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Preface

Ferromagnetism of metallic systems, especially those incluu:uy transition
metals, has been a controversial subject of modern science for a iong time.
This controversy stems from the apparent dual character of ta¢ d-electrons
responsible for magnetism in transition metals, i.e., they are it". c;ant elec-
trons described by band theory in their ground state, while at {inite tem-
peratures they show various properties that have long been attributed to a
system consisting of local magnetic moments. The most familiar example of
these properties is the Curie-Weiss law of magnetic susceptibility obeyed by
almost all ferromagnets above their Curie temperatures

At first the problem seemed to be centered around whether the d-elec-
trons themselves are localized or itinerant. This question was settled in the
1950s and early 1960s by various experimental investigations, in particular
by observations of d-electron Fermi surfaces in ferromagnetic transition
metals. These observations are generally consistent with the results of band
calculations. ’

Theoretical investigations since then have concentrated on explaining
this dual character of d-electron systems, taking account of the effects of
electron-electron correlations in the itinerant electron model. The problem
in physical terms is to studv the spin density fluctuations, which are ne-
glected in the mean-field or one electron theory, and their influence on the
physical properties.

There have been two main streams in the research in this direction. One .
has been to study the local moments in metals or the possibility for the
itinerant electrons to exhibit spin :2asity fluctuauions that are described at .
least approximately as a set of Jocal magnctic moments. This approach at-
tained remarkable success in the 19630s from a qualitative point of view and
has been extended further since then.

The other stream of research has been to improve the mean-field theory
by taking into account the spatizliy extended spin density fluctuations in
contrast with the loca! moment picture. This line of approach, represented
by the random-phase approximatioi, was, however, not successful until the
early 1970s when a self-consistent. thoory of coupled modes of extended spin
fluctuations was advanced and the difficulties of the random-phase approxi-
mation were removed. This impioved theory was remarkably successful
when applied to weakiy ferromagnetic metals where the long-wavelength
components of spin fluctuations are the predominant thermal excitations.



Vi Preface

For ¢ ample, this theory postulates a new mechanisth, without local magnet-
« moment, for the Curie-Wetss susceptibility. The theoretical and exper-
imental investigations in this decade have well established the picture and
theory of extended spin fluctuations in weakly ferro- and antiferromagnetic
metals; there is now a new class of magnets at the opposite extreme to the
quite familiar local moment systems.

This success has given a breakthrough to the theory of itinerant electron
magnetism. since it is quite natural to expect that the properties of many
metallic magnets are distributed between these mugually opposite extremes.
Thus the latest investigations are focused on the intermediate regime be-
tween the extremes. to which most metallic magnets including Fe, Co, and Ni
are considered to belong. The concept of spin fluctuations is now. generalized
to include both the local and extended moment limits and a theory of inter-
polation between them is expected to lead to a unified description of mag-
netism.

This monograph is intended to review the above-mentioned devel-
opments 1n the field of itinerant electron magnetism. The important steps in
the theoretical developments in this area are treated, emphasizing recent
theories including the latest attempts at a unified theory. We try to clarify as
far as possible to what extent the subject is understood at present and what
still has to be examined and clarified in future.

. Since the emphasis is on the finite-temperature properties of magnets,
important topics relating to the underlying electronic structures were large-
ly omitted: the band-structure calculation, many-body effects in the ground
state, and the experimental and theoretical investigations of photoemission
which have marked significant progress in recent years. This specialization
of topics seems reasonable in view of the size of the volume and of the
author’s knowledge. Also it is justifiable to discuss important concepts, giv-
ing a general picture of magnetism, without going into too fine details of the
underlying electronic structure, as has actually been seen in the past theoreti-
cal developments. .

