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Rare Earth-Transition Metal
Permanent Magnets

| — From AINiCo’s to Neodymium-Iron-
Boron Permanent Magnets

In several instances, since the beginn-
ing of this century, the discovery of new
magnetic materials has strongly influen-
ced the development of permanent ma-
gnets. The first very important advance
was made in 1932 in Japan. Mishima
prepared magnets by thermal treatment
of an alloy based on iron, nickel and
aluminium, that led to a new range of
alloys now known as AINiCo. The
energy product attained was an order of
magnitude larger than that of any pre-
viously known magnetic material. In
1953, low cost ferrites were discovered
in the Philips laboratories. These have
the remarkable property of being strong-
ly resistant to induction fields which
tend to reverse the magnetic moment,
i.e. they have a high coercivity.

In those two families of magnets, the
magnetic properties are intrinsically limi-
ted by the fact that the magnetism of the
transition elements iron, cobalt and
nickel only is involved. In 1965, Hoffer
and Strnat ') pointed out that the rare
earth transition metal (R-M) alloys have
specific magnetic properties which
made them very promising for perma-
nent magnets and in the years following,
permanent magnets were prepared
based on the SmCog compound. The
magnetic properties of this family of ma-
gnets were improved over the next 20
years to such an extent that these mate-
rials could compete with electroma-
gnets in many applications. However,
cobalt is the most expensive of the ma-
gnetic transition elements, and sama-
rium the most expensive of the light rare-
earth elements: the price of SmCo,
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alloys is to-day about 100 $/kg. For this
reason, the Sm-Co magnets have been
used for very specific applications only.

Because Fe is much less expensive
than Co, it is a priori desirable to prepare
magnets based on R-Fe alloys, but no
stable binary compound in this system
exhibits all the properties required. Con-
sequently in the 1970s, several groups,
in particular in the United States, were
very actively looking for new appro-
priate metastable magnetic phases
which could be stabilized by very rapid
quenching of alloys from the melt, or by
thermal annealing of amorphous alloys.

At the conference on Magnetism and
Magnetic Materials held in Pittsburgh in
November 1983, Sagawa et al. 2) from
the Japanese company Sumitomo re-
ported on the preparation of magnets
using a traditional powder metallurgy
method but starting from an alloy of che-
mical composition Nd,;Fe,,Bg. Their re-
sults revealed that a new phase exhibi-
ting the properties required for perma-
nent magnet materials was formed bet-
ween rare-earths, such as neodymium,
and iron when a relatively modest
amount of boron was included. It is inte-
resting to note that very likely the boron
was initially added accidentally to the
alloy as a result of a Nd-Fe alloy being
melted in a boron nitride crucible. At the
same Pittsburgh conference, other
groups 39) in particular from General
Motors, reported similar results, al-
though not quite as good, starting from
alloys obtained by rapid quenching. Fol-
lowing a route entirely different to that
of Sagawa et al., these groups had in-
cluded boron in their alloys in order to
make amorphicity easier. Here again,

they found accidentally the new ternary
R-Fe-B phase.

Using this newly discovered magnetic
phase, permanent magnets with unpa-
ralleled properties can be prepared. In
addition, the price of the basic Nd-Fe-B
alloy is nearly an order of magnitude
cheaper than that of the Sm-Co alloys.
Applications in many different areas will
certainly develop in the near future, ran-
ging from sensors, loudspeakers, mo-
tors to undulators, NMR imaging ma-
gnets and even Maglev (magnetic levita-
tion) transportation systems. As a con-
sequence, several groups all over the
world have become interested in this
new material. In particular, a “Concerted
European Action on Magnets” has been
established by the European Commis-
sion to encourage collaborations at a
European level 6); more than 50 labora-
tories are involved. Further progress is
possible in several different directions.
i) It must be remembered that the Nd-
Fe-B phase was essentially found by
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Fig. 1 — Behaviour of a magnetic moment
M under the influence of an induction field B.
(a) and (b): ordinary ferromagnet. The mo-
ments rotate in order to remain parallel to the
field.

(c) to (f): permanent magnet. The moments
cannot rotate freely inside the material. (d)
As the field is reversed they become an-
tiparallel to B. In (e) and (f) the whole speci-
men rotates in order to minimize the energy.

chance, so it is possible that other sui-
table phases could be prepared.

ii) Recent economic assessements sug-
gest that the development of these new
magnets will be limited mainly by the
relatively high cost of fabrication. Origi-
nal and cheaper methods of fabrication
should thus be sought.

iii) Permanent magnets, in general, are
used as parts of more complex devices.
These, in many instances, should be
redesigned in order to take full benefit of
the improved magnetic properties.

