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Magnetic Metals

A.R. Mackintosh, Copenhagen

By definition, magnetic metals con-
tain electrons which can transport an
electric current, and electrons which
provide a net magnetic moment. The
fundamental problem which for several
decades has exercised those who have
been concerned with understanding
metallic magnetism is; are they the
same electrons? To express it rather
more precisely, one might ask whether
the conduction electrons in a magneti-
cally ordered metal, for example a ferro-
magnet, are also responsible for the
ordered moment, or whether this is pre-
dominantly due to a distinct set of elec-
trons. In the form in which the question
is usually asked today: “Are the magne-
tic electrons localized or itinerant?”.

The origin of magnetic ordering in the
solid state has been understood in prin-
ciple since the work of Heisenberg and
Dirac. The exchange correlation of elec-
trons of parallel spin holds them apart
and hence reduces their Coulomb ener-
gy. Since this energy reduction does not
occur if the spins are antiparallel, a pair
of electrons will tend to align their spins.
This coupling may be described as a
Heisenberg exchange interaction, pro-
portional to the scalar product of the
spin vectors, and falling off rapidly with
distance as the overlap of the electron
wavefunctions declines. The alignment
of the spins is opposed by the resulting
increase in, for example, the kinetic
energy and, at non-zero temperature,
the entropy of disorder. The details of
how the Heisenberg and other magnetic
interactions are expressed in practice
may be very complex, and elaborate
experimental and theoretical studies are
required for their elucidation.

(Nordita and the University of Copenhagen)

Diffraction and inelastic scattering of
neutrons have played a vital role in allow-
ing the determination of magnetic struc-
tures, excitations and interactions. Per-
haps the most significant contribution
to distinguishing between localized and
itinerant magnetic electrons has, how-
ever, been made by calculations of the
electronic structure and their verifica-
tion by experimental studies of the Fermi
surface. Of particular importance has
been the de Haas-van Alphen effect, the
oscillatory diamagnetism of metals at
low temperatures, which is incompa-
rably the most powerful experimental
technique for studying the conduction
electrons. From the measurements on Ni
in the early 1960’s to the recent results
on heavy-fermion systems, such investi-
gations have furnished decisive clues
to understanding the ground states of
magnetic metals. The excited states of
localized magnetic electrons, as mani-
fested for instance in the rare earth
metals, are also well understood, but
the excitations of itinerant-electron ma-
gnets still present an unresolved chal-
lenge.

Itinerant Magnetism —
Transition Metals

It has been possible to make realistic
calculations of the electronic structures
of magnetic metals since the work of
Slater in the 1930's, but the subject was
given new impetus by the development
of density-functional theory by Kohn
and others, and linear methods for sol-
ving the Schrédinger equation by
Andersen. A local single-particle poten-
tial for an electron in a lattice may be
constructed from the electron density

by a prescription which involves as-
sumptions and approximations but no
arbitrary parameters, and includes in an
average sense the correlation and ex-
change interactions between the elec-
trons. This potential may be used for
self-consistent calculations of the
ground-state properties of the electronic
system but not, without further elabora-
tion, the excited states. The linear
methods are physically transparent and
computationally very efficient, so that
self-consistent calculations can be per-
formed for complex structures with
many atoms per unit cell. The essentials
of the band structure may thus be ex-
pressed in terms of a small number of
parameters, including the energies C,; of
the centres of the bands derived from
the various atomic states, and the asso-
ciated electronic band masses u_, to
which the width of the corresponding
band is inversely proportional. These
parameters may in turn be related to
atomic energies and wavefunctions.
Magnetic ordering is associated with
atomic states which overlap weakly in
the metals: 3d in the transition metals,
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Fig. 1 — Atomic wavefunctions for some magnetic and nearly-magnetic metals, calculated
by Herman and Skillman. The 3d wavefunction is shown for Ni, the 4f fora —Ce and Tb, and
the 5f for U. The radius is scaled by the Wigner-Seitz radius S, so that the amplitude at the
value unity indicates the overlap between states on neighbouring atoms.