I should like to thank Professors Y. Ishikawa, Y. Masuda, S. Ogawa, G. -
Shirane, H. Yasuoka, and K. R. A. Ziebeck for discussions and correspondence
regarding the experimental results discussed here. I have benefited from many
stimulating discussions with my colleagues who have taken part in the theoret-
ical"developments discussed here. My special thanks go to Dr. Y. Takahashi for
critical reading of the manuscript and his resulting useful comments on it. I
am greatly indebted to Mrs. K. F jii for her constant help in typing and re-
typing the manuscript and drawir 3 figures.

Tokyo, January 1985 T. Moriya
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1. Introduction

Y

Magnetism has been a subject of conspicuous interest and intensive research
in the history of science. Modern theore izl research, which started with
the advent of quantum mechanics, has erabled remarkable progress in our
understanding of magnetism. The research efforts still continue at present,
for example, in the area of matals with narrow d and/or f bands where the
essential importance of the electron-electron correiation poses challenging
problems to ivestigators.

This chapter briefly summarizes historical developments in the funda-
mental pictures and concepts in the modern theory of magnetism. Particular
empha:is is placed on the magnetism of transition metals and their
compounds, where the famous long-standing controversy between the
itinerant and localized models has been resolved into a more general and
well-defined problem of spin density fluctuations in a general sense, owing
to the recent advance in the theory of itinerant electron magnetism, which is
the main subject of this monograph.

1.1 Local Magnetic Momes#tsd the Weiss Theory
of Ferromagnetism

The modern theorv of magnetism started with the concept of a local
magnetic moment with a fixed size. Using this concept, Langevin [1.1}
explained the Curie law of magnetic susceptibility. Let us now consider a
set of atomic magnetic moments each with a fixed magnitude m under an
external magnetic field H applied in the z direction. The statistical average
of the magnetization is parallel to the external field and its value per atom
at temperature 7 is given by

{m,y = dQ m cos 8 exp (m H cos 8/kp T)/§ dQ exp(m H cos 0/ky T)

=mL(x),
L(x)=cothx—1/x=x/3—-x%/45+..., !
x =mH/ksT, (1.1

where m cos 6 is the z component of a magnetic moment, kg the Boltzmann
constant and the integrals are over the solid angle. Here L (x) is called the
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Langevin function. Using an expansion form of L(x) in (l.1) gives the
following expression for the magnetic susceptibility which is inversely
proportional to T (the Curie law):

x=No lim (m.y/H=Nom?/3ks T=C/T, (1.2)

where Ny is the number of atoms in the crystal, and C is called the Curie
constant.

Subsequently Weiss [1.2] introduced the notion of an interaction be-
tween atomic magnetic moments i solids and approximated its effect by a
mean molecular field proportional to the average magnetization. Thus he
added the molecular field term I" 'm;,, to the external field in the Langevin
equation (1.1) and obtained

(my=mL(y),
yv=Em(HAT{m))/kp T. (1.3)

Ferromagnetism is described by these equations when there is a solution
with {m,) > 0 for H=0. The condition for ferromagnetism is thus easily
obtained by using the expansion form (1 1) of L« y):

T<Tc=m*T/3kg. (1.4)

Here T¢ is the Curie temperature below which ferromagnetism occurs. The
susceptibility above the Curie temperature is calculated from (1.3) as

x=CNT-Tc), (1.5)

where the Curie constant C is given by (1.2). Equation (1.5) is called the
Curie-Weiss law, abbreviated as the CW law from now on. The temperature
dependence of the magnetization and that.of the inverse susceptibility as
obtained by the Weiss theory are shown in Fig. 1.1. Roughly speaking,
these forms of M— T and 1/y— T relations are commonly observed in
almost all ferromagnets. )

/X

Fig. 1.1. Temperature dependence of magneti-
- zation and that of inverse magnetic susceptibil-
0 T T ity according to the Weiss theory
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The Langevin-Weiss theory has explained quite successfully the essen-
tial properties of ferromagnets both below and above the Curie temper-
ature. However, there were two difficulties intrinsic to the classical theory
of physics. Firstly, it was difficult to justify the existence of an atomic
magnetic moment of a constant magnitude. This is related with the Bohr-
van Leewen theorem showing the absence of magnetism within purely
classical statistics [1.3]. Secondly, the magnitude of the Weiss molecular
field cannot be explained within classical physics; the magnetic dipole-
dipole interaction gives a value for I which is about two or three orders of
magnitude smaller than estimated from the observed value of T¢. These
difficulties were resolved with the advent of quantum mechanics.

