified ws 384 mEL 1000 tuens. What bs the induclance of
thie toroidal inductor in part (o) from the radio engineers cquation in Bquation 8.327 What is the per-
centage difference In valves calenlated by Equations 8,32 and 8317 What is vour conclusion?
{Comment: The agreenent is not always this close.)

8.9  Atvreidal inductor

.

Equutions £.31 and 8.32 allow the inductunce of a toroidal coil in electronics to be calculated.
Equation 8.32 is the equation that is used in practice, Consider a toroidal inductor used in electron-
ies that has a fermte core of siee FT-23 that 15 round but wilh a rectangular cross secton. The outer
dismeter is (L2340 in (5.842 mm), the inner diameter is (.120 in (3.05 mm), and the height of the
core is 0,00 in (1.3 mm}. The ferrite core s 4 43-Mix that bas an initial relative permeability of B30
and i roaximeum celative permeabiliny of 3000, The induclunce indes for this 43-Mix fermite cone of
size FT-23 is Ay = 188 (mH/ TR} tums). If the inductor has 25 turns, then wsing Equations 831
and B.32, calculate the inductasce of the coil under small-signal conditions aod comunent oo the
twir vilues,

The suturation feld e of the 43-Mix fecmte s 0.2730 T, What will be typical de curments that will
saturaie the fermte core (an estimate calculation is required)? 1t is not unusual o find such an in-
ductor in an electromic circuit also carrying & de current. Will vour caleulation of the inductance re-
muin valid in these circumstances?

Suppose that the toroidad mductor discussed in parts (a) and (b 15 0 the vicioty of o very stoong
magnes that saturates the magnetic ficld inside the ferrite core. What will be the inductance of the
coil?
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*B.10  The transformer

[

i3

Consider the transformer shown io Figure 8. 70a whose primary is excited by an ac¢ {siouscidal )
vallage of frequency £ The current flowing into the primary coil sets up a magnetic flux in the
transformer core. By virtue of Faraday's law of indoction and Lenz's law, the flux generated in
the core is the flux necessacy (o induce a voltage aearly equal and opposite te the apphed voll-
age. Thus,

_ d(Total flux linked) _ NA 4B
= ar T

where A 15 the cross-sectional arew, sssumed constant, and & 15 the number of turns in the promary.
Show that if Vi, s the rms voltage at the primary { Vg, = Vo' 20 and B, is the maximum mag-
netic feld in the core, then

Vs = 444 NAFH, [8.33]

Transformers are Lypically operated with 8, at the “koee” of the 8- curve, which comre-
sponds roughly to maximum permeahility. For ransformer irons, £, = 1.2 T. Taking Vi, = TH YV
and a eansfornver core with A = 10 cm = 10 em, what should ¥ be for the proimary winding? If
the secondory winding is w penerate 240V, what should be the oumber of tums for the secondary
coil?

The transformer core will exhibit hystercsis and eddy current losses. The hysteresis loss per unit
second, as power loss in walls, is giveo by

Py = Kf 8] Vegee [8.34]

where K= 1307, fis the ac frequency (Hz), B, is the maximum magneric field {T) in the core (as-
sunped 0 be in the range 0.2-1.5 Ty = 1.6, amd ¥ 15 the volume of the core, The eddy curvent
lusses are reduced by laminating the transformer core, as shown in Figure 8. 70, The eddy current
loss is given by

) {d?
Fe =165 F18L (F) Vicer [8.35]

where o ig the thickness of the laminated iron sheet in meters (Figure #,700) and o is its resistivity
(4% m}.

Suppose that the transformer cone hus a volume of 00108 m* (comesponds to & mean circum-
forence of 1.08 m), IF the core is laminated into sheers of thickness | mm and the resistiviey of the
wansformer iwon is & * 1077 £ m, caloulare bath the hysterests and eddy current losses ai f= 60 Hz.,
und comment on their relative magnitudes. How would you reduce each loss?
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Figure 8.70
o) A ranstormer with M 1wms in the primary.
[b] Laminated core reduces eddy cumrent losses,



8.11

*8.12

QUESTIONS AND PROBLEMS

Lasses in a magnetic recording head  Consider eddy current losses ina permalloy magnetic head for
audio recording up o 10 kHe. We will use Equation B.15 [ur the eddy current losses. Consider o magnetic
head weighing 30 g and made from a permalloy with densiey 8.5 g e~ and resistivity 6 »« 1077 2 m.
The head i3 to operate at By of 0.3 T, If the eddy current losses are oot excesd | mW, estirate the
thickness of luminations needed. How would you achieve this?

