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Abstract

This paper reviews recent developments in four important categories of magnetic materials that are currently of
topical interest: soft magnets, hard magnets, magnetomechanical and magnetoelectronic materials. For each category
the various properties of prime interest are discussed, how these differ from one class to another, and how these
properties can be controlled. Recent developments in materials are highlighted through the consideration of a few
selected new magnetic materials which are at the leading edge of current research, including: amorphous magnetic
fibers, nanocrystalline permanent magnet materials, ferromagnetic shape memory alloys and spintronic materials.
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1. Introduction a state of relatively low residual magnetism. Soft
magnetic materials typically exhibit coercivities
1.1. Magnetic properties of materials values of approximately 400 A m (5 Oe) to as

low as 0.16 A m! (0.002 Oe). Soft magnetic
The magnetic properties of materials are meas- behavior is important in any application involving
ured from certain defined points and derivatives a change in magnetic induction. Hard magnetic
obtained from the variation of magnetization with materials retain a large amount of residual magnet-
magnetic field as shown irFig. 1 Magnetic ism after exposure to a magnetic field. These
materials are broadly classified into two main materials typically have coercivities, Hof 10
groups with either hard or soft magnetic character- kA/m (125 Oe) to 1 MA/m (12 kOe). The materials
istics. Soft magnetic materials can be magnetized at the high coercivity end of this range are known
by relatively low-strength magnetic fields, and as permanent magnets. These materials are used
when the applied field is removed, they return to principally to supply a magnetic field.
The magnetic properties of materials can be div-
E— ided into two general categories: those that are
* Tel.: +1-515-294-9685; fax+1-515-294 8727. o
* The Golden Jubilee Issue—Selected topics in Materials ?‘trUCtu_r_e sensitive and tho,s_e that are structure
Science and Engineering: Past, Present and Future, edited bylNS€Nsitive. Structure insensitive refers to proper-
S. Suresh. ties not markedly affected by changes in materials
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B; or M

Fig. 1. Magnetic properties of materials as defined on the BH
plane or flux density B versus magnetic field H, (or the MH
plane of magnetization M versus magnetic field H). These
include coercivity H,, remanence Bg (Mg), hysteresis loss W,,,
initial permesbility p;, (initial susceptibility yi,), maximum dif-
ferential permeability t, (Maximum differential susceptibility
xin) and saturation flux density Bg (saturation magnetization

M.

processing (heat treatment or mechanical
deformation) or by small changes in composition,
including small amounts of certain impurities.
Structure-insensitive properties include the satu-
ration magnetization and resistivity. These proper-
ties are largely dependent on the composition of
the particular aloy and are not changed substan-
tialy in the process of manufacturing a component
from the alloy.

Structure-sensitive properties are those that are
drastically affected by impurities. Small amounts
of elements such as carbon, oxygen, nitrogen, and
sulfur are commonly found in small quantities in
magnetic materials. These elements tend to locate
a intergtitial sites in the crystaline lattice and
consequently the lattice can be severely strained.
As aresult small concentrations of these elements
can have large effects on some of the magnetic
properties of the materials. Permeability, coerciv-
ity, hysteresis losses, remanence, and magnetic
stability are all considered to be structure sensitive.
The structure sensitive properties are controlled
through processing of the material including mech-
anical and thermal treatments.

1.2. Units in magnetism

One can not go far in the subject of magnetism
without encountering the problem of units, which
is rather unique to this discipline. The reasons for
this problem are hardly understood by those out-
side magnetism, but are a cause for continued
controversy by the practitioners in the field. There
are currently three main systems of units in wide-
spread use in magnetism and severa other systems
of units which are variants of these. The three unit
systems are the Gaussian or cgs system and two
MKS unit systems, the Sommerfeld convention
and the Kennelly convention. The basic units and
equations of these three systems are summarized
in Table 1. Each of these unit systems has certain
advantages and disadvantages. The cgs and S| sys-
tems of magnetic units have different philosophies.
The cgs system is based on an approach using
magnetostatics and the concept of the ‘magnetic
pole’, while the Sl system takes an electrodynamic
approach to magnetism based on electric currents.
The SI system of units was adopted at the 11th
General Congress on Weights and Measures
(21960). The Sommerfeld convention was sub-
sequently the one accepted for magnetic measure-
ments by the International Union for Pure and
Applied Physics (IUPAP).

2. Soft magnetic materials

Soft ferromagnetic materials are those magnetic
materials with high permeability, low coercivity
and low hysteresis loss [1, p. 600], which can be
used to amplify the flux density generated by a
magnetic field. The available range of magnetic
properties of soft magnetic materials is continually
being expanded. This amounts to reduction in coer-
civity, increase in permeability and consequently a
decrease in hysteresis loss. Normally this can be
accomplished through reduction in anisotropy and
reduction in domain wall pinning. The latter can
be strongly affected by the impurity content.
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Table 1

Principal unit systems currently used in magnetism and the corresponding equations for flux density B, energy E and torque T

S S EMU
Quantity (Sommerfeld) (Kennelly) (Gaussian)
Field H Alm Alm oersteds
Induction B teda teda gauss
Magnetization M A/m - emu/cc
Intensity of magnetization | - teda -
Flux D weber weber maxwell
Moment m Am? weber metre emu
Pole strength p Am weber emu/cm
Field eguation B = uo(H + M) B =puoH + 1 B=H +4nM
Energy of moment (in free space) E=—umH E=-mH E=-mH
Torgue on moment (in free space) T=UmxH T=mxH T=mxH

Note: The intensity of magnetization | used in the Kennelly system of units is merely an alternative measure of the magnetization
M, in which tesla is used instead of A/m. Under all circumstances therefore | = M.

2.1. Magnetic properties

2.1.1. Permeability

Permeability is the most important parameter for
soft magnetic materials since it indicates how
much magnetic induction B is generated by the
material in a given magnetic field strength H.
Initial permeabilities of al magnetic materials
range from u, = 1,000,000 [1, p. 603] in materials
such as amorphous alloys down to as low as u, =
1.1 in some of the permanent magnets. It is known
that initial permeability and coercivity have in
broad terms a reciproca relationship, so that
materials with high coercivity necessarily have a
low initial permeability and vice versa.

2.1.2. Coercivity

Coercivity is the parameter which is used to dis-
tinguish hard and soft magnetic materials. Tra-
ditionally a material with a coercivity of less than
1000 A m~! is considered magneticaly ‘soft’. A
material with a coercivity of greater than 10,000
A m™! is considered magnetically ‘hard’. Low
coercivities are achieved in nickel alloys such as
permalloy in which the coercivity can be as low
as04 A m1[2.

2.1.3. Saturation magnetization

The highest saturation magnetization available
in bulk magnetic materials is Mg = 1.95 x 105 A/m
(Bs = 2.43 T) which is achieved in an iron-cobalt
aloy containing 35% cobalt. The possible values
of saturation magnetization then range downward
continuously to effectively zero. There has been
little progress in improving the range of saturation
magnetization of materials for about 100 years.

2.1.4. Hysteresis loss

The hysteresis loss is the area enclosed by the
hysteresis loop on the B, H plane. It represents the
energy expended per unit volume during one cycle
of the hysteresisloop. The hysteresis |oss increases
as the maximum magnetic field reached during the
cycle increases. This loss is closely related to the
coercivity so that processing of materials to reduce
coercivity aso reduces the hysteresis loss. Gener-
aly low hysteresis loss is a desirable characteristic
of soft magnetic materials.

2.1.5. Energy dissipation and power |osses

A related property is the power loss which arises
when a soft magnetic material is subjected to a
time dependent magnetic field. The hysteresis loss
is only one component of the power loss, being the
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power loss obtained when the field is cycled very
slowly under quasi-static conditions. The total
power loss depends on the frequency of excitation,
the amplitude of magnetic induction, the hysteresis
loss, the physical dimensions of the material being
magnetized and the eddy current dissipation. In
addition there is usually a discrepancy between the
measured power loss and the loss expected from
the sum of hysteresis and eddy current losses and
this is usualy referred to as the “anomalous loss’.
The total electrical power loss can be expressed as
the sum of these various components. Total power
losses can be reduced if the conductivity of the
materia is reduced.

2.1.6. Barkhausen effect

The Barkhausen effect comprises a series of dis-
continuous changes in magnetization, sometimes
known as ‘Barkhausen jumps’, that are caused by
the sudden motion of domain walls or by the sud-
den rotation of magnetization within a domain.
These can be observed aong the magnetization
curve provided sufficient resolution is used in mea-
suring changes in flux density or magnetization.