Il — Properties required:

Ferromagnetism and Coercivity
In ferromagnetic materials, the atomic
magnetic moments u_, created by the
motion of the electrons are parallel, the
total moment being M = Nu_,, where N
is the number of atoms. At the origin of
this parallel coupling of the magnetic
moments are exchange interactions. Let
us consider an ordinary ferromagnet
under the influence of an induction field

B where the magnetostatic energy is
E,= -MB o)
The magnetic moments tend to align
along the induction field so that as the
direction of the field is reversed, they

rotate inside the material in order to re-
main parallel to the field (Fig. 1).

Permanent magnets are ferromagnets
in which the moments are not free to
rotate inside the material. As the field is
reversed, the moments remain in their
original direction and so become anti-
parallel to B (Fig. 1). The magnetostatic
energy is maximum and can, for in-
stance, be transformed into motion if the
whole specimen is allowed to rotate. The
property of coercivity, whereby the ma-
gnetic moments do not rotate easily in-
side the material is linked to an interac-
tion between the moments and the cry-
stalline lattice. As a result, the energy of
the magnetic moments depends on their
direction and the phenomenon is aniso-
tropic.

Il — Ferromagnetism and Magnetic
Anisotropy
Origin of ferromagnetism

The exchange interactions at the ori-
gin of ferromagnetism arise from the
electrostatic repulsion between elec-
trons. Electrons tend to avoid each other
and thus do not sit on the same orbital.
Moreover, associated with each elec-
tron is an intrinsic magnetic moment,
called the spin magnetic moment, and
the electrostatic repulsion is further
decreased when the spin moments of
electrons on different orbitals are paral-
lel. The probability then for one electron
to hop from one orbital to the other is
strictly zero since, according to the Pauli
exclusion principle, two electrons of the
same spin state cannot occupy the
same orbital.

The exchange interactions are stron-
gest for iron, cobalt and nickel. In these
metals, the magnetic electrons occupy
the outer 3d shell and form part of the
conduction band, i.e. the orbitals extend
over several atomic sites. Thus, the in-
teractions between electrons on diffe-
rent sites are strong, and lead to parallel

Magnetization(103kA/m)

Fig. 2 — Temperature de-
pendence of the magneti-
zation and Curie tempe-
rature in iron, gadolinium,
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Fig. 3 — 3d and 4f orbitals. (a) the sym-
metry of the 3d orbitals is that of the sur-
roundings, giving rise to weak orbital mo-
ment. The symmetry of the 4f orbitals is
such that the orbital moment is large. The 4f
electron density may be prolate (b) or oblate
(c).

coupling of the spin magnetic moments
throughout the whole metal.

The magnetization J = M/V can be
defined as the magnetic moment per
unit volume; it reaches 1740 kA/m in
iron at 4.2 K. As the temperature in-
creases, the magnetization decreases
owing to the effect of thermal disorder
on the coupling between the magnetic
moments, vanishing at the Curie tempe-
rature, T_. Iniiron, T, = 1041 K (Fig. 2).
In contrast, in the rare-earth elements,
the electrons responsible for magnetism
occupy the inner 4f shell and do not form
part of the conduction band. As a result,
the electrostatic interactions, and in par-
ticular the exchange interactions bet-
ween electrons on different sites are
weak. Ferromagnetism in these metals
is destroyed by thermal activation at
temperatures below room temperature,
as shown in Fig. 2 for gadolinium.

Magnetic anisotropy

Magnetic anisotropy is due to a local
coupling of the moments at each atomic
site with the crystalline lattice. The
anisotropy energy is minimum when the
moments point along the easy magneti-
zation direction and a maximum when
they point along the difficult direction. A
measure of magnetic anisotropy is given
by the value of the anisotropy field, B, ,
which is the field required to rotate the
moments from their easy direction to
their difficult direction. Magnetic aniso-
tropy does not involve directly the spin
magnetic moments. Rather, it occurs
when a specific contribution to the
atomic moment called the orbital mo-
ment is present. This orbital moment, is
the direct analog on an atomic scale, of
the magnetic moment of an electrical
circuit on a macroscopic scale. The more
the orbitals differ from spherical sym-
metry and tend to uniaxial symmetry,
the larger the orbital moment.

Because of the outer character of the
3d shell in transition metals, the 3d or-
bitals are strongly influenced by the
electrostatic charges of neighbouring



ions. Their symmetry is that of the sur-
roudings with, in general, several sym-
metry axes (Fig. 3). The resulting orbital
moment is small leading to weak ma-
gnetic anisotropy. In cobalt, B, is about
1T

In rare earth metals, a strong interac-
tion occurs between spin and orbital
moments which favours electron orbi-
tals whose orbital moment is maximum.
In metals such as samarium, the 4f elec-
tron density is prolate, ie. elongated
along the unique axis like a cigar; in
metals such as neodymium, the 4f elec-
tron density is oblate, i.e. flat like a pan-
cake (Fig. 3).