Design of a ferrite antenna for an AM recelver We consider an AM madio receiver that is 10 operate
over the frequency runge 5301600 kHz. Suppose thut the receiving antenna s to be o el with o ferrite
rodd a5 core, a8 depicted in Figure 8.71. The coil has & turns, s length is £, and the cross-secrional arca is
A, The inductance L of this coil is uned with a vanable capacitor © The maximum value of C is 265 pF.
which with £ should comespond to tuning in the lowest frequency at 530 kHz. The coil with the ferritz
cone reccives the EM waves, and the magnetic ficld of the EM wave permeates the ferrite core and in-
duces a voliage across the coil, This voltage is deiecied by a sensitive amplifier, and 1o subsequent elec-
tronics it is suitably demoduluted. The coil with the fermite core therefore acts as the antenna of the
receiver (ferrite antennal. We will &y o find a suitable design for the ferrite coil by carrying out
appraximate calcolations—in practice some trial and emor experimentation woold also be necessary. We
will assunee that the inductance of a finite solenodd is

i ANE
b fa ey [8.36]

L=
£

where A is the cross-sectional arca of the core, £ is the coil length, & is the aumber of torms, and y iz a
geomerric factar that accounts for the solenoid coil being of finite length, Assume p = 0,75, The reso-
nnt requency fof un LE cireut is given by

1

= m [3.37]

f

e I el is the dinmeter of e eoameled wire o be vsed as the codl winding, ten the length £ = Nd, If
wie use an enameled wire of diameter 1 mm, what is the number of eoil turns & we need for a fer-
rite rod given thac itg diameter is 1 cm and its initial relative permeabalicy is 1007

b Supposc that the magnetic field intensity B of the signal in free space is varving sinusoddally, that is,

H = H, sin(2n i) [8.38]

where H,, is the maximum magnetic ficld intensity. H is related to the electric field £ ai a point by
H = €} Zapace, Whete Lo 18 the impedance of free space given by 377 63, Show that the indeced
vultage ul the antenns coil 15

Fo il
Vo= ———— [8.39]
T WmIITCfy
where fis the frequency of the AM wave and Ey, is the electric field intensity of the AM station at the
receiver poiot. Suppose that the electric Geld of a local AM staion at the recedver is 10 mY m™ L What
i5 the voltare indoced neross the ferrite antenna and can this volispe be detected by an amplifier?
Wanld you use a fervite rod antenna ar short-wave frequencies, given the same C bt less N7

Ferrite rod Figure B.71 A ferrite antenna of an

AM receiver.

*8.13 A permanent magnet with an air gap  The magnetic tield energy in the gap of 2 permanent magnet

is available to da work, Suppose that B, and B, are the magnetic field in the magnet and the gap, H.
unid I, are the field intensities in the magoet and the gap, and V,, and ¥ are the volomes of the magnet
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and gap: show tha, in erms of magniudes,
B MV, = By Ho Vi
What is the significance of this result?

A permanent magnet with an sir gap
. Show that the maximum enerzy siored in the air gap of a permanent magnet can be written very
roaghly as
|
Eg:ﬁn == ER; Hﬂ Vk
where Uy Is the volume of the magnet, which is much greater than that of the gap; B, is the rema-
nent roagnelc field: and M. is the cosrcivity of the mupgned.
b Using Table 8.6, compare the (BH Jna Wiih the product (3 H:) (3 5, ) 4 comment of the close-
iness Of agreement,

o, Caleulate the energy in the gap of a rare earth cobalt magoet that bas o volume of 0.1 m'. Give an
example of typical work {e.2., raising =0 many apples, each 1K g, by =0 many meters) that conld
he done if all this energy could be converted fo mechanical work,

Weight, cost, and energy of 8 permanent magnet with an air gap  For a certain application, an
energy of 1 k) is required in the gap of a permanent magnet. There are three candidaies, as shown in
Table B. 11, Which muterial will give the hghtest mogoet? Which will give the cheapest magnet?

Toble B.11 Three permanent magnet candidates

Yesterday s
(BH \nax Density Relative Price
Magnet kIm% (gem™ (per unit mass)
Alnico 50 13 1
Rare carth 200 R.2 2
Ferrite K1 4.8 0.5

Permanent magnet with yole and air gap  Consider a permaneni magnet bar that has L-shaped Ter-
Tomupnetic (high permeability) pieces attacted to its ends to direct the magnetic field to an air gap as de-
picted in Figure §.72. The L-shaped high wr pieces tor directing the magnetic field are called yokes.
Suppuse that Ay, Ay, amd A, are the cross-secional areas of the magoet. yoke, and gap as indicated in
the tigure. The lengths of the magnet, yoke, and air gap are £, ¥, and g, respectively. The magnet, the
twin yokes, and the gap can be considered (o be all connected end-to-end oc in series, Applying Ampere's
clreudial law for M we cun write,