2.2. New soft magnetic materials

2.2.1. Nanocrystalline magnetic materials

In recent years the range of available soft mag-
netic materials has been significantly increased by
the development of nanocrystalline magnetic
materials beginning with Y oshizawa et a. [3]. The
materials are mostly based on iron aloys and have
grain diameters of typically 10-15 nm. The excep-
tional properties of these materials, which have
coercivities below 1 A m~?* (0.0125 Oe) and high
relative permeabilities of typically 10° combined
with relatively high saturation magnetization of
Mg = 1.05 x 10° A m~* (13 kG) and resistivities
as high as 1.15 x 10° ohm m. The most widely
investigated alloy is Fe;355i155BoNbsCu,, which is
produced by rapid solidification and is then
annealed above its crystallization temperature to
produce the nanocrystalline structure. Develop-
ments in these nanocrystalline materials have been
described by Herzer [4].

2.2.2. Artificially structured magnetic materials

Recent developments in soft magnetic materials
have included what may be termed artificialy
structured materials in which the structure of het-
erogeneous materialsis carefully controlled to pro-
duce the desired magnetic properties. A hetero-
geneous magnetic  materia  consisting  of
nanocrystalline particles embedded in an amorph-
ous magnetic matrix phase, as shown in Fig. 2, in
which the magnetic properties of the particulate
and matrix phases are essentially different, allows
considerable scope for controlling the magnetic
properties through structural changes brought
about by annealing.

One example of this has been described by Her-
nando et at. [5], in which iron-silicon-boron nanoc-
rystals are embedded in an amorphous matrix of
the same material. This resulted in a material with
a desirable low magnetic anisotropy, and hence
low loss. The Curie temperature of the material,
which is normally low for the amorphous alloys,
can be controlled by the presence and size of the
nanocrystalline particles. Curie temperatures in the
range 200-350 °C can be obtained by annealing at
different temperatures and for different times [6].
These are multiphase materials consisting of par-
ticulate and matrix materials with different mag-
netic and structural phases in which the eventua
properties of the entire material can be controlled
by structural changes to produce a material with

_—— nanocrystalline
3 particles
(~10 - 50 nm diameter)

a

amorphous
matrix 7

exchangé interaction
between nanocrystalline
particles

Fig. 2. Schematic of an artificialy nanostructured magnetic
material consisting of nanocrystalline particles embedded in an
amorphous matrix, as described by Hernando et a. [5].
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the desired combination of anisotropy and Curie
temperature.

2.2.3. Amorphous magnetic ribbons

Soft magnetic alloys can be prepared in amorph-
ous, noncrystalline form, known as metalic
glasses. These have low anisotropy combined with
high resistivity. As a result they have high per-
meability and low power losses. In the preferred
planar-flow casting method of production, the
metal is rapidly quenched from the melt onto
cooled rotating drums to form long ribbons
approximately 30-50 pm thick which can be up to
1 m wide. Those produced for soft magnetic
materials are based on iron-, nickel-, and cobalt-
dloys (and sometimes a combination of two of
these magnetic elements). They aso contain vary-
ing amounts of metalloids (boron, silicon, carbon,
and phosphorus) which help to form the amorph-
ous “glassy” phase, and other aloying elements
such as chromium, molybdenum and aluminum.

These materials are characterized by low hyster-
esis loss and low coercive force. However, the
Curie temperature is limited to approximately 475
°C and magnetic saturation is limited to approxi-
mately Mg =13 x 10° Amt (Bs=17Tor 17
kG).

The low electrica conductivity of metalic
glasses compared with crystalline soft magnetic
materials, such as grain-oriented silicon steels,
makes amorphous metals extremely attractive for
reducing eddy current losses. The low coercive
forces compared with competing crystaline
materials also results in lower hysteresis loss in
amorphous metals.

2.2.4. Amorphous magnetic fibers

One of the most important recent developments
in soft magnetic materials has been amorphous
magnetic fibers. Like the amorphous magnetic rib-
bons these are produced by rapid solidification
from the melt, but in this case the material is
gected in a jet from a nozzle and quenched in a
stream of liquid, usually water, but in some cases
oil can be used for particularly reactive metals. The
final product is a fiber or wire typically 50 um in
diameter which has no long range crystalline struc-
ture.

The compositions of amorphous magnetic fibers
that have been most widely investigated are TM,
Si, B,, where TM is one of the transition metals
Fe, Co or Ni. Typically x = 0.7-0.8, while y and
zare each in the range 0.1-0.2. In some cases other
transition metals are added such as Cr which
improves the corrosion resistance. Fibers with
positive magnetostriction based on Fe can be pro-
duced as well as fibers with negative magnetostric-
tion based on Co. Those containing Co:Fe in the
ratio of 16:1 result in an alloy with nearly zero
magnetostriction.

Some of the early work on these amorphous
magnetic fibers was by Ohnaka et al. [7] and by
Mohri et al. [8]. The first application identified by
Mohri for these materials was in ‘jitterless’ pulse
generator elements, in which the sharp magnetiz-
ation changes that occur in these materials over a
wide range of frequency of applied field, are ideal.
These rapid magnetization changes are due to large
Barkhausen effect jumps inside the material which
can be induced by field strengths as low as 10 A
m~?! (0.12 Oe).

In most cases the amorphous fibers that have
been produced and studied are iron-based
materials, such as the FegSi,B14,C; composition.
Other compositions based on the FeSIB glass-for-
ming alloy include FeCoSiB, FeCrSiB and FeNi-
SiB as reported by Mohri et al. [9], who also sug-
gested a domain model for the as-cast fibers which
can explain the unusually large Barkhausen jumps
in these materials.

Accordingly the basic model consists of an axi-
aly oriented ‘core domain running along the
length of the fiber, surrounded by outer or ‘shell’
domains as shown in Fig. 3. The large Barkhausen
jumps are caused by a sudden reorientation of the

outer shell
[9]0]9)
inner core

Fig. 3. Magnetic domain structures in amorphous wires with
positive and negative magnetostrictions, after Mohri et a. [9].
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core domain. The orientation of the ‘shell’ domains
depends crucially on the magnetostriction of the
material because the quenching process induces
high levels of radial stress and hence stress-
induced anisotropy in the radial direction. For
materials with positive magnetostriction this
results in radially directed magnetization in the
‘shell’ domains, whereas for materials with nega-
tive magnetostriction the ‘shell’ domains orient cir-
cumferentially.

The magnetic properties of these amorphous
magnetic fibers are strongly affected by post-pro-
duction heat treatment, as demonstrated by Atkin-
son et a. [10], in which FeSiB alloy fibers were
studied. Annealing at 425 °C relieves the casting
stresses in the fibers and results in an alteration of
the ratio of core domain volume to shell domain
volume. This has dramatic effects on the coerciv-
ity, remanence and field-induced magnetostriction.
For example, the field-induced magnetostriction
can be reduced by 50%, from 30 x 1076 to 15 x
1076, by simply annealing the fibers for 600 s at
425 °C. The coercivity was aso reduced from 7.0
to 2.9 A m~* and the remanence ratio Mr/Ms was
increased from 0.46 to 0.77.

Mohri et a. [11] have discussed the possible
uses of the new amorphous magnetic wire
materials. Many uses are directed principally
towards sensors, which arises because of their high
sensitivity of the magnetization to magnetic field,
the rapid response and low  power
consumption/dissipation. The two main concepts
are the giant magnetoimpedance effect (seen in
amorphous wire materials with saturation mag-
netostriction A ~ 0) and the stress impedance effect
(seen in amorphous wire materials with A, < 0).
The giant magnetoimpedance effect (GMI) in
amorphous wires of FeCoSiB was first reported by
Panina and Mohri [12]. Vaues of 60% were
observed which was attributed to the skin effect
and the strong field dependence of the circumfer-
ential permeability. This GMI effect is perhaps one
of the most promising magnetotransport phenom-
ena in new nanostructured magnetic materials.

Chiriac et a. [13] have studied saturation mag-
netostriction in  amorphous wires and has
developed nearly zero magnetostriction Co rich
amorphous magnetic wires. Interest in the zero

magnetostriction wires is high because of their
amost reversible magnetization curves. They aso
studied the variation of saturation magnetostriction
with stress which gave a derivative of di/do = —
0.9 x 1072 per MPa. Annedling of the materia
causes the sign of the saturation magnetostriction
to change from -0.11 x 107° to +0.3 x 1075
Change in the sign of magnetostriction causes dra-
matic changes in the domain structures because of
the radialy oriented tensile residua stress in the
as-cast wires. This in combination with the mag-
netostriction determines the orientation of the outer
shell domains, which results in differences in per-
meability and initial magnetization curves as
shown in Fig. 4. Chiriac et al. [14] aso investi-
gated the magnetoelastic behavior in these Co-rich
amorphous glass covered wires. In this the effects
of iron content and stress annealing on magnetoel -
astic properties of the wires were studied. The main
material of interest was CoggFe,Si;3B,s which has
nearly zero magnetostriction. The magnetization
data showed that the hysteresis loops of these
materials are highly sensitive to stress, which
offers excellent opportunities for the materials in
stress sensors.

