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Introduction

The first accounts of magnetism date back to the ancient Greeks who also gave magnetism its
name. It derives from Magnesia, a Greek town and province in Asia Minor, the etymological
origin of the word “magnet” meaning “the stone from Magnesia.” This stone consisted of
magnetite (Fe304) and it was known that a piece of iron would become magnetized when
rubbed with it.

More serious efforts to use the power hidden in magnetic materials were made only
much later. For instance, in the 18th century smaller pieces of magnetic materials were
combined into a larger magnet body that was found to have quite a substantial lifting power.
Progress in magnetism was made after Oersted discovered in 1820 that a magnetic field
could be generated with an electric current. Sturgeon successfully used this knowledge
to produce the first electromagnet in 1825. Although many famous scientists tackled the
phenomenon of magnetism from the theoretical side (Gauss, Maxwell, and Faraday) it is
mainly 20th century physicists who must take the credit for giving a proper description of
magnetic materials and for laying the foundations of modern technology. Curie and Weiss
succeeded in clarifying the phenomenon of spontaneous magnetization and its temperature
dependence. The existence of magnetic domains was postulated by Weiss to explain how
a material could be magnetized and nevertheless have a net magnetization of zero. The
properties of the walls of such magnetic domains were studied in detail by Bloch, Landau,
and Néel.

Magnetic materials can be regarded now as being indispensable in modern technology.
They are components of many electromechanical and electronic devices. For instance, an
average home contains more than fifty of such devices of which ten are in a standard
family car. Magnetic materials are also used as components in a wide range of industrial
and medical equipment. Permanent magnet materials are essential in devices for storing
energy in a static magnetic field. Major applications involve the conversion of mechanical to
electrical energy and vice versa, or the exertion of a force on soft ferromagnetic objects. The
applications of magnetic materials in information technology are continuously growing.

In this treatment, a survey will be given of the most common modern magnetic mate-
rials and their applications. The latter comprise not only permanent magnets and invar
alloys but also include vertical and longitudinal magnetic recording media, magneto-optical
recording media, and head materials. Many of the potential readers of this treatise may
have developed considerable skill in handling the often-complex equipment of modern
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2 CHAPTER 1. INTRODUCTION

information technology without having any knowledge of the materials used for data stor-
age in these systems and the physical principles behind the writing and the reading of the
data. Special attention is therefore devoted to these subjects.

Although the topic Magnetic Materials is of a highly interdisciplinary nature and com-
bines features of crystal chemistry, metallurgy, and solid state physics, the main emphasis
will be placed here on those fundamental aspects of magnetism of the solid state that form
the basis for the various applications mentioned and from which the most salient of their
properties can be understood.

It will be clear that all these matters cannot be properly treated without a discussion
of some basic features of magnetism. In the first part a brief survey will therefore be given
of the origin of magnetic moments, the most common types of magnetic ordering, and
molecular field theory. Attention will also be paid to crystal field theory since it is a prereg-
uisite for a good understanding of the origin of magnetocrystalline anisotropy in modern
permanent magnet materials. The various magnetic materials, their special properties, and
the concomitant applications will then be treated in the second part.



The Origin of Atomic Moments

2.1

SPIN AND ORBITAL STATES OF ELECTRONS

In the following, it is assumed that the reader has some elementary knowledge of quantum
mechanics. In this section, the vector model of magnetic atoms will be briefly reviewed
which may serve as reference for the more detailed description of the magnetic behavior of
localized moment systems described further on. Our main interest in the vector model of
magnetic atoms entails the spin states and orbital states of free atoms, their coupling, and
the ultimate total moment of the atoms.

The elementary quantum-mechanical treatment of atoms by means of the Schrodinger

equation has led to information on the energy levels that can be occupied by the electrons.
The states are characterized by four quantum numbers:

1.

The total or principal quantum number n with values 1,2, 3, ... determines the size
of the orbit and defines its energy. This latter energy pertains to one electron traveling
about the nucleus as in a hydrogen atom. In case more than one electron is present, the
energy of the orbit becomes slightly modified through interactions with other electrons,
as will be discussed later. Electrons in orbits with n = 1,2, 3, ... are referred to as
occupying K, L, M, ... shells, respectively.