1.2 Magneiic Moments of Atoms

According to quantum mechanics, an electron in an atom goes into an
eigenstate having quantized orbital and spin-angular momenta f/ and s,
where h=2nh is the Planck constant, and each component of / and s is
given by a well-known matrix. The magnetic moment of an electron is
also quantized in units of up = efi/2mc, the Bohr magneton, and is given by
m=pup(I+25).

As for an atom as a whole, the total angular momentum is a good
quantum number. Except for some heavy atoms the Russell-Saunders
scheme is valid and the total orbital angular momentum L =/ and the

i

total spin $=s; are also good quantum numbers. The total angular

momentum and the total magnetic moment are given by J=L +.§ and
M = ug (L +28) = g, us J, respectively, where g; is the Lande g factor.

The eigenstates of atoms in the Russell-Saunders scheme are specified
by the quantum numbers S, L, and J and their relative energies satisfy the
Hund rules, i.e., the states with the largest value of S have the lowest energy
and among these states the state with the largest L has the lowest energy.
This lowest energy state has a degeneracy since J can take integral or half
odd integral values between L + S and | L — S|. This degeneracy is lifted by
the spin-orbit coupling AL - S. The coupling constant is positive when a
given (n, /) shell is less than half occupied and is negative when it is more
than half occupied. Each state with a given J has a (2J + 1)-fold
degeneracy which is lifted by the effect of an external magnetic field.

When the lowest energy state with given S, L and J is well separated
from the other states, i.e., the energy separation 4E is much larger than
kg T, we can regard the atom as having a fixed quantized angular
momentum and a fixed magnetic moment. The Langevin equation (1.1) is
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‘vl .ed into the following quantum-mechanical expression:

(m;) =g,us J2)s .

{J;) =JB;(x), : .
B,(xy=(1+1/2J)coth(1 +1/2J)yx —(1/2J) coth(x/2J),

x =g,upJH/kg T, (1.6)

where B,;(x) is the Brillouin function which reduces-to the Langevin
function in the limit of J — co. The magnetic susceptibility is now given by

2=Nc3 I+ 1)/3ks T, ' (1.7

In solids, a magnetic moment is exhibited only by an atom with a
partially filled d or f shell. The s and p electrons usually take a principal
part in bonding of solids and therefore their states in solids are quite dif-
ferent from those of free atoms, while the d and f electrons, having
contracted orbitals compared with the s and p, are usually less important in
bonding, and their crbitals are not much modified as the atom goes into a
solid. In particular, the 4f electrons in rare-earth atoms usually keep
almost the same stateés in solids as in free atoms; J is a good quantgm
number. For the d electrons, the influence of surroundings is more
important and the orbital angular momentum is usually quenched by the
effect of crystalline electric fields and the partial covalency. Only the total
spin S then is a good quantum number. On the other hand, the d electrons
in transition metals are usually itinerant electrons, transferring from atom 20
atom, and the atomic spin is no longer well defined.