Chiriac and Ovari [15] also studied the GMI
effect in families of soft magnetic wires as indi-
cated in Fig. 5. It was found that magnetostriction
of the materials plays a crucia role because in the
absence of long range crystalline anisotropy there
are very few factors, other than magnetoelastic and
magnetostatic effects that determine magnetic
properties. The circularly polarized shell domain
structure is important in defining the properties.
These circular domains exist at the surface of the
As < 0 amorphous wires. The result was wires with
values of fractional change in impedance AZ/Z of
60%. The effects were found to be different in dif-
ferent “families” of wires.

Zhukova et a. [16] have investigated ways to
maximize the giant magnetoimpedance in amorph-
ouswires. A large sensitivity of up to AZ/Z = 300%
resulted from the application of a magnetic field.
This can be explained in terms of the classical skin
effect, using the model for the materia that
includes an outer shell of circumferential mag-
netization, and an inner core of axial magnetization
as described previously by Mohri. In some of the
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Fig. 4. Stress dependence of the magnetization curves in
amorphous metal wires as described by Chiriac et a. [13]. The
labels 1-6 refer to different tensile stress levels:- for ‘as cast’
material 1) o« = 0, 2) @ = 83, 3) o = 180 MPa, and for
‘stress/current annealed’ material 4) o = 0, 5) o = 83, 6) o =
180 MPa.

materials a magnetoimpedance of AZ/Z = 615%
was reported.

Betancourt et al. [17] undertook theoretical stud-
ies to investigate a domain model for understand-
ing the observed magnetoimpedance of amorphous
magnetic wires. The material of most interest is
125 pm diameter amorphous wires of
CogsFe,Si 3B 15, with A, < 0 which has the circum-
ferential shell domains. Betancourt performed cal-
culations to determine the complex circular per-

125

100 |-

s WMN

CoFeSiB amorphous wire
~m— 1 MHz
50 L—€— 5MHz

oA

25-/"'7l 1 ! ! ‘T"\u

-1500 -1000  -500 0 500 1000 1500
Applied Field (A/m)

Impedance (Q2)

Fig. 5. Frequency dependence of the giant magnetoimpedance
effect in amorphous magnetic wires, Chiriac and Ovari [15].

meability of the wires from a model of inductance.
Real components of inductance are associated with
permeability while imaginary components are
associated with dissipative processes. The complex
circular permeability calculated in this way was in
good agreement with experimental observations.
Ciurenau et a. [18] has measured the circumfer-
ential and longitudina permeabilities of Co rich
amorphous wires at high frequencies up to the
GHz range.

Li et al. [19] investigated GMI and magnetoelas-
tic properties of stress annealed nanocrystalline
FeCuNbSIB amorphous magnetic wires. The
effects of stress annealing were studied using sim-
ultaneous applied stress and current. Values of
AZ/Z of typically 150% were observed, as shown
in Fig. 6. The behavior of the wires was explained
in terms of a simple effective field model whereby
the anisotropy of the material is altered by both
annealing and stress which controlled the magnetic
field at which the maximum in AZ/Z occurred.
Zhukova et al. [20] has aso shown the effects of
stress on the magnetization and magnetic proper-
ties of FeSIB amorphous wires. The application of
stress dramatically affects the magnetic properties
of these materials because they have low ani-
sotropy, but sufficiently high magnetostriction
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Fig. 6. Stress dependence of the giant magnetoimpedance
(GMI) effect in nanocrystalline FeCuNbSiB magnetic wire after
Li et a. [19].

which ensures that the magnetoelastic coupling
strongly affects the easy direction of magnetiz-
ation. They measured the effect of tensile stress on
the hysteresis curves of these materials. The results
can be understood in terms of two factors—mag-
netostatic and magnetoelastic energies. Magnetic
remanence increased monotonically with tensile
stress. Large Barkhausen jumps between two stable
states were observed. They aso studied the closure
domain structure in the core. The slope of the hys-
teresis curves varied strongly with the length of
the wires.

Losin et al. [21] have looked at the effects of
torsional stress on the magnetic properties of
amorphous magnetic wires. The materia of princi-
pa interest was again CogFe,Si;sB,s. The tor-
sional effect was measured showing that resistance
and reactance of a circuit including these materials
are only dlightly affected by stress, whereas the
second harmonic voltage amplitude and per-
meability are strongly affected by stress. Therefore
GMI isitsalf not useful for stress detection, but on
the other hand hysteresis or permeability measure-
ments on the material are useful for stress detec-
tion.

Zhukov [22] have studied the magnetic proper-
ties of glass coated microwires. These wires had
diameters of typically 100 um and exhibited high
sensitivity of the magnetic properties to stress.
Because the magnetic properties of the zero mag-
netostriction materials were almost hysteresis free

they have nearly reversible, one-to-one properties
that may be useful for sensors. Some of the
materials aso showed large Barkhausen jumps and
the giant magnetoimpedance (GMI) effect.
Amorphous magnetic wire materials showing mag-
netic bistability can be useful for switches.

2.2.5. Other nanostructured soft magnetic
materials

Kulik et al. [23] have aso looked at magneti-
cally soft nanostructured materials for high tem-
perature applications; in this case amorphous rib-
bons consisting of nanocrystalline a-Fe/Co in an
amorphous matrix. This was achieved by partid
recrystallization of the material to form the nanoc-
omposite. Addition of hafnium was found to inhibit
crystal growth so that even after annealing for 700
hours at 500 °C the material was still nanocrystal-
line. The result was materials with coercivities of
less than 50A/m.

In the search for new magnetic materials with
different properties Fert and Piraux [24] investi-
gated magnetic nanowires that were el ectrodepos-
ited into the pores of membranes with 30-500 nm
diameters. These were quite different in type from
the amorphous soft magnetic wires investigated by
Mohri, Chiriac and Hernando. They were multi-
layer wires, with coercivities in the range of hun-
dreds of KA m~! (~ a few kOe), which exhibited
giant magnetoresistance of 15-25% depending on
the temperature of measurement.

Petzold [25] investigated the properties of mod-
ern nanocrystalline soft magnetic ribbons for elec-
tronic device applications and these are compared
with the magnetic properties of other soft magnetic
materials in Fig. 7. The materials were produced
from the rapidly solidified amorphous ribbons by
a partial recrystalization anneal. The result was
materials with a unique combination of low coer-
civity, high permeability and high thermal stability.

Amorphous magnetic materials provide a rela
tively simple model system for investigating
domain wall motion. Himeno et al. [26] studied the
dynamics of magnetic domain walls in amorphous
magnetic wires and ribbons with an artificial con-
striction. The trilayer wires were prepared by elec-
tron beam lithography. The wires were similar to
some of the layered structures that had already
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Fig. 7. Comparison of the initial permeabilities and saturation
magnetizations of avariety of soft magnetic materials after Pet-
zold [25].

been investigated for GMR in films and multilay-
ers. The magnetization reversal process was stud-
ied using giant magnetoimpedance measurements.
A congtriction in the wire acted as a pining site for
domain walls. Constriction widths of 0.25, 0.30
and 0.35 um were studied and it was found that
the strength of the required depinning field
decreased with neck width. However the fractional
change in resistance AR/R was found to be only
0.12%.

Moulin et al. [27] have studied nanocomposites
of Fe and Fe/Ni dispersed in a Mn-Zn ferrite. The
concept of a nanocomposite that can take advan-
tage of the best properties of both materials. The
simple idea here was to improve the saturation
magnetization of the material by forming a nanos-
tructured composite. A combination of nanostruc-
tured permalloy and ferrite gave a material with
higher magnetization than the ferrites.

3. Hard magnetic materials

The term hard magnetic material is used to
describe materials that have sufficiently high resist-
ance to demagnetizing fields. Coercivity is there-
fore used to distinguish between hard and soft

magnetic materials. The hard magnetic materials
are classified as those with coercivities above 10
kA m~! (125 Oe). The class of hard magnetic
materials includes permanent magnets. The most
recent permanent magnet materials have coercivi-
ties two orders of magnitude greater than this.