The magnetic anisotropy then results
from the interaction of the 4f negative
electron density with the charges of the
ions in the environment. It is large when
the environment favours a unique easy
magnetization axis. Let us consider, for
example, that the surrouding charges
are positive and in a given plane. The 4f
electron density, attracted by the posi-
tive charges of the ions, is thus confined
to this plane. For oblate electron density,
the moments are perpendicular to the
plane whereas for prolate electron den-
sity, two situations of equivalent energy
occur, with the moments in the plane
(Fig. 4). In rare-earth metals, the aniso-
tropy fields at low temperatures may be
aslargeas 50 T.

IV — Combination of Ferromagnetism
and Large Magnetic Anisotropy in Rare
Earth-Transition Metal-Rich Alloys

It was shown in the previous section
that ferromagnetism above room tem-
perature is a characteristic of transition
metal magnetism, whereas large ma-
gnetic anisotropy is observed in rare-
earth metals. Both these properties are
required in permanent magnet materials
and their optimum combination is obser-
ved in rare earth-transition metal-rich
alloys.

In particular, in RCo, compounds, the
exchange interactions between 3d elec-
trons stabilize ferromagnetism up to
900 K (Fig. 2). Magnetic anisotropy is
due to the rare-earth 4f electrons and is
large if the easy magnetization direction
is the unique axis (c-axis) of the hexago-
nal structure (Fig. 5). The ionic charges
which have the largest effect on a given
R atom are those of the rare-earth ions in
the adjacent planes. The c-axis is thus
that of easy magnetization in the case of
a prolate 4f electron density, like in Sm.
In the compound SmCog, the aniso-
tropy field B, ; reaches 35 T at room
temperature.

None of the binary R-Fe compounds
exhibit large exchange interactions and
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Fig. 4 — Magnetic anisotropy. The orientation of the 4f electron density is determined by the
interaction with the surrounding charges. In this example, the moment direction is perpendi-
cular to the plane for an oblate electron density and two in-plane equivalent directions occur

for a prolate electron density.

uniaxial anisotropy. In particular, it is an
experimental fact, the description of
which is beyond the scope of this article,
that exchange interactions between Fe
moments are strongly reduced when
very short Fe-Fe interatomic distances
are present. In the ternary R,Fe,,B com-
pounds, the interatomic distances are
not as short as in R-Fe-rich binary com-
pounds. The Curie temperatures are of
the order of 600 K (Fig. 2).

Although not as large as in the RCo,
compounds, they are high enough for
room temperature applications to be
possible. The tetragonal crystal struc-
ture of these compounds is shown in
Fig. 5. Here, the nearest neighbours of a
given R atom lie in an atomic plane,
perpendicular to the c-axis. The 4f elec-
tron density is confined to this plane,
thus leading to uniaxial anisotropy for
rare-earth elements where the 4f-elec-
tron density is oblate, i.e. praseodymium
(Pr) or neodymium (Nd). In Nd,Fe,,B,
the anisotropy field at room tempera-
ture, B, , is about 10 T.

V — Theoretical Versus Experimental
Coercive Field
It was shown in section Il that, in a
permanent magnet, the magnetization

can be along a direction opposite to that
of the applied magnetic field Bapp. How-
ever, as the field strength is increased,
the magnetization reverses at a critical
value of the applied field, called the coer-
cive field, B_. The reversal process is
schematized in Fig. 6-a. At the initial and
final stages, the moments lie along the
easy axis. They are along the difficult
axis at an intermediate stage which cor-
responds to an energy barrier:

AE :,‘,’SV‘“‘"- =E XV (2)
where E, . = 1/2J X B, . is the aniso-
tropy energy per unit volume lost when
the moments are along the difficult axis
and Vis the volume of the sample. E__;in
rare earth-transition metal compounds
is about 108 J/m?3. It can thus be shown
that the theoretical value of the coercive
field, B, required to overcome the bar-
rier, is equal to B ..