The orbital angular momentum quantum number ! describes the angular momentum
of the orbital motion. For a given value of /, the angular momentum of an electron
due to its orbital motion equals A/7(I + 1). The number / can take one of the integral
values 0, 1,2, 3,...,n — 1 depending on the shape of the orbit. The electrons with
1 =0,1,2,3,4,... are referred to as s, p, d, f, g,...electrons, respectively. For
example, the M shell (n = 3) can accommodate s, p, and d electrons.

The magnetic quantum number m; describes the component of the orbital angular
momentum [ along a particular direction. In most cases, this so-called quantization
direction is chosen along that of an applied field. Also, the quantum numbers m;
can take exclusively integral values. For a given value of /, one has the following
possibilities: m; = 1,1 —1,...,0,..., -1 + 1, —l. For instance, for a d electron the
permissible values of the angular momentum along a field direction are 24, A, 0, —#,
and —2h. Therefore, on the basis of the vector model of the atom, the plane of the
electronic orbit can adopt only certain possible orientations. In other words, the atom
is spatially quantized. This is illustrated by means of Fig. 2.1.1.

3



4 CHAPTER 2. THE ORIGIN OF ATOMIC MOMENTS

Figure 2.1.1. Vector model of the atom applied to the situation / = 2 and nonzero external field.

4. The spin quantum number m; describes the component of the electron spin s along
a particular direction, usually the direction of the applied field. The electron spin s
is the intrinsic angular momentum corresponding with the rotation (or spinning) of
each electron about an internal axis. The allowed values of m; are +1/2, and the
corresponding components of the spin angular momentum are +#/2.

According to Pauli’s principle (used on p. 10) it is not possible for two electrons to occupy
the same state, that 1s, the states of two electrons are characterized by different sets of the
quantum numbers n, [, m;, and m;. The maximum number of electrons occupying a given

shell is therefore
n—1

2}:(21 +1) =2n% @.1.1)
=0

The moving electron can basically be considered as a current flowing in a wire that coin-
cides with the electron orbit. The corresponding magnetic effects can then be derived by
considering the equivalent magnetic shell. An electron with an orbital angular momentum
Hl has an associated magnetic moment

i =——h = —pgl, (2.12)
2m

where pp is called the Bohr magneton. The absolute value of the magnetic moment is

given by
Il = weVIC+ 1) (2.1.3)

and its projection along the direction of the applied field is

Wiz = —mpB. (2.1.4)

The situation is different for the spin angular momentum. In this case, the associated
magnetic moment is
- le] ..

By = —grz——ﬁs = —8eIBS, (2.1.5)
m
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12

H=0 H#0

Figure 2.1.2. Effect of a magnetic field on the energy levels of the two electron states with mg = +1/2 and
msg = —1/2.

where g, (=2.002290716 (10)) is the spectroscopic splitting factor (or the g-factor for the
free electron). The component in the field direction is

Wsz = —8eMsIB. (2.1.6)
The energy of a magnetic moment {1 in a magnetic field H is given by the Hamiltonian
H=-poi-H=—fB, 2.1.7)

where B is the flux density or the magnetic induction and pg = 4n x 1077 TmA ™! is the
vacuum permeability. The lowest energy Ey, the ground-state energy, is reached for p and
H parallel. Using Eq. (2.1.6) and ms = —1/2, one finds for one single electron

Ep = —Rols H = +gemsionsH = —1gemonsH. (2.18)

For an electron with spin quantum number m; = +1/2, the energy equals +%gep.ouBH .
This corresponds to an antiparallel alignment of the magnetic spin moment with respect to
the field.

In the absence of a magnetic field, the two states characterized by m; = +1/2 are
degenerate, that is, they have the same energy. Application of a magnetic field lifts this
degeneracy, as illustrated in Fig. 2.1.2. It is good to realize that the magnetic field need not
necessarily be an external field. It can also be a field produced by the orbital motion of the
electron (Ampére’s law, see also the beginning of Chapter 8). The field is then proportional
1o the orbital angular momentum / and, using Eqgs. (2.1.5) and (2.1.7), the energies are
proportional to 5 - [. In this case, the degeneracy is said to be lifted by the spin—orbit
interaction.