Permanent magnets are used for generating a
magnetic field. The energy needed to maintain the
magnetic field is stored when the permanent mag-
net is initially ‘charged’ (i.e. magnetized initially
in a high field strength and then to remanence
when the applied field is removed). Permanent
magnet materials are based on the cooperation of
a large number of magnetic moments within a
magnet body to produce a high magnetic induction
which is then retained because of a strong resist-
ance to demagnetization, usually as aresult of high
anisotropy. Ferromagnetic elements such as iron
and cobalt are widely used, and these are often
aloyed with high anisotropy rare earth elements to
produce high coercivity. Other elements, such as
manganese or chromium, can be made ferromag-
netic by aloying. Ferromagnetic metals combine
with other metals or with oxides to form ferrimag-
netic materials. Ceramic (“oxide”) magnets are of
this type.

Permanent magnet materials are developed for
their characteristic magnetic properties of: high
remanent magnetic induction, high resistance to
demagnetization, and high maximum energy pro-
duct. Magnetic induction is limited by compo-
sition; the highest saturation induction is found in
binary iron-cobalt alloys. Resistance to demag-
netization is conditioned less by composition than
by shape or crystal anisotropies and the mech-
anisms that subdivide materials into microscopic
regions. Precipitations, strains and other material
imperfections, and fine particle technology are all
used to obtain a characteristic resistance to demag-
netization.

Severa different types of permanent magnet
materials are now available and improvements in
properties such as coercivity and maximum energy
product continue to be made in rare earth transition
metal permanent magnets and the development of
two-phase ‘exchange spring’ magnets. The mag-
netization state of a permanent magnetsis normally
not deliberately changed. This need for stability of
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output means that insengitivity to temperature
effects, mechanical shock, and demagnetizing
fields are important considerations in permanent
magnets.

Permanent magnet materials include a variety of
dloys, intermetallics, and ceramics. The most
widely studied materials are: cobalt-rare earth
aloys (SmCos or Sm,Co,7), and neodymium-iron-
boron (Nd,Fe,,B), iron-platinum, cobalt-platinum
and hard ferrites (SrO-Fe,0O; or BaO-6Fe,05).

3.1. Magnetic properties

When ferromagnetic materials are used as per-
manent magnets they must operate in conditions
where they are subject to their own demagnetizing
field and may even be subjected to various demag-
netizing effects of magnetic fields in their vicinity.
It is essential that they are not easily demagnetized.
They must therefore have high coercivity, reman-
ence and energy product. Maximum energy pro-
duct is an important parameter because permanent
magnets are used primarily to produce a magnetic
flux density. Maximum energy content and certain
other characteristics of materials used for perma-
nent magnets, are best described by its hysteresis
loop in the second quadrant which is sometimes
referred to as the “demagnetizing curve’.

3.1.1. Coercivity

The ability of permanent magnets to resist
demagnetization is an important property and
consequently a high coercivity is essential. Over
the years there has been continual progress in the
discovery of new permanent magnet materials with
higher coercivities [28, p. 7]. For example, the
intrinsic coercivity of neodymium-iron-boron is
typicaly 1.1 MA m~1 (14 kOe) and for samarium-
cobalt it is typically 0.69 MA m~t (8.7 k Og). In
permanent magnets the magnetization is not simply
an approximately linear function of the flux den-
sity, unlike soft magnetic materias in which B is
approximately equa to u,M. This is because the
values of magnetic field H used with permanent
magnets are generally much larger than in soft
magnetic materials. The result of this is that the
coercivity can be defined as either the field at
which the magnetization M is zero, the intrinsic

coercivity wH., or the field at which the magnetic
flux density B in the materia is zero gH.. These
guantities have quite different values in hard mag-
netic materials, and the greater the difference the
better the material is as a permanent magnet. It
should be noted that \H. is always greater than
sHe.

3.1.2. Remanence

In order to act as a source of magnetic field a
permanent magnet is only of use if it has a rela
tively high magnetization when removed from an
applied magnetic field. Therefore a high remanence
is essential and this inevitably means a high satu-
ration magnetization. The remanence Mg (or Bg)
is the maximum residual magnetization (or mag-
netic flux density) that can be obtained in a closed-
loop configuration in which there is no demag-
netizing field. Since, to be of any use, al perma
nent magnets must be operated in an ‘open circuit’
configuration, the residual magnetization, or flux
density, at which the permanent magnet operates
in open circuit will always be below the remanence
value. Therefore a combination of high remanence
and high coercivity is essential to permanent mag-
nets. The remanence in some of the most recent
high performance Nd,Fe,,B is for example typi-
caly Mg=1.2 x 10° A m~! (Bg = 1.5 Tesla) [29]
and for Sm,Co,; it is Mg = 0.72 A m* (B =
0.9 Tedla) [30].

3.1.3. Saturation magnetization

The remanence is of course dependent on the
saturation magnetization, and for this reason the
saturation magnetization of a permanent magnet
should be large. While this condition is necessary
it is not sufficient, since the squareness ratio
Mg/Ms must also be as close to 1 as possible in
order to ensure a large remanence. The saturation
magnetization in neodymium-iron-boron is Mg =
1.27 x 10° A m™* (Bs = 1.6 Teda) and in sam-
arium-cobalt it is Mg = 0.99 x 10° A m™t (Bg =
1.24 Teda) [31].

3.1.4. Maximum energy product

One parameter that is often of interest to specify
the performance characteristic of a permanent
magnet is the maximum energy product, which is
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the maximum value of BH obtained in the second
quadrant. Thisis closely related to the total hyster-
esis loss or area enclosed by the hysteresis loop.
The interest of researchers in the maximum energy
product of permanent magnets stems from the total
energy associated with a permanent magnet. The
maximum energy product is simply a measure of
the maximum amount of useful work that a perma-
nent magnet is capable of doing outside the mag-
net. There have been continual improvements in
the maximum energy product of various permanent
magnet materials, from tungsten steel to rare earth
transition meta alloys, over the last hundred years,
asindicated in Fig. 8. The highest values of BH,,a
have been obtained in neodymium-iron-boron per-
manent magnets [32,33]. The maximum energy
product is often given in aternative non-Sl units
of MegaGauss-Oersted (MGOe). The conversion
factors between MGOe, J m~2 and ergs/cc are as
follows: 1 MGOe = 7.96 kJ m—3 = 79.6 Kerg/cc.

3.1.5. Demagnetization curve

The maximum energy product only gives limited
information about the properties of a permanent
magnet. A more useful way of displaying the mag-
netic properties of a permanent magnet is to plot
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Fig. 8. Progressin the maximum energy product in permanent
magnet materials [2, p.367].

the portion of the hysteresis loop in the second
guadrant from the remanence point to the coerciv-
ity. This demagnetization curve indicates the mag-
netization under various demagnetizing fields.
Such a curve contains information about the
maximum energy product. The strength of the
demagnetizing field of a permanent magnet in
open-circuit configuration depends on the shape of
the permanent magnet. Therefore the performance
of permanent magnet material as a field source is
dependent as much on the geometry as on the
intrinsic material properties.

3.2. New hard magnetic materials

3.2.1. Rare earth transition metal permanent
magnets

Rare Earth Transition Metal (RETM) permanent
magnets, based either on neodymium-iron-boron or
samarium-cobalt alloys, have been the main focus
of attention in hard magnetic materials in recent
years. One of the disadvantages of Nd,Fe,,B is its
rather low remanent magnetization in the isotropic
form of the material. This is about Mg = 0.64 x
10° A m™! (0.8 T) compared with 1.05 x 10° A
m~ (1.3 T) in the anisotropic or oriented form of
the material. The resultant energy product is 100
kJ m~3 (12.5 MG Oe€) compared with 320-400 kJ
m~3 (40-50 MG Oe) in some of the oriented
material. In a theoretical paper Kneller and Hawig
[34] proposed an idea for improving both the satu-
ration and remanent magnetizations in permanent
magnet materials by using a two-phase nanostruc-
tured material consisting of a magnetically hard
phase embedded in a high saturation magnetically
soft matrix. Such a material allows good exchange
coupling between the two phases so that the high
magnetization of the matrix phase helps to main-
tain a high magnetization in the hard phase. This
idea became known as the ‘ exchange spring’ mag-
net. An interesting prediction was that permanent
magnet nanocomposites could be formed in this
way consisting of 90% soft phase (such as a-Fe)
and only 10% hard phase (such as Nd,Fe,,B).