1.3 Heisenberg Localized Electron Model

. The origin of the Weiss molecular field was attributed by Heisenberg [1.4]
to the quantum-mechanical exchange interaction between neighboring
atoms. He developed a theory'based on the Heitler-London model, con-
veniently expressed in terms of the atomic spin operators:

9”=_—ZIJ/1(S}‘SI), g1-8)

where j, ! specify atomic ,sft&s in the crystal, and J;,, the interatomic ex-
change interaction constant. The molecular field is simply given from this
expression as

"%

Hoons= 2(g )™ ; YMEHN | (1.9)
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where g is the gyromagnetic ratio or the g factor. Thus, from the Weiss
molecular field theory

(S.)=SB;(x),
x  =lgus HS+2J(0) S(S))/ ks T,
J(0)=;J,,. (1.10)

The Curie temperatures is given by
Te=2J(0) S (S +1)/3ks, (1.11)
and the magnétic susceptibility above T¢ is given by
x=Nog?ug S(S+1)/3kg(T~T¢). (1.12)

Heisenberg assumed that J (0) or the exchange constant J between neigh-
boring atoms is positive and of an appropriate order of magnitude.
Subsequent attempts to calculate J for ferromagnetic transition metals from
realistic atomic orbitals, however, have failed to explain the sign and/or
magnitude of J. As discussed shortly, we know at present that ferromagnetic
transition metals are not described by the Heiserberg model in its naive
form. However, the Heisenberg model as a phenomenological model of
magnets and its various generalizations have been overwhelmingly impor-
tant in elucidating various properties of magnetic materials. By generalizing
the sign and range of J;;, antiferro-, ferri- and helimagnetisms have been
derived from it. It has led to the discovery of spin waves as elementary
excitations, and to the statistical mechanical theory of phase transitions and
critical phenomena. Furtheriore, theories of magnetic resonances are also
developed mainly on the basis of the localized moment model.

The Heisenberg model is actually justified from a microscopic point of
view when well-defined local atomic moments exist. This is established to
be the case in magnetic insulator compounds and in the majority of rare-
earth metals. In the former, the mechanism of exchange interaction is the
superexchange which is usually antiferromagnetic, while in the latter
indirect exchange interaction via the conduction electrons dominates.

1.4 Itinerant Electron Model

Another main stream in the theory of magnetism induced by quantum
mechanics is the itinerant electron theory of ferromagnetism. Bloch [1.5]
first discussed the possibility of ferromagnetism of an electron gas by using
the Hartree-Fock approximation (HFA), and Wigner [1.6] subsequently
pointed out the importance of the electron-electron correiation which
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suppress and eliminates the possibility of ferromagnetism in the electron
gas. This conclusion has not been changed by more recent investigations
based on modern many-body theories [1.71.

Thus the actual occurrence of ferromagnetism in transition metals is
considered to be associated with the atomic character of d-band electrons
around each atomic site and mainly intra-atomic exchange interactions; for
the d bands the tight-binding model is more appropriate than the electron
gas model. Slater [1.8] discussed the ferromagnetism of Ni by using HFA on
the basis of the tight-binding 4 bands with intra-atomic exchange inter-
action only. .According to this model the exchange energy I/ between the
Bloch d-band electrons is independent of their wave vectors and is given by

I=J/N,, (1.13)

J being the average of the intra-atomic exchange energy and Ny the number
of atoms in the crystal. The total exchange energy of the system with N
electrons and magnetization M (in units of 2 up) is given by

Eoen =+ IN* - IM?, (1.14)
N=N,+N;, M=3(N,-Ny), (1.15)

where N, is the number of electrons with spin o. Stoner [1.9} also developed
an itinerant electron theory of ferromagnetism with an approximation of a
molecular field which is independent of the wave vector of an electron. This
approximation is equivalent to the above approximation of local exchange
interactions.

The kinetic energy of an electron system increases with increasing
magnetization, owing to splitting of the energy bands for up- and down-spin
electrons as shown in Fig. 1.2. When the band splitting 2 4 is smalil

Ekin=QA2—%QF|A4+. ='—A{2+“"—F1M4

Fi=(0'/9)*—(@"/30), (1.16)
where g, ¢’ and ¢” are the density of states and its derivatives at the Fermi

level for M = 0.
From (1.14, 16) the total energy is gwen by

Lpmes (1.17)

E—-—(l—I )M2+4 :

Thus a ferromagnetic state is realized for

% =To(ee) > 1. (1.18)