2.2. THE VECTOR MODEL OF ATOMS
When describing the atomic origin of magnetism, one has to consider orbital and

spin motions of the electrons and the interaction between them. The total orbital angular
momentum of a given atom is defined as

L=Y i @.2.1)
i

where the summation extends over all electrons. Here, one has to bear in mind that the
summation over a complete shell is zero, the only contributions coming from incomplete
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shells. The same arguments apply to the total spin angular momentum, defined as

§=Z}. (22.2)

The resultants S and L thus formed are rather loosely coupled through the spin—orbit
interaction to form the resultant total angular momentum J:

J=L+S§. (2.2.3)

This type of coupling is referred to as Russell-Saunders coupling and it has been proved to
be applicable to most magnetic atoms. J can assume values ranging from J = (L—-S5), (L -
S+1),to(L+S—1), (L+S). Such a group of levels is called a multiplet. The level lowest
in energy is called the ground-state multiplet level. The splitting into the different kinds
of multiplet levels occurs because the angular momenta L and S interact with each other
via the spin-orbit interaction with interaction energy XL S (\is the spin-orbit coupling
constant). Owing to this interaction, the vectors L and Sexerta torque on each other which
causes them to precess around the constant vector J. This leads to a situation as shown in
Fig. 2.2.1, where the dipole moments ji.; = —pgL and s = —gem1BS, corresponding to
‘the orbital and spin momentum, also precess around J. It is important to realize that the
total momentum jiy; = JiL + [Ls is not collinear with J but is tilted toward the spin owing
to its larger gyromagnetic ratio. It may be seen in Fig. 2.2.1 that the vector jl,; makes an
angle 6 with J and also precesses around .I The precession frequency is usually quite high
so that only the component of [i,o; along 7 is observed, while the other component averages
out to zero. The magnetic properties are therefore determined by the quantity

B = fior cosB = —gsupJ. (224

Figure 2.2.1. Spin—orbit interaction between the angular momenta S and L.
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4 4
m=3 -e
2 4
1 4
0 3
= 4 4
2 —f Ly
-3 + —
L=6 L=5
S=3/2 S=5I2
J=9/2 J=15/2

Figure 2.2.2. Application of Hund's rules to find the ground-state multiplet for an atom with three 4f electrons
(4£%) and nine 4f electrons (4f%).

It can be shown that

L JUADESS+HD)-LUL+D)
gr=1+ e : (225)

This factor is called the Landé spectroscopic g-factor.

For a given atom, one usually knows the number of electrons residing in an incomplete
electron shell, the latter being specified by its quantum numbers. We then may use Hund’s
rules to predict the values of L, S, and J for the free atom in its ground state. Hund’s
rules are:

(1) The value of S takes its maximum as far as allowed by the exclusion principle.

(2) The value of L also takes its maximum as far as allowed by rule (1).

(3) If the shell is less than half full, the ground-state multiplet level has J = L — S, but
if the shell is more than half full the ground-state multiplet level has J = L + S.

The most convenient way to apply Hund’s rules is as follows. First, one constructs the level
scheme associated with the quantum number /. This leads to 2/ + 1 levels, as shown for
f electrons (I = 3) in Fig. 2.2.2. Next, these levels are filled with the electrons, keeping
the spins of the electrons parallel as far as possible (rule 1) and then filling the consecutive
lowest levels first (rule 2). If one considers an atom having more than 2/ 4 1 electrons in
shell /, the application of rule 1 implies that first all 2/ + 1 levels are filled with electrons
with parallel spins before the remainder of electrons with opposite spins are accommodated
in the lowest, already partly occupied, levels. Two examples of 4f-electron systems are
shown in Fig. 2.2.2. The value of L is obtained from inspection of the m; values of the
occupied levels whereas S is equal to %x(net number of spin-up electrons). The J values
are then obtained from rule 3.