4f in the rare earths and 5f in the acti-
nides. In Fig. 1 are shown radial atomic
wavefunctions for such states, as a
function of the radius scaled with S, the
radius of the “Wigner-Seitz sphere”,
which encompasses one atom in the
elemental metal. The width of the cor-
responding band is roughly proportional
of the square of the amplitude of the
wavefunction on the Wigner-Seitz
sphere, which reflects the degree of
overlap of states at different sites in the
crystal. The associated band masses
are: u,, = 12 for Ni, u,, = 44 for a-Ce
and pug = 14 for U, implying much nar-
rower bands than those of the nearly-
free electron gas for which u , = 1.

Whether band theory is applicable
when the masses are so high has been a
subject of controversy for several deca-
des. In the early 1960’s the matter was
settled for the 3d transition metals when
Fawcett and others determined the
Fermi surface of Ni and demonstrated
that the 3d electrons are itinerant and
hence participate in the conduction of
electricity on the same footing as, for in-
stance, the 4s electrons. In such circum-
stances, the Stoner theory is applicable.
The essential assumption is that, owing
to the exchange interactions, the cen-
tres of the bands corresponding to diffe-
rent spins are split by an amount which
is proportional to the magnetization m,
so that for Ni

Cayy — Cgqy =ml

where the average exchange interaction
| can readily be calculated. Assuming
that the magnetization is exclusively
associated with the 3d electrons, which
is a good approximation for Ni, the Pauli
spin susceptibility of the conduction
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electrons is enhanced by this interaction

© e = u2N(e)/(1=Nig))

where N(g.) is the number of electron
states per unit energy range (the state
density) at the Fermi level. From this
relation it is clear that, if N(g.)/ exceeds
unity, the susceptibility diverges and a
ferromagnetic state with a spontaneous
spin polarization results, as illustrated in
Fig. 2. The degree of band splitting,
which is much greater for the 3d than

the 4s electrons, is determined by the
balance between the decrease in energy
due to the exchange and the increase in
kinetic energy.

Density-functional theory permits the
calculation of the ground-state proper-
ties of the 3d magnets, including the
magnetic moment, the Fermi surface for
the two spin states, the crystal structure
and the cohesive properties, and the
results are generally in excellent agree-
ment with experiment. For example the
striking behaviour of Fe which, upon the
application of pressure, changes from a
bce structure with a large moment to a
non-magnetic hcp structure, is quan-
titatively explained by such calculations.
Even the magnetic properties of Cr,
where the ordered moment varies sinu-
soidally through the lattice in an antifer-
romagnetic spin-density-wave struc-
ture, may be understood in terms of the
energy bands. On the other hand, the ex-
cited states are not satisfactorily treated
in the simplest form of the band model,
in which the elementary magnetic exci-
tations are formed by the promotion of
an electron from a filled state to an emp-
ty state of opposite spin. The observed
low-lying excitations are however spin
waves, which may be considered as
linear combinations of these Stoner ex-
citations, formed as a result of correla-
tion effects which are neglected in the
independent particle model. Although
these effects can be included in a relati-
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Fig. 2 — The number of electron states per unit energy for the different spin states in ferro-
magnetic Ni, calculated by Skriver. The bottoms of the 4s bands for up and down spin almost
coincide at —0.77 Ry but the narrow d bands, which give rise to the large state density near
the Fermi level, are self-consistently shifted relative to each other by the exchange. The top
of the spin-up d band is at about —0.1 Ry below the Fermi level, and the band is therefore fill-
ed. The spin-down d band however contains about 0.6 holes per atom, and the difference