Hu b + 2H £y + Hof =0

Since all four compoments, magoet, yokes, and gap, are 1o series, we can assume that the magoeti:
Aux & through each of them is the same,

T= 8,y = 8,4, = B, A,

o Show that

Anl & 2,
i [ Hody  Eoftepdy ] "

B What does the equation in part (@) represent? Given thae By, and Hy, in the magnet must ohey the cqua-
tion i part {a ), and also the B- characieristic of the magnet material iself, whin is your conclusion?
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QUESTIONS AND PROBLEMS

Yoke £

Figura B.72 A permonent mognet
with two pieces of yoke ond an air

gap

Should the vokes e magnetically hard or soft? Justify your decision,
Show that if 1,y is very large (je,, = oo},

1| Amiy
Hp=—— B
; m[m] ;

MV = Agfm and ¥y = A€, ure the volumes of the mugnet und gap, respectively, show that

By Hy Vy = Bu Hon Vi

What i vour conclusion [consider the mupnetic energy stored in the gap)?

Consider a rare earth permanent magnet. with a density of .2 g om™?, that has a (BE )., of boot
200 kI m~3, Suppose that (BH imgy occurs very rowghly at By == 1 B, where for this rare earth
toagnet &, = | T, Suppose that Am = Ag. What 1= the volume, effective length (€, ), and mass of
the magnet that is needed to store the maximum energy inthe zupit £, = 1 cmand A, = 1000 cm??
Whar is the maximom energy in the gap?

Supercondocti vity and critical current density  Consider two superconducting wires, tin (5n; Type [}
and NbaSn (Tvpe 1T}, each | mm in thickness, The magnetic field on the surface of 4 current-canrying
conductor 15 given by

ol
B wms
e

Assurniongr thut Snowire Joses g superconductivaty when the field ar the surfsce reaches (the crtical
field (0.2 T), calculate the maximum curent and hence the cridcal current density that can be
passed theough the Sn wire near absolute zera of temperature.

Calculate the maximum cusrent and critical current density for the NbaSn wire using the same as-
sumption as in part (@) but taking the criticad Geld w be the upper criticad feld 8., which 15 285 T
at {t K. How docs your calcolation of . compare with the critical density of sbout 1017 & m™? for
MhaBn at G K?

Magnetic pressure in a solenoid  Consider a long solenoid with an gir core, Diametrically opposite
windings hive oppositely directed currents and, dee o the magoetic focce. they repel exch miher, This
means that the selenoid experiences o radial force £, that is trying to open up the solenoid, ie. streich
ouf the windings ag depicted in Figure 8.53. Suppose that A is the surface area of the core (on to which
wires are wound). If we decrease the core diameter by dg, the volume changes by 4V, We have 1o do
work o W against the rudinl magnetic forces £,

dW = £ dx = (%)ﬂd::ﬂcﬂ"

769
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where Pr = Fr/A is the radisd presswre, called the magnetic pressure, wctng on the windings of the
selennid, {This pressure scts o tewr apart the solenoid.) Using the fact that the work done againse the
magnetic forees in changing the volume changes the magnetic energy in the core, show thar

Bt

2u,

r=

What is the radial pressure oo a suleooid that has a feld of 35 T in the core? How many stoos-
pheres is this? What is the equivalent ocean depth that gives the same pressure? What happens o this
pressure at 104

Enterprising engineers in the high arctic building a superconducting inductor A current-carrying
inducior has energy stofed 10 18 magnetic feld that cun be converted o electrical work. A proup of en-
terprising engineers and scientists living in Resolute in Munavwt (Canada) have decided to build a
toroidal inductor to store energy so that this energy can be used w supply 3 small comemunity of 10 houses
euch comsuming on averuge 3 kW of epergy during the night (6 months). They have discovered a super-
conductor {Type ID) that has 2 By = 100T and a critical current density of /o = 5 = 10" A m 2 ot night
temperatures (it is obviously o novel high-T; superconductor of some sort). Their superconducting wine
has a diameter of 5 mim and ig available in any desirable length, All the wiring in the community is dane
by supereonductons except where energy needs 1o be converted W other forms (mechunical, heat, etc.).
They have decided on the following design specification for their goroid:

The mean diameter Dgqq of the ioroid, (%} (Dnegide diameter + Inside diameter), is 10 nmes
lumger than the core duameter Dye. The feld inside the wrodd is therefore reasonubly uniform w
within 14} percent.

The maximum nperating magnetic field in the core is 35 T. Fields larger than this can result in
mechanical fracture and fnilure,

Assume that J; decreases linearly with the magnetic field and that the mechanical engineers in the
group can take care of the forces trying o blow open the taroid by building a proper suppon
siruciune,

Find the size of the torid {(mean diameter and circumfzrence), the number of turns and the Tength of the
supercopducting wire they need, the current in the coil, amd whether this current 18 sufliciently below the
criticul current b that field. L5 it teasible?