Most of the lanthanide elements have an incompletely filled 4f shell. It can be easily
verified that the application of Hund’s rules leads to the ground states as listed in Table 2.2.1.
The variation of L and S across the lanthanide series is illustrated also in Fig. 2.2.3.

The same method can be used to find the ground-state multiplet level of the 3d ions in
the iron-group salts. In this case, it is the incomplete 3d shell, which is gradually filled up.
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Table 2.2.1. Selected ionic properties of the rare-earth elements. The quantity G* represents
the De Gennes factor G = (g — 1)2J(J + 1), normalized to the value for Gd3+

Ion 4" Ground L S§ J g gJIU+1) gJ G*
n term
La3t 0 59 0o 0 — 0 0 0 0
celt 1 sy 12 3 52 6 2.54 2.14 0011
Pt 2 3y, 1 5 4 a5 358 3.20 0.051
N3 o, 32 6 92 81 3.62 3.28 0.116
Pm’t 4 S, 2 6 4 35 2.68 2.40 0217
sm*t 5 SHspp, SR 5 52 27 0.84 0.72 0.283
Eult 6 'F 33 0 0 0 0 0
Gd#* 71 8, 2 0 2 2 7.94 7 1
b3t 8 TFg 3 3 6 31 9.72 9 0.667
Dyt 9 CHys, SR 5 152 4B 10.63 10 0.450
HOt 10 Sk 2 6 8 514 10.60 10 0.286
EF 11 s, 32 6 152 665 9.59 9 0.162
Tm3* 12 3Hg 1 5 6 6 757 7 0.074
wt 13 2, 12 3 2 8n 454 4 0.020
Lt 14 ISy 0 0 0 — 0 0 0
12
I . .
10}

-~ t gVJ(u+)

Y

=

2l Lo, L,

3 [ / ‘\\ /" %

w Ar N ‘\\

= -/ . A \,'\ \

2+ / ’I S~ ~ “\
_ _ - g \\ III s\ N - R\
ol 41 1 1 Y Lo S

0 2 4 6 8 10 12 14
Number of 4f electrons ———»

Figure 2.2.3. Varationof L, S, gJ, and g+/J(J + 1) across the lanthanide series. The latter values are compared
with experimental results obtained from x“ versus T plots (see Section 3.1) of various rare-earth tri-aluminides,
represented as filled circles.

As seen in Tables 2.2.1 and 2.2.2, the maximum S value is reached in each case when the
shells are half filled (five 3d electrons or seven 4f electrons).

In most cases, the energy separation between the ground-state multiplet level and
the other levels of the same multiplet are large compared to kT. For describing the mag-
netic properties of the ions at 0 K, it is therefore sufficient to consider only the ground
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Table 2.2.2.  Selected ionic properties of iron-group elements containing Z electrons

Z Ion Ground L S J Megrep  8/TU 1) 2/SS+D
term gVLLF D +45E+1)

18 Kt v+ 1s, 0 0 0 diam. 0 0 0

19 st T vH 2Dy, 2 12 3 1.73 1.55 3.01 1.78
20 Tzt v3+ 3F, 301 2 2.83 1.63 4.49 2.83
a vt et YRy, 3 32 3e 382 0.70 521 3.87
2 Cr2t, Mot 5Dy 2 2 0 481 0 5.50 491
23 Mn?t, Fe3t s, 0 52 52 5.85 5.92 5.92 5.92
24 Felt 5D, 2 2 4 552-522 671 5.50 491
25 Co?t ‘Fgp 3 32 92 520-443 663 521 3.87
2% Nzt 3R, 301 4 323 5.59 4.49 2.83
27 cu?t Ds, 2 12 52 202-181 355 3.01 1.713

level characterized by the angular momentum quantum number J listed in Tables 2.2.1
and 2.2.2.

For completeness it is mentioned here that the components of the total angular momen-
tum J along a particular direction are described by the magnetic quantum number m ;. In
most cases, the quantization direction is chosen along the direction of the field. For practical
reason, we will drop the subscript J and write simply m to indicate the magnetic quantum
number associated with the total angular momentum J.