It was found experimentally that a structure of
fine and regularly dispersed particles with grain
size typically 10 nm does lead to enhanced Mg and
Mg. Hadjipanayis et al. [35,36] were able to pro-
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duce isotropic remanence enhanced magnets based
on these ideas. The material consisted of a fine-
grained composite of Nd,Fe,B in a matrix of a-
Fe which comprised 50-70 wt% of the material.
The remanence ratios Mg/Mg in these materials
improved from 0.5-0.78, although the coercivity
was much reduced, 320 kA m~* (4 kOe) compared
with 1.2 x 10° A m~* (15 kOe) in the normal neo-
dymium-iron-boron material. Davies [37] has aso
reported that remanence enhancements from 0.8—
1.2 T are achieved in NdFeB/o-Fe nanocomposites
with grain sizes below 40 nm.

The exchange coupling between the hard and
soft phases becomes relatively more important as
the ratio of interfacial area to volume of the grains
increases. While the intrinsic coercivity of these
materials is lower than in norma NdFeB, the pres-
ence of the a-Fe on an ultrafine scale apparently
does not result in serious deterioration of the
maximum energy product, which remains at about
160 kJ m~3 (20 MGOe), a level comparable with
NdFeB. These “remanence enhanced” magnets
have received much attention and the idea has been
extended to other materials. Ding, McCormick and
Street [38] have reported large remanence
enhancements in SmFeN using a nanocomposite
with an a-Fe matrix.

Theoretical modeling by Schrefl [39] has shown
excellent agreement with experimental results,
confirming that the proposed mechanism is the rea-
son for the enhancement in the properties. These
calculations provided some of the most advanced
materials property modeling for establishing a
direct relationship between magnetic properties
and the structure of the material.

3.2.2. Nanophase magnets based on rare earth
transition metal alloys

Hadjipanayis [40] has considered various
aspects of “nanophase hard magnets’. These are
nanocomposite magnets consisting of a very fine
nanoscale mixture of exchange coupled hard and
soft phases. As is generally known coercivity
increases as particle size is reduced, reaching a
maximum at the single domain size, thereafter
decreasing to zero at the superparamagnetic limit,
as shown in Fig. 9. The properties also depend
strongly on whether the demagnetization process

single-domain multi-domain

superparamagnetic

Coercivity

Particle diameter

Fig. 9. Dependence of magnetic coercivity on particle size in
permanent magnet materials as described by Hadijipanayis [40].

is principally via a nucleation mechanism or via a
domain wall pinning mechanism, as indicated for
an example of each in Fig. 10. In exchange coupled
magnets an attempt is made to get the best of both
types of materials that comprise the structure. They
give higher By than the hard phase, and a higher H,
than the soft phase. This only appliesif the phases
consist of volumes that are small enough to be
exchange coupled. Therefore particle sizeis acriti-
cal factor. Certain trade offs can be made to tailor
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Fig. 10. Initial magnetization and demagnetization curves, and
field amplitude dependence of coercivity (inset) in pinning type
(eg. Sm2(CoFeCuzr)17) and nucleation type (eg.Nd2Fel4B)
magnets, after Hadjipanayis [40].
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the properties of the materials, since a larger frac-
tion of magnetically hard material gives higher
coercivity, whereas a larger fraction of soft gives
higher remanence. The future direction of hard
magnetic materials is towards structures with very
fine particle sizes and a regular distribution of par-
ticles with uniform sizes.

Stamps [41] has investigated the mechanism of
exchange bias in hard magnets in which he focused
on magnetic thin film interfaces and spin elec-
tronics. Exchange bias is a phenomenon closely
associated with magnetization and hysteresis in
ferromagnetic/antiferromagnetic  bilayers. The
interactions between the antiferro- and ferro-mag-
netic phases are of great current theoretical interest,
since the magnetic properties of the ferromagnetic
film can be controlled by the presence of a nearby
antiferromagnetic layer without the need for a
magnetostatic field. Biased hysteresis loops result
from the exchange coupling. It was found that the
rate dependent magnetization processes are
determined by thermal fluctuations in the materia
strong enough to unpin domain walls.

Skomski et a. [42] investigated exchangein per-
manent magnets propagated through a non-mag-
netic insulating matrix. In these cases the embed-
ding of single domain magnetic particles in
paramagnetic matrix should allow the coercivity to
approach anisotropy field H = 2K/uMs. The
exchange coupling decreases exponentially with a
characteristic decay length, which does not exceed
severa interatomic spacings. The characteristic
decay length is affected by the nature of the matrix
so that unless the matrix is close to ferromagnetic
the decay length will be even shorter and is at most
a few atomic spacings. If the interactomic spacing
increases a strong decrease in exchange energy
occurs. The small characteristic decay length, ~0.1
nm, emphasizes the relative weakness of inter-
atomic (long range ordering) interactions compared
with intra-atomic interactions.

Guitfleisch et al. [43] have considered nanocrys-
talline RETM permanent magnets. In these
materials it is the grain size and the intergranular
phases that combine to give properties that are dif-
ferent from bulk materials. Single domain particles
give the highest H. values and for most RETM per-
manent magnet materials the single domain size is

<1 pm. In situations where there is an excess of
rare earth metal beyond the stoichiometric compo-
sition (for example Nd,Fe,,B) the rare earth rich
material on the grain boundaries results in hard
magnetic grains separated by paramagnetic layers
and this gives high coercivity while stoichiometirc
material RE,Fe,B results in a single phase with
exchange coupled grains. On the other hand rare
earth deficient materia gives RE,Fe,B grains
coupled through Fe;B or other iron rich phases
such as a-Fe in which the results can be materials
with remanences higher than those expected on the
basis of the Stoner-Wohlfarth model. Increasing
(BH)max in this way can give 85% of the theoreti-
cal maximum for NdFeB magnets. Nevertheless
coercivity values rarely exceed 30% of the ani-
sotropy field.

Chiriac et a. [44] have also investigated glassy
hard magnets based on NdFeAl. These were pro-
duced as amorphous ribbons with thickness ~150
pum and cast rods of the same material, with diam-
eters <2 mm. The amorphous NdFeAl and NdFeSi
ternary alloy systems can be produced in a wide
range of compositions. Although structurally these
can be formed as glasses, their magnetic properties
are more characteristic of granular materials It was
found that the coercivity could be increased to 0.6
MA/m at 200 K, as shown in Fig. 11, in a structure
which consisted of a packing of nanometer sized
clusters. The high coercivities of these alloys of
NdFeAl result from the formation of small meta-
stable or non-equilibrium magnetic clusters.
Results are similar to those obtained on rare earth-
iron binary amorphous alloys but different from
those obtained on materials such as NdFeB in
which the presence of the amorphous phase leads
to soft magnetic characteristics.

Rodewald et a. [45] have investigated NdFeB
sintered magnets with a minimization of RE rich
constituents giving a very fine grained structure.
These were subjected to pulsed field treatment to
align the particles, resulting in a BHmax of greater
than 56 MGOe Property values were: Br = 1.5
Teda, (15 KG) yH. = 7.8 KA/m (9.8 KQOeg), and
BH o = 451 KJm® (56.7 MGOe).

Wang et al. [46] have studied the effects of Pr
content on amorphous Pr(FeCo)B alloys. Exchange
enhanced remanence and energy product obtained
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Fig. 11. Temperature dependence of the magnetization (upper
figure) and coercivity (lower figure) of NdsFe,0Al,, amorphous
aloy, after Chiriac et al. [44].

in nanocomposites of this aloy gave higher coer-
civity than the corresponding NdFeB alloys due to
higher anisotropy. Annealing of the alloys gave
high H, (755 kA/m) and BH max (160 KI¥m?3), but
this was obtained only for high Pr contents. For
sub-stoichiometric alloys annealing caused deterio-
ration of the hard magnetic properties. However T,
was lower for the Pr aloy than the Nd alloy.
Zhou et al. [47] reported on the effects of struc-
ture chemical composition and mechanical alloying
on the magnetic hysteresis in SmCo nanocrystal-
line powders. A room temperature coercivity of 41
kOe was observed in Sm,Co, compound. In sam-

arium cobalt permanent magnets larger coercivity
and enhancement of remanence can be achieved
through control of grain size. Effects of the
addition of Cu to the SmCo alloys were studied.
Coercivity was found to increase with Cu content.
In addition mechanica aloying and mechanical
milling lead to improvements in hard magnetic
properties.

Betancourt and Valenzuela [48] investigated
enhanced coercivity in REFeAl based aloys. The
specific aloys studied were NdFeAl and PriFeAl
aloys, with small amounts of B, Cu, Dy added.
These alloys are of interest because of the simple
fabrication and processing. Coercivity in these
aloys is attributed to short range order within the
amorphous materials in which the structure actu-
aly consisted of an amorphous matrix with a small
volume of fraction of hcp Nd crystallites embedded
in the matrix. Coercivity was enhanced by the
addition of either B, Cu or Dy. This is attributed
mostly to domain wall pinning on the crystallites,
but also to a lesser extent to alteration in the
nucleation sites. The maximum coercivity obtained
was 388 KA/m.