gives rise to the ferromagnetic moment in Ni.
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Fig. 3 — The effect of the magnetic interac-
tions in the rare earth metal Pr. In the atomic
ground state J = 5, and the crystalline elec-
tric field in the metal splits the (2J+1)—de-
generate | M,> states, the lowest two of
which are shown. The indirect exchange in-
teraction couples these states on different
ions, giving rise to a collective excitation
whose energy depends upon the wave-
length. The | +1> doublet is split by the
anisotropy of the exchange. As indicated,
the mode of lowest energy is strongly
temperature dependent, and the hyperfine
coupling to the nuclear moments gives an
antiferromagnetic structure below about 50
millikelvins, whose periodicity matches the
wavelength of this mode.
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vely straightforward manner, and the
spin-wave dispersion relations thereby
calculated, the temperature depen-
dence of the magnetization and the
Curie temperature still present pro-
blems. Furthermore the 3d electron
energies measured by photoemission
differ quantitatively from the calculated
band structure, so that the exchange
splitting in Ni, for example, is calculated
to be too large, and localized “atomic”
excitations, not present in the band pic-
ture, are observed experimentally.

Localized Moments —
Rare Earth Metals

The rare earth series, through which
the 4f levels are successively filled, pro-
vide the opposite extreme to the 3d tran-
sition metals. The 4f charge clouds over-
lap so little, and are so well shielded from
their surroundings by the 5s and 5p elec-
trons, that the most appropriate starting
point (apart from Ce, which we consider
later) for determining their magnetic pro-
perties is to consider them as localized
states subject to the same intra-atomic

interactions as in the free stom, and
hence with a ground state and total
angular momentum J determined by
Hund's rules. The 5d, 6s and 6p states
constitute the conduction bands, whose
two spin states are split in the magneti-
cally ordered phases by the interaction
with the localized 4f moments, rather
than by the self-exchange which deter-
mines the band splitting in the magnetic
transition metals. The Fermi surfaces
corresponding to these two spin states
have been studied by Young and others,
and their results are in good agreement
with the predictions of band-structure
calculations.

The magnetic properties of the rare
earth metals are determined by the inter-
actions of the local moments with their
surroundings. The two-ion coupling bet-
ween them is predominantly due to the
indirect exchange mechanism, in which
a conduction electron interacts succes-
sively by Heisenberg exchange with the
spin component of the local moments
on different sites, and thereby couples
them together. The anisotropic crystal-
line electric field arising from the in-
homogeneous surroundings also act on
the ions, and the long range of the ex-
change interaction and the strong cry-
stal-field anisotropy combine to produce
exotic magnetic structures, first studied
in detail by Koehler, Legvold and their
colleagues. Of particular interest are
those structures, such as the helix, in
which the magnetic and lattice periodi-
cities are incommensurable, thus break-
ing the translational symmetry. Such
structures have proved to be of impor-
tance in a number of areas.

In contrast to the itinerant-electron
magnets, the magnetic interactions in
the localized rare earth systems cannot
yet be predicted satisfactorily from first
principles. However if they can be infer-
red, for instance from neutron experi-
ments, both the magnetic ground state
and excitations, and hence a wide range
of magnetic properties, may be accura-
tely calculated. The static magnetic pro-
perties are conveniently determined
from a mean-field theory, in which the
splitting of the 2J +1 levels (correspon-
ding to the different M, values) of a par-
ticular moment by the crystal fields and
exchange is calculated by assuming that
the surrounding moments have their
thermally-averaged values. The excita-
tions may be deduced from a time-
dependent extension of this method
known as the random phase approxima-
tion. The experimental study of these
excitations through inelastic neutron
scattering, particularly by Bjerrum
Mgller and his colleagues, has provided
adetailed picture of the very rich magne-
tic behaviour of the rare earths, as well
as a precise measurement of the magne-
tic interactions. The interplay between
these is illustrated in Fig. 3.

f-band Metals

An intriguing exception to this picture
of the rare earths is provided by Ce. At
room temperature it crystallizes in a fcc
structure, with one 4f electron which is
believed to behave much like the localiz-
ed 4f states in the heavier metals. When
the temperature is reduced below about
100 K however, the structure collapses,
while retaining its fcc symmetry, to
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Fig. 4 — The Wigner-Seitz ra-
dius S (proportional to the lat-
tice constants) in the actinide
metals. In the non-magnetic
light actinides the 5f band
makes a large contribution to
the cohesion, causing a rapid
contraction with atomic num-
ber reminiscent of the beha-
viour of the transition metals.
At Am however the f electrons
become localized and there-
after make little contribution
to the total energy. The heavy
actinides are therefore magne-
tic and behave like the rare
earths, with atomic volumes
which vary little with atomic
number. This behaviour is well
accounted for by the calcula-
tions of Skriver, Johansson
and Andersen, who find that

