3. The Nature of Ferromagnetism

Heisenberg’s Theory

Heisenberg’s theory of ferromagnetism attributes the ferromagnetic
state to an alignment of electron spins in atoms due to exchange
forces. In wave-mechanical terms, the probability that an electron in
one atom will change places with an electron in an adjacent atom 1is
given by an exchange integral which is positive or negative according
to the ratio of the radius of the relevant electron shell » and the
atomic spacing d. In general, this integral is negative since the
attractions between the atomic nuclei and the electrons are greater
than the repulsions between the nuclei and between the electrons. It
is positive when there exists a certain ratio d/r of the distance between
the adjacent atoms of the crystal and the radius of the electron shells
containing the uncompensated electron spin. Slater (1930) presents
the data:

Metal | Fe  Co

Ni } Cr Mn Gd

|
dir 326 364 | 394 | 260 294 310

The conclusion drawn from this is the empirical presumption that,
for ferromagnetism to exist, d/r must be greater than 3-0 but not
much greater.*

As Bates (1951, ¢) points out, in Heisenberg’s theory the exchange
forces depend upon the alignment of the electron spins but the forces
between the spins themselves are not responsible for the ferro-
magnetic state. Ferromagnetism is presumed to be due to interaction
forces between the atoms because these forces apparently have a
common feature if the ratio d/r has an approximately common value,
evidently greater than 3-0 but not much greater. However, is this a

* In this chapter the symbols r and d are used to denote dimensions in an atomic
lattice, whereas in the remainder of this book they are used consistently to denote
dimensions of the space-time lattice. The coincidental feature that the ratio d/r
is slightly more than 3 in the space-time lattice is deemed to be fortuitous.
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THE NATURE OF FERROMAGNETISM 51

purpose of this is to facilitate the approximate calculations presented
here. Offset against this also, one can argue that the Principle of
Uncertainty, as used in wave mechanics, may well only have meaning
when viewing events in atoms on a statistical basis. This principle is
no warranty that, in some atoms, those of certain size, arranged in
certain crystal configurations and under certain energy conditions,
Just one electron could not defy the principle, as viewed by an electron
in an adjacent atom, and actually be in a harmonious state of motion
with such electrons in adjacent atoms. The motion of electrons in
atoms is not random. Statistically, wave mechanics helps us to
understand the systematic behaviour of atomic electrons, but they
are a mere mathematical tool used for this purpose and not a set of
laws which a particular electron has to obey. If, energetically, it suits
the electron to move steadily in an orderly orbit, it will do so. Such is
the premise on which the model to be studied is based, and with it
the Bohr theory of the atom will be used.

Imagine two adjacent atoms arranged in a crystal lattice with
their electron orbits aligned along the crystal direction linking the
particles. This is illustrated in Fig. 3.1. Only one electron per atom
is taken to be in this state. The atoms are spaced apart by a distance
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Fig. 3.1

d. Each atom has a nuclear charge Ze, an electron system depicted
as a cloud, shown shaded, of charge e - Ze, and a single electron of
charge —e describing a circular orbit of radius r and velocity ¢. In
effect, it is assumed that one electron in each atom has adopted a
motion in strict accordance with Bohr’s theory, whereas the other
electrons form, statistically, a charge centred on the nucleus, but not
screening the orbital charge from the electric field set up by the
nucleus.

The orbital electrons arc taken to move in synchronism in view of
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their mutual repulsion. Then the following components of inter-
action force between the two atoms may be evaluated in terms of the
radius r of the clectron orbits and the velocity ¢ of the electrons.

(a) Between the orbital electrons: €2/d? repulsive,
(b) Between the orbital electrons: (ev/c)?/d? attractive,
(c) Between the remaining atoms:  e2/d? repulsive,
(d) Between the orbital electrons and
the atoms: 2e2d/(r + d?)? 2 attractive.

These force components are, simply, the electrostatic and electro-
dynamic interaction forces between the two electrical systems
defined. If the last term is expanded, then, neglecting high order
terms in r/d, since r is less than d for all cases and very much less for
most, it becomes 2e2/d? —3e2r2/d* . . . Combining the force com-
ponents, the total force between the two atoms becomes, approxi-
mately, (¢/c)? = 3(r/d)? times e2/d?, as an attractive force.

On Bohr theory:

v/e=aZ|n (3.1

where a i1s the Fine Structure Constant 7-298 10 3, and n is the
quantum number of the electron level in the atom. Also:

r=nrylZ (3.2)

where #7718 5:29 1079 cm.

It follows that as Z increases, the attractive force component
diminishes and the repulsive force component increases. The zero
force state occurs when:

Z 18 =3r?)a2d>~ 4,000

if dis 2108 cm. This gives, for n=2, Z=23. For iron, Z =206, and it
so happens that the measured value of the effective value of nis 2-2.
This represents the number of Bohr Magnetons per atom applicable
to iron in its state of intrinsic magnetization.

The above calculation is merely to demonstrate that the approach
being pursued may prove profitable.

To develop the theory on more realistic, though still approximate,
terms, the transverse forces have to be taken into account in stress
energy considerations. The force in the lateral sense between two
atoms in the crystal lattice will be effectively all electrodynamic. The
clectrostatic action of the orbital electron of one atom will, on