Branagan et a. [49] studied high hysteresis in
a homogeneous TbAIl metallic glass. The materia
produced was completely amorphous. Intrinsic
coercivity approached 23 kOe and BH,,,, was 12.4
MGOe. The domain size in this glass was much
larger than the structura cluster size. The high H,
was explained on the basis of exchange bias. No
identifiable nuclei or second phases present. After
crystallization the hard magnetic properties
deteriorated, as shown in Fig. 12. A three phase
structure formed, containing both hard and soft
phases resulting in a wasp-waisted hysteresis loop
and associated poor hard magnetic properties.

Wang et al. [50] have looked at the effect of Co
substitution on (PrTh), (FeNbZr),,B aloys. This
aloy, which is of the “2—-14-1" type, gives an indi-
cation of how complicated the situation is becom-
ing in the search for new and improved permanent
magnet materials as more chemical additions are
being tried to enhance the range of properties. The
Curie temperatures of the rare earth transition
metal alloys sometimes precludes their use in cer-
tain applications. Therefore a search for permanent
magnets with higher Curie temperatures has been
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undertaken. Nanocomposites were formed of both
RE,Fe,,B/Fe;B and RE,Fe,,B/a-Fe by melt spin-
ning. Addition of Co greatly enhances the Curie
temperature, and in this case typically 30% of the
Fe was replaced with Co, so that T, was increased
from 775C in the iron aloy to 950 °C in the Co
substituted alloy. The highest coercivities obtained
were 6.8 KOe, with a maximum energy product of
BH . = 11.8 MGOe.

Ono et a. [51] studied crystallization and mag-
netic properties of NdFeCoVB and o-Fe/ NdFeB
nanocomposite hard magnetic ribbons. As the
amorphous volume fraction increased the crystal
grain size became smaller and hard magnetic
properties improved. An optimum quenching rate
was found however which indicates that short
range order is useful in order to inhibit grain
growth of a-Fe crystals. The completely amorph-
ous state was found to be less conducive to hard
magnetic properties than one with a small volume
fraction of nanocrystalline clusters containing Nd.

3.2.3. Nanophase magnets based on cobalt or
iron and platinum

CoPt and FePt have emerged as candidates for
high performance exchange spring magnets with
enhanced magnetic properties. Both the CoPt and

FePt materials have high anisotropies (4.9 x 106
Jm?® and 6.6 x 10° Jm?® respectively). The FePt
system has the advantage of complete solid solu-
bility at higher temperatures. At lower tempera
tures the crystal structure transforms from fcc to a
face centered tetragona structure which has
improved hard magnetic properties due to the
increased anisotropy.

Huang et a. [52] have studied hysteresisin CoPt
nanoparticles embedded in a non-magnetic matrix
consisting of C and/or BN. The effects of the par-
ticle size on properties were investigated. Thin
films of these materials were prepared by sputter-
ing. It was found that coercivity depended princi-
pally on the particle size. Annealing time and tem-
perature were used to produce optimum particle
sizes. Whereas the “as-fabricated” films had H, <
8 kA/m (100 Oe), annealing caused an increase in
particle size and a consequent increase in H, from
less than 80 KA m™ (1 kOe) to 1000 KA m™?
(12 kOe).

Barmak et al. [53] investigated ferromagnetic
exchange spring nanocomposite films. These con-
sisted of CoPt films 10-25 nm thick, produced by
dc magnetron sputtering. Various annealing treat-
ments were used subsequently. The magnetic
properties of the material changed from nucleation
dominated behavior at low volume fractions of
magnetically hard phase, to pinning dominated
behavior at high volume fractions of hard phase.
The particle size in the films increased with
annealing time, resulting in increased coercivity.
The reason was that the coercivity mechanism
becomes increasingly pinning controlled as the
volume fraction of the high coercivity phase
increases. Even though the films were in all cases
two phase structures the properties exhibited what
was described in the paper as “single phase” mag-
netization behavior at all stages, meaning that there
were no obvious macroscopic discontinuitiesin the
magnetization curves that could be indicative of
second phases.

Crew and Stamps [54] have described ferromag-
netic resonance in exchange coupled thin films via
theoretical calculations, using the micromagnetic
Landau-Lifschitz-Gilbert model. For the experi-
mental part of the magnetic resonance study
Co/CoPt exchange coupled thin films were made.
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It is known that the resonance frequency is determ-
ined in part by the perpendicular anisotropy in the
film, and that such measurements can be used to
find the perpendicular anisotropy. However
exchange coupling between the films caused sig-
nificant changes in the resonant frequency. It was
also shown that magnetostatics plays an important
role in determining the behavior.

Zhou et a. [55] have investigated improvements
in the properties of FePt through exchange coupled
FePt—Fe layered films prepared by magnetron sput-
tering, In FePt thin films a maximum energy pro-
duct of up to BH,. = 15 MGOe, and in CoPt thin
films a maximum energy product of up to BH
= 50 MGOe were observed as shown in Fig. 13.
The fabrication process produced exchange
coupled FePt—Fe multilayers and it was found that
in combination with a rapid thermal anneal an
improved energy product of 19 MGOe could be
obtained in these multilayers.

Thang et al. [56] aso investigated magnetic
properties of FePt aloys, in this case with Nb
and/or Al doping. They studied the combined
effects of annealing and the presence of third
elements on the magnetic properties of these
dloys. The materials consisted of exchange
coupled grains, with domain sizes of typicaly 1-
20 nm. A high coercivity resulted principally from
pinning of domain walls. In the Al doped materials
the observed magnetic properties were: BH o =
120 KJm?3, H, = 300 KA/m, B, =1.025 Teda
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Fig. 13. Demagnetization curves of annealed FePt single layer
film, and annealed FePt/Fe multilayer film after Zhou et al. [54].

(10.25KG, M, =0.82 x 10° A m~1). The Nb doped
material had similar properties except for a lower
remanence of B, = 0.975 Teda (9.75 KG, M, = 0.78
x 105 A m™?})

Huang et al. [57] investigated fabrication and
magnetic properties of FePt/C films containing
FePt nanoparticles in order to increase the coerciv-
ity compared with the normal FePt thin films. The
films were produced with FePt particle sizes in the
range 3-20 nm. For the films with the smallest par-
ticle sizes the blocking temperature, which marks
the boundary between hysteretic and non-hysteretic
behavior, was found to be 200 K as shown in Fig.
14. For films with larger particles sizes the block-
ing temperature is higher. Once the particle sizes
were such that the blocking temperature was above
room temperature it was found that the coercivities
were greater for the films with larger particles. A
coercivity of 1.84 x 10° A m™! (23 kOe) was
obtained for the 8 nm diameter particles and a
coercivity of 272 x 105 A m~1 (34 kOe) for the
15 nm diameter particles. It was also found that
by depositing FePt simultaneously with carbon the
structure of the films can be controlled so that
strong perpendicular anisotropy can be produced
in the films, suitable for magnetic recording
media applications.

Ding et al. [58] have looked at phase transform-
ation in FePt nanoparticles. As is known the
material transforms from fcc to face centered tetra-
gonal with high anisotropy and for this reason the
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Fig. 14. Dependence of magnetization on temperature for field
cooled (F.C.) under 2 KOe (160 KA/m) applied field and zero
field cooled (Z.F.C) nanoparticles of FesoPts, alloy, after Huang
et a. [57].
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material has potential for use in ultra-high density
recording media applications. However annealing
to cause the desired phase transformation is usualy
accompanied by sintering of the materia which
degrades the magnetic properties. Different
annealing conditions were tried in order to get the
best magnetic properties by achieving the phase
transformation without the unwanted sintering. It
was found that particle coalescence occurred at
about 550 °C and once started proceeded very rap-
idly. Since thisis aso the temperature what which
the phase transformation occurs it remains prob-
lematic. One solution that was suggested was to
aloy the FePt with some other elements to try to
reduce the transformation temperature below the
sintering temperature—or aternatively to increase
the particle separation in the film.