In typical ferromagnetic materials, the
experimental value of the coercive field
is several orders of magnitude weaker
than the theoretical value. It appears
that magnetization reversal is not an in-
phase rotation of all the moments as
schematized above, rather does it occur
according to the scheme of Fig. 6-b. The
intermediate state during magnetization
reversal is such that magnetization is
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Fig. 5 — Hexagonal structure of the RCo;
compounds and tetragonal structure of the
RFe,,B compounds.
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reversed in a part of the specimen, notin
the other. These so-called “magnetic
domains” are separated by a domain
wall in which the atomic magnetic mo-
ments progressively rotate from one
direction to the other (Fig. 6-b). The ma-
gnetic energy lost in domain wall crea-
tion is

AEMmain = E | X8 (3)
where E, is the magnetic energy per
unit arealostin the wall and S the area of
the wall. A first contribution to E,, arises
from the magnetic moments in the wall
not being parallel as required by ex-
change interactions. However, the rota-
tion of the moments is progressive in
such a way that neighbouring atoms are
almost parallel. As the range of ex-
change interactions is very short, the
energy loss is reduced. The second con-
tribution to E,, arises from anisotropy
energy, the moments not being parallel
to their easy direction. In rare earth-
transition metal compounds, E,, = 0.1
Jim2, AEg2sv-dift. and AE domain gre of the
same order of magnitude for a sample
volume of typically (50 A)3. As the vo-
lume of the sample increases, AE §oman,
proportional to the surface of the walls,
increases much slower than AE gasv-diff.
The latter is several orders of magnitude
larger than the former in samples of ma-
Ccroscopic size.

The above arguments suggest that
magnetization reversal through domain
wall creation is highly favoured. How-
ever, in a “perfect” material, there is no

possible way of creating such a wall and
the value of the coercive field should not
be reduced. Crystal defects are essential
in this context, as they render the crea-
tion of a domain wall much easier at
some point in the crystal and are conse-
quently at the origin of the drastic reduc-
tion observed of the coercive field. The
larger the difference between AE g2sy-diff
and AEg™an, the stronger is the in-
fluence of crystal defects and conse-
quently the larger is the reduction of
coercivity.

VI — Permanent Magnets Fabrication
For the coercivity to increase, it is ne-
cessary to reduce the influence of cry-
stal defects. This is the art of permanent
magnet fabrication. The difference bet-
ween E domain and E asv-dift s reduced as
the volume of the sample is reduced and
this suggests the use of a fine-powder
magnetic material. The technology of
SmCo, permanent magnet preparation
was established in the 1970s by Benz
and Martin 7) and Das et al. &). Similar
technology has recently been employed
for the Nd-Fe-B by Sagawa et al. '). The
ferromagnetic material is first ground in-
to a fine powder and then compressed
and sintered to almost full density. In the
bulk specimen obtained, the defects at
the grain boundaries are sufficient to
cancel the very short-ranged exchange
interactions between grains and the
sample behaves like an assembly of in-
dependent grains of typical size 10 um.

Fig. 6 — Magnetization reversal processes. (a) in-phase rotation of all the moments. In this
case the theoretical value of the coercive field is B, = B,, the anisotropy field. (b) reversal of
magnetization by creation and growing of magnetic domains. This process, strongly in-
fluenced by structural defects, leads to a strong reduction of the coercive field, B, << B,.
The art of permanent magnet fabrication is to find metallurgical processes which reduce the

influence of defects and thus increase B.
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Coercive fields B, of the order of 1/10
B, are reached. This is still much less
than the theoretical value, but the value
obtained (1.2 T) is large enough for most
practical applications.

Another mechanism may be respon-
sible for the establishment of coercivity.
In an inhomogeneous material, the value
of E,, is not the same throughout and
the magnetic domains tend to be pinned
at positions of minimum energy. Profit
from this idea was first taken by Nesbitt
et al. ) in the Sm (Co-Cu), system. The
magnetic domains are pinned in Cu-rich
regions where, Cu atoms being non-
magnetic, the exchange interactions are.
reduced. Thus, as the induction field is
increased, magnetic domains of revers-
ed orientation are created, but they do
not grow. Neglecting the small volume
of the domains of reversed magnetiza-
tion, it may be said that the moment of
the magnet is opposed to the field. At
the coercive field, the magnetic walls
become unpinned. In these systems, B,
is again of about 0.1 B_ .. In Nd-Fe-B ma-
gnets, several authors 3®) have shown
that magnetic inhomogeneities can be
developed by the fast quenching of
alloys from the melt leading to coercivity
of similar origin.

Conclusion

In conclusion, the rare earth-transition
metal alloys present a unique associa-
tion of high temperature ferromagne-
tism and large magnetic anisotropy. This
hasled to a considerable improvementin
permanent magnet properties. The re-
cent discovery of the Nd,Fe,,B family
makes possible the development of low
cost Fe-based magnets. However, it
must be noted that the cost of fabrica-
tion is still rather high.
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