roughly 80% of the original volume.
There is very convincing evidence that
this y—a transition is due to the
delocalization of the 4f electrons which
then form a band, as first proposed by
Gustafson and his collaborators. As may
be seen from Fig. 1, the overlap of the 4f
wavefunctions in the low-temperature
allotrope o —Ce, though not large, is
much greater than in the heavy rare
earths and the total 4f band width is over
1 eV, so that the 4f electrons make a
substantial contribution to the cohesive
energy. The excited states of the 4f elec-
trons, measured for example by photo-
emission, show characteristics of both
localized and itinerant states. o —Ce is
paramagnetic and, as discovered by
Wittig, even becomes superconducting
at high pressures. Since it is extremely
difficult to prepare in the form of pure
single crystals, detailed experimental
measurements of the electronic struc-
ture have not been performed, but
Crabtree and co-workers have studied
the Fermi surface in the related com-
pound CeSn,; and shown that the 4f
electrons are itinerant and contribute to
the conduction bands. The measured
Fermi surface agrees well with that
deduced from band calculations but
observed masses are about a factor five
higher than the calculated band masses.
We shall return to these large mass en-
hancements.

A clear manifestation of the localiza-
tion of f electrons occurs in the actinide
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the magnetic state is indeed
stable beyond Am.

metals. As may be seen in Fig. 1, the
overlap of the 5f electrons in the light ac-
tinides is intermediate between the tran-
sition and rare earth metals. Conse-
quently they form bands and, since the
cohesion of metals is due to the electron
gas, they make an essential contribution
to the cohesive properties; the complex
and unsymmetrical structures of the
light actinides are primarily due to the
angular dependence of the f wavefunc-
tions. In the heavy actinides, starting
with Am, the f electrons are however
localized, because of the contraction of
the wavefunction with increasing ato-
mic number, and therefore make little
contribution to the cohesive energy. The
heavy actinides thus behave similarly to
the rare earths, with localized moments
and symmetrical structures whose ato-
mic volume varies slowly with atomic
number. This behaviour is faithfully re-
produced by the band calculations of
Skriver and his colleagues. As shown in
Fig. 4, the atomic volume at first decrea-
ses rapidly with atomic number, reflec-
ting the increasing 5f binding, but in-
creases abruptly at the localization tran-
sition in Am. In the band calculations,
this localization is manifested as the ap-
pearance of a spontaneous magnetic
polarization. When such a polarization
has developed, band theory is no longer
sufficient, since it does not adequately
take account of, for example, the coupl-
ing between the orbital moments. In-
deed the applicability of band theory to

the description of localized states is still
an open question. A periodic array of
localized states can, in principle, formal-
ly be described in terms of filled bands,
but correlation effects may be so strong
that the currently used local approxima-
tion to density-functional theory cannot
be applied to the ground state, and in any
case the excited states are not generally
related in any simple way to the calcula-
ted energy bands.

Itinerant f electrons are at the focus
of interest in magnetism research at pre-
sent. In different circumstances, depen-
ding essentially on the bandwidth,
f-band metals display such disparate
features as magnetic ordering, super-
conductivity, mixed valence and heavy-
fermion behaviour. The last of these
phenomena occurs in such compounds
as CeCug or UPt,, in which the direct
f—f overlap is negligible, but a very nar-
row f-band, with a large band mass, is
formed by overlap with states on the
surrounding atoms. This large mass is
further enhanced by spin fluctuations.