Simizu et a. [59] have also investigated
exchange coupling in FePt magnets, the properties
of which are given in Table 2. Those aloys in the
range Fe,oPts, 10 FegPtyo aloys, exhibit the phase
transformation from fcc to face centered tetragonal .
Both phases can coexist, so this leads to the pros-
pect of an exchange coupled magnet consisting of
one materia in two different structural and mag-
netic phases. The alloy FegPt,, has a (BH)max of
120 KJm?® (15 MGOe) and high sguareness ratio
of M/M, = 0.68, a value which is consistent with
that predicted in the exchange coupled model. This
enhanced remanence was shown not to be due to
texturing of the material, since magnetization
curves were identical in three orthogona direc-
tions. Also it was found that the “as quenched”
samples had the hardest magnetic properties, and
any annealing procedure that was attempted in

Table 2

order to promote formation of the hard magnetic
phase was found to reduce H. and B,. Paradoxically
therefore the best hard magnetic properties were
obtained by suppressing the formation of the
hard phase.

4. Magnetomechanical materials

These are materials in which the strong mag-
netomechanical coupling causes strain in the
material when magnetized. The class of magneto-
mechanical materials is rather broad, but includes
magnetoel astic materias in which the recovery of
strain is reversible when the field is removed, and
other materials for which the induced strain does
not necessarily recover simply on remova of the
magnetic field. These latter materials could be
called magneto-plastic materials, but are often
described as magnetic shape memory aloys. High
performance magnetomechanical materials include
cobalt ferrite, iron-gallium alloys, rare earth metals
such as dysprosium and terbium, rare earth-iron
aloys such as Terfenol (terbium-dysprosium-iron),
and shape memory aloys such as NiMnGa and
GdSiGe.

4.1. Magnetic properties

4.1.1. Magnetostriction

Magnetostriction is the fractional change length
of a material when magnetized, either spon-
taneously by virtue of a magnetic phase transition
(spontaneous magnetostriction) or under the
action of a magnetic field (field induced

Energy product, remanence, saturation, remanence to saturation ratio, and coercivity of three samples (x, y and 2) of ‘as cast’ material
and two heat-treated samples (16 hours at 600 °C and 16 hours at 650 °C) of Fe,gPty 4

Feye Plos As cast 16 /600 °C 16 /650 °C
X y z z z

BHumax (MG Og) 4.87 5.33 5.94 5.36 4.15

B, (kG) 6.86 7.34 7.63 7.13 6.49

B, (kG) 10.37 10.92 11.20 10.60 10.36

B./B. 0.66 0.67 0.68 0.67 0.63

H. (kOe) 2.37 2.34 2.36 2.40 211
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magnetostriction). The magnetostriction A is the
fractional change in length under the action of a
magnetic field

AL
A= (e) @

where €, isthe original length and A¢ is the change
in length. For convenience the length €, is usually
taken as the length in the demagnetized state and
the changes are therefore measured by convention
relative to the demagnetized state. This effect is
only significant in magnetically ordered materials
such as ferromagnets, ferrimagnets and antiferrom-
agnets. Typica magnetostrictive strains of mag-
netic materials are of the order of £ =~ 10~°-10"¢,
[60] athough more recent advanced materias,
such as terbium dysprosium iron, have magneto-
strictions as high as 102 [61,62].

4.1.2. Motor coefficient (strain derivative)

The strain derivative dA/dH for magnetostrictive
materials, d, is a useful representation of materials
properties, since it indicates how rapidly the strain
changes with the relevant applied field,

d= (;ﬁ)a (2

This is also sometimes known as the strain coef-
ficient, strain derivative, or simply as the “d coef-
ficient”. When changes expressed by differentials
are small and reversible this d coefficient is also
equa to (dB/do), where B is the magnetic flux
density and o is the stress. It is a useful measure
of the performance of a material, since it is closely
related to the energy conversion efficiency of the
material. However the dependence strain on mag-
netic field is also hysteretic. It is often quoted in the
range of nanometers per amp in magnetostrictive
materials. Typical values of the d coefficient for
various materials are: CoO.Fe,0; ~1 x 107° m
A1 GdsSiGe,, ~1 x 10°m A%, Fe ~0.3 x 10°°
MA™ Ni ~—2x10°mA~% Co~—0.2x 10°°
m A1, polycrystalline (Tho 3Dy, 7)Fe, ~1.3 x 107°
mA~L

4.1.3. Generator coefficient

When a magnetic material generates a changein
magnetic field by application of a stress the para-
meter of interest is the rate of change of H field
with stress, dH/do. This is caled the generator
coefficient g since it generates a field from applied
stress at constant magnetic flux density

dH dM
0= (o), ~ (@), ©

This is measured in units of AN~*m. It is aso
equal to the derivative of the magnetization M with
respect to stress at constant magnetic flux density
B as given in the equation. When the changes rep-
resented by the differentials are small and revers-
ible this g coefficient is a'so equa to —(dA/dB),.

4.1.4. Coupling coefficient

An important consideration in magnetomechan-
ical materials is often the efficiency for converting
one form of energy into another (eg. mechanica
into magnetic or vice versa). The input energy is
usually supplied by an externa influence such as
an applied stress or a magnetic field. The response
of the material, isin the form of strain or magnetiz-
ation.

The energy conversion efficiency can be
expressed via the square of the coupling coef-
ficient, k which is defined as k® = (energy
output)/(energy input). In the case of a mag-
netostrictive material k? is related to the materials
properties by the equation

Ev

#o#rd )
where E, is the appropriate elastic modulus, y, is
the relative permeability, i, is the permeability of
free space and d is the d coefficient given by Eq.
(2) above. However it must be remembered that
in ferromagnetic materials y, is not constant. This
means that the energy conversion efficiency
changes with applied field strength.

k2 =

4.1.5. Piezomagnetism

Under certain conditions the application of stress
to a magnetic material can cause a change in mag-
netization. Only a few examples are known of
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magnetic materials which can change from a
demagnetized to a magnetized state under the
action of astress. One of these is the antiferromag-
net CoF, in which a small magnetization of the
order of 10° A/m can be produced by large shear
stresses [63]. There are no known cases of ferrom-
agnets which become magnetized under the action
of astress on the unmagnetized state. A related and
much more common phenomenon is the tendency
of magnetic materials to change their magnetiz-
ation under the action of an applied stress when
aready magnetized [64]. This effect is only of sig-
nificant sizein ferromagnets and ferrimagnets. Jiles
[65], and later Li and Jiles [66] have studied these
effects. In these phenomena the order of appli-
cation of stress and magnetic field is critical. The
effects of change in stress on the magnetization
have been modeled. The hysteretic nature of the
behavior dictates that simple linear differentia
equations based on the “small amplitude” Maxwell
relations are not valid for describing these effects.

4.2. New magnetomechanical materials

4.2.1. Gaint magnetostrictive rare earth
transition metal alloys

Much progress has been made in recent yearsin
the development of giant magnetostrictive
materials such as Terfenol-D (Th,Dy,_,Fe, with x
~ 0.3). Reliable model descriptions of these
materials have been developed at the same time,
and these can now provide valuable predictive
simulations of materials properties and perform-
ance. Calkins, Smith and Flatau [67] have
developed a magnetostrictive model based on
energy considerations which gave good agreement
with performance of Terfenol-D. The model
described the B, H hysteresis loop of the material,
and then incorporated a non-hysteretic quadratic
relationship between magnetostriction and mag-
netization. In this way a hysteretic relationship
between magnetostrictive strain and applied mag-
netic field was obtained. The model was able to
describe strain under both magjor and minor loop
excursions of magnetization versus magnetic field.
The model is also compact because it has only a
smal number of model parameters and can be

operated under awide variety of conditions includ-
ing non-linear regimes.

Dapino, Smith and Flatau [68] have shown how
to include non-linear and hysteretic effects directly
into the description of strain. In this case, both the
elastic compliance and the piezomagnetic coef-
ficient d were alowed to be variable and path
dependent. This generalization of the magnetostric-
tive model is suitable for describing the behavior
of magnetostrictive materials at high fields.

4.2.2. Magnetic shape memory alloys

Shape memory alloys can exhibit deformations
of 5-10% on application of a magnetic field.
Ullakko et al. [69] were first to report unusually
large magnetically induced strains in ferromagnetic
shape memory alloys based on the Heudler aloy
composition. Ni,MnGa is a member of the family
of Heudler alloys which undergoes a thermomech-
anical martensitic phase transformation on cooling
below T,, = 202 K. Since the ferromagnetic tran-
sitionisat T, = 376 K the structural transformation
occurs while the material is in its ferromagnetic
state. Both transition temperatures T,,, and T, are
sensitive to the chemical composition. Substitution
of Mn for Ni can cause T,, to increase and T, to
decrease. These two temperatures coincide for
compositions of x ~ 0.18-0.20 in Ni,,,Mn ,_,Ga,
according to Vassiliev [70], whereupon it trans-
forms from a high temperature paramagnetic phase
to a low temperature ferromagnetic phase simul-
taneously with the structural transformation from
high temperature cubic to low temperature tetra-
gonal. The c/aratio is 0.94, which gives rise to a
6% deformation.