Magnetic storape media

. Consider the storage of vides information {FM zignal} on a video tape. Suppose that the maximom
signal frequency to be recarded as a spatial magnetic patcern is 10 MHz, The heads J]ellcaﬂy £
the tape, and the reladve velocity of the tape to bead is about 10 m s~ What is the minimum spa
tial wuvelenpth of the stored magnetic pattern [information) on the tape!”

b, Suppose that the speed of an audio cassette tape in 4 casseete player is 5 cm 2!, If the maximum
frequency that needs to be recorded is 20 kHz, what is the minimu o spatial waveleogth on the tape?

Mate: An excellent quantitive description of magoetic recording may be found in B, L, Comstock. fr-

tracdiction to Magnetism and Magretic Recording, New York: John Wiley & Sons, 1969

Magnetic recording priociples  In this “back of an envelope” calrulution we consider the principle of
nperation of 2 recording head for writing on a magnetic (ape {perhaps an awdio or a video tape). The recard-
ing hewd has o small gap, of s12e p (aboul 1 gim or Jess), wlach 18 much smoller than the mean cdicumier-
ence of the hesd £ (pechups a few millimeters) as shown in Figare 3.73. The coil of this head has & mms
and ig energized by the signal current é. The fringe field intensity My at the gap magnenizes the magnetic
tape passing under the head, Hy must be grewter than the coetcivity Bl of the storuge mediom (pe) o be
whle to magmetize that region of the tape under the head. Supposc that Hy, = magrnetic field intensity in the
core of the head; H; = magnetic field intensity in the gap; Hy = fringing field intensity below the gap;
By = firpia Hy = magnetic Held in the core of the head: By = .My = magnetic field in e gop,

The magroetic flux must be continwous through the small gop. Thus, if A is tee cross-sectional area,

Flux in the core = Ay = Flux in the gup = AH, or B, = 8y



QUESTIONS AND PROBLENMS |

Pole Gap Pole

| A,
Tape —» =X | g
\Gap 4 Figure 8.73 The gapofa
H recording head and tha fringing
! field For mognetizing the tape.

g Applying Ampere’s law for B around the imean circumference, £ + g, show thut
|
= e N}
g+ Efur

b, Ifwe apply Ampere’s law for H around the semicircle of tadius » coming out From the gap into the
tape as shown in Figure 8.73 we get

Hy Field in the gup

HRE - H_r (e N

Show that,

Fringing fivid
Jor recording on
starage media

lrd :

e ™ g+

¢ The fringing feld must overcome the eoercivity of the stocage modium, Suppose that the storge
medium has H; = 50 kA m -1yl we have to determine A given the head material. Suppose that
w2100 g = Tpm = 10"%m, £ = Smm =5« 107 m andr = | pm = 1078 m to record into
w depth of 1 g, What is the: minimum N7 IF the minimurn signal current (after amplification) is
5 mA, how many tums do you need for the coil?

4 What is the magnetic feld By io the core? Can you nse 2 fierrite head?

Laft; These hightemperature supercenductor [HTS] flet topes are baed an [Big Pl SraCaaCusi0 1 ga(Bi-2223).
The: lope has an outer surrounding profective metallic sheath. Right; HTS tapes hove a mejor advantoge over
equivalentsized metal conducters, in being able to ranrsmit considerably higher power loads, Cails mode
from HTS tapa can be used ho crecle mona compe and afficient motars, genesalors, mognets, ransformers,
and enengy staroge devices,

| SCURCE: Courtesy of Avsiralion Superconductars.



Christiaan Huygens [162%-14%5), o Diich physscis,

explained dmﬁa refraction of light in calcita in tarms

of ordinary and extroardinory wowes. Christioan

Hlnl-.' a3 mode mon mnlrihuriuns 143 ﬁpﬁc: ane withs

pmligﬁcull',- on the subject.

| SCOUIRCE: Courtesy of Emila Segré Visual Archives,
Amarlean Inshilule of Physles,

Augustin Jeon Fresnel |1 788-1827) was a Franch physicist, and a civil
mngineer for tha Franch government, who was cne of he principal
proponents af the wene ﬁﬂuanr:,' aof light. He mode a number of dFlflin-:l
confribulions 1o optics induding 1he welbknown Frasnal lens that was used in
lighthouses in the ninetesnth century, He fall ot with Napolean in 1815 and
wins subzegquenthy pat inlo hovse arrest until the and of Nudpulum': rehgn.
During his enforced lalsure fime he formulared his wove idaas of light into o
mathemotical thacry,

SOURCE: Smithsonian Instituticn, courtesy of AIP Emilic Segrd Visval

Archivas,