When a metal is close to spontaneous
magnetic polarization, an itinerant elec-
tron is accompanied by a cloud of spin
fluctuations which increase the effec-
tive mass, just as the lattice distortion
around a moving electron gives rise to
the phonon enhancement of the mass.
The phenomenon of spin-fluctuation en-
hancement has been recognized since
the 1960's, when it was realized that the
d electrons in Pd, which is almost ferro-
magnetic, should have a larger effective
mass than band-structure calculations
would predict. Whereas phonons give
an enhancement of typically 30% how-
ever, and spin fluctuations in Pd, which
are predominantly of long-wavelength,
are even less effective, the strong fluc-
tuations which occur throughout the
Brillouin zone in f-band systems may
give as much as a factor 20. The result is
an electronic heat capacity, which is
proportional to the mass, which may be
a thousand times greater than in ordi-
nary metals.

Apart from this large enhancement of
the effective mass, the Fermi surface
experiments of Taillefer, Lonzarich and
their collaborators on UPt, are in good
accord with several independent band
calculations. This compound is also
superconducting, as are UBe,; and
CeCu,Si,, the latter being the first
heavy-fermion superconductor, disco-
vered by Steglich and his colleagues in
1979. It has been proposed that the at-
tractive interaction between the elec-
trons which is required to stabilize the
superconducting state is caused by an-
tiferromagnetic spin fluctuations in



these materials, rather than the conven-
tional phonon mechanism, but this
question, which may be related to the
mechanism for high-temperature super-
conductivity in conducting oxides, is by
no means finally settled. Similarly, spe-
culations that the Cooper pairs may be
more complex than the usual singlet
pairs of states of opposite spin have
been neither confirmed nor definitively
disproved.

The excited states of heavy-fermion
systems are also incompletely under-
stood. The overlap of the f electrons
with the surrounding wavefunctions is
so light that thermal fluctuations can
break the coherence of the itinerant
state at temperatures as low as 10-100
K. As aresult, they behave at higher tem-
peratures as an assembly of indepen-
dent localized f states and the properties
of such systems vary rapidly and, at pre-
sent, unpredictably with decreasing
temperature as the coherent state is
being established.

Conclusion

As we have seen, the question posed
at the beginning — “Are the magnetic
electrons localized or itinerant? " — has
different answers, depending upon the
circumstances. The magnetism of the
3d transition metals is due to band elec-

trons which contribute to the Fermi sur-
face and the electrical conductivity. The
4f electrons in the rare earths, on the
other hand, are localized with energies
lying well below the Fermi level. In the
f-band metals, the electrons which dis-
play actual or incipient magnetism are
itinerant at low temperatures but tend to
become localized as the temperature is
increased.

In illustrating these features, we have
mostly considered the metallic ele-
ments, but current research in magne-
tism is primarily concerned with magne-
tic compounds, in which the magnetic
properties of the different atomic spe-
cies are generally very different, so that
the magnetism may be very inhomoge-
neously distributed. An extreme exam-
ple is the magnetic superconductors, in
which one set of electrons is magnetic
and another is superconducting. The
high-temperature oxide superconduc-
tors illustrate this behaviour. The 4f elec-
trons on the rare earth ions may order
antiferromagnetically with only a very
slight influence on the superconductivi-
ty. In the superconducting heavy-fer-
mion compounds, on the other hand, the
situation appears to be more complex.
Although the superconductivity of
UPt,, for example, may be largely due to
the Pt atoms, heat capacity and neutron
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diffraction studies indicate that the 5f
electrons on the U sites are involved
in the superconducting state, even
though recent measurements by Aeppli,
Broholm and their colleagues show that
they also carry a small ordered moment.
There remain many unexplained mys-
teries associated with heavy-fermion
systems, and the understanding of the
interplay between heavy-fermion beha-
viour, magnetism and superconductivi-
ty is perhaps the major goal of current
magnetism research, with the enticing
prospect of helping to elucidate the
origins of high-temperature supercon-
ductivity. The progenitor of the high-
temperature superconductors, LaCuO,,
exhibits  antiferromagnetism, even
though band calculations indicate that
the exchange interaction is far too small
to induce magnetic ordering in a pure,
perfect crystal. Furthermore, strong
magnetic fluctuations persist well above
the magnetic transition temperature.
These observations have intensified
speculation that magnetism and super-
conductivity are intimately linked in the
high-temperature superconductors.
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