The martensitic transition can also be induced
by a magnetic field. The application of a magnetic
field leads to a redistribution of the structural state
of the material. In order to obtain a colossal defor-
mation under the action of a magnetic field the fol-
lowing criteria have been identified: i) the tran-
sition has to be thermoelastic, ii) the martensitic
phase must be ferromagnetic iii) the martensitic
phase must have sufficient anisotropy.

Sozinov et a. [71] have investigated crystal
structures and magnetic anisotropy of Ni.MnGa
with giant field induced strain. In this study non-
stoichiometric alloys were investigated. It was
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found that, depending on the exact details of the
crystal structure, a 6-10% strain can be induced by
an applied field of less than 1 Tedla.

Pasquale et al. [72] have aso studied magnetic
and mechanical properties of Ni.MnGasingle crys-
tals. Large field induced strains were produced in
oriented single crystas by pretreating the
materials by subjecting them to a sequence of
mechanical cycles and thermal treatments. Typical
treatment needed to “stabilize” the samples
involved aload of 20 MPa and a thermal treatment
of 200 °C. Stress and field were applied sub-
sequently. A repeatable sequence of “pseudoplas-
tic’ behavior was obtained which gave a 1.2% irre-
versible strain under a field of 450 kA/m (5.6 kOe)
with an equivalent stress value of 12.5 MPa. The
“pseudoplastic” region is defined as that where the
strain changes with no additional stress due to the
induced phase transformation, as shown in Fig. 15.

Khovailo et a. [73] studied the entropy change
a the martensitic transformation in Ni,MnGa.
They investigated AS between the high tempera-
ture cubic phase and the low temperature tetragonal
phase. The lowest value of AS was obtained for

25

o 8

—_— 00

§ 204 | OV 00

> —A— A o o

2 —+—B -

[0] I

2 154 og

@ DCF'DD ¢

=)

] DDDNW oo oo° o

A ©0%0, '

° 10+ %500 o o

> o

s o

A o

o g o

Q 5 a °

£

Q o

O o
o]
o

04 - : - . . . - -
0.00 0.01 0.02 0.03 0.04 0.05
strain ¢

Fig. 15. Compressive stress v. compressive strain curves at
20C for Ni,MnGa after Pasquale et al. [72] showing the pseudo
plastic regime once the stress exceeded12 MPa (unfilled circles
and unfilled sguares). The filled triangles and filled diamonds
show portions of the stress-strain curve obtained dduring mag-
netomechaincal characterization, in which the sample was sub-
jected to a 20MPa load, aan anneal at 200C and then a resto-
ration of the load to 12 MPa.

the stoichiometric alloy composition. Thereafter,
as shown in Fig. 16, ASwas found to increase with
increasing nickel content beyond the stoichio-
metric composition. This is presumably due to an
increase in the magnetic contribution to the
entropy change.

4.2.3. Magnetostructural phase transformation
alloys

Samolyuk and Antropov [74] studied the mag-
netostructural phase transformation in
Gds(Si,_,Ge)s. They investigated the stability of
the magnetic structures theoretically. They showed
that the effective Heisenberg exchange interaction
decreased with deformation. This decrease in
exchange coupling gave rise to the first order mag-
netostructural phase transition.

Casanova et da. [75] investigated the change in
entropy at the first order magnetoel astic phase tran-
sition in Gds(Si,_,Ge,),. This was performed using
differential scanning calorimetry under the simul-
taneous action of a magnetic field. It was shown
that the variation of M with both field H and tem-
perature T in each phase outside the immediate
“phase transition region” gave an additiond
change in entropy to add to that observed during
the transition.

Han et al. [76] have looked at the effects of sam-
ple purity on the thermal expansion of polycrystal-

3.0x10% +

Ni, Mn _Ga ﬁ’%
2+x 1-x >
25x10%

2.0x10° |

AS (J/gK)

1.5x10%

1.0x10% |

5.0x10°

1 1 " 1 L 1 "
0.00 0.05 0.10 0.15 0.20
Ni excess (x)

Fig. 16. Entropy change AS at the martensitic phase trans-
formation in Ni,,,Mn,,Ga shape memory aloy as a function
of the nickel content, after Khovailo et al. [73].
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line Gds(Si,_Ge). at the magnetostructural phase
transformation temperature of 270 K. Measure-
ments were taken on two samples made from dif-
ferent purity gadolinium. Thermal expansion
results confirmed the existence of a first order
phase transition with a discontinuity of 8000 ppm
in the curve of strain versus temperature at the
Curie point. It was found that the Curie tempera-
ture was lower for the lower purity sample, but the
strain was larger in the lower purity material.
Han et a. [77] have aso looked at the magneto-
elastic properties of single crystal Gds(Si;_Ge)s
aloys. The order-disorder transition can be
induced by either field or temperature. Measure-
ments were made for the first time of thermal
expansion on single crystal specimens. Results
showed a hysteresis in T, of about 2 degrees
depending on whether the temperature was being
increased or decreased, as shown in Fig. 17.
Results also showed an unusual field dependence
of the transition temperature indicated in Fig. 18.
Jiles et al. [78] have also looked at extraordinary
magnetoelastic coupling in single crystal speci-
mens of these Gds(Si,_,Ge), materials. The
effects of application of a magnetic field on the
Curie point transition temperature was demon-
strated and the transition temperature was found to
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Fig. 17. Hysteresis in the Curie temperature of GdsSi,Ge, as
seen from thermal expansion measurements, after Jiles et a.
[78].
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Fig. 18. Unusua dependence of the Curie temperature on
applied magnetic field in GdsSi,Ge, , after Jiles et a. [78].

be linearly dependent on the magnetic field with a
derivative of about 5K/T.

Han et a. [79] have found another surprising
result in this material concerning the field depen-
dence of the Curie temperature. It was shown that
T, is different when the magnetic field is applied
along different crystallographic axes and the differ-
ence in the values of T, along the different direc-
tions depends on the field strength.

4.2.4. Iron gallium alloys

Clark et a. [80] investigated extraordinary mag-
netoelasticity and lattice softening in bulk, single
crystal bcc Fe-Ga alloys. Both Al and Ga have
high solid solubility in Fe. As the Ga content is
increased the material retains the local bee struc-
ture and the saturation magnetostriction increases.
The single crystal magnetostriction coefficient Ao
exhibited two peaks as the Ga content was
increased, showing 265 x 10~° at 19% Ga and 235
x 107 % at 27% Ga asindicated in Fig. 19. The other
single crystal magnetostriction coefficient A,,; was
found to be much smaller than A,qo. and therefore
did not play a significant role in the composition
dependent behavior of the bulk magnetostriction.
The variation of the magnetostriction as a function
of Ga content was interpreted in terms of the vari-
ation of the magnetoelastic coupling coefficient b,
and a strongly temperature dependent shear modu-
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Fig. 19. Variation of the magnetostriction of Fe,q,.,Ga, aloys
with composition x as described by Clark et a. [80].

lus ¢, Cip. Surprisingly the magnetoelastic coef-
ficient b, showed only one peak as the Ga concen-
tration increased.

Cheng et al. [81] has also investigated the struc-
ture and properties of melt spun FeGa mag-
netostrictive materials with different alloy compo-
sitions. The objective of the investigation was to
try to retain the disordered phase at higher Ga com-
positions by melt spinning of the aloy. Alloys of
the type Fe, ,Ga, inthe range (x =0.17, 0.21, 0.25,
0.3) were rapidly quenched to form ribbons. It was
found that the Curie temperature T, of Fe,sGay,
was 681 °C with saturation magnetostriction of A
= 98 ppm, whereas the T, of Fe;;Ga,; was 715 °C
and A = 130 ppm. Magnetostriction was measured
aong the ribbon length. The addition of Gato iron
increases Ao, from 20 x 107 to 207 x 10" at a
composition of Ga ~ 17-19%. Above this concen-
tration a structural change occurs in the material
and the value of magnetostriction decreases.

Kellogg et a. [82] studied the dependence of
saturation magnetostriction on texture and grain
morphology in polycrystalline Feg;;Ga,;. The FeGa
aloys exhibit magnetostrictive strains of >100
ppm in polycrystalline form whereas for [100] ori-
ented materials the bulk strain can be up to 300
ppm. Control of crystallographic texture can be
achieved through rolling deformation in order to
maximize the resulting magnetostrictive strain.

However the results of the measurements disagreed
with the predictions of finite element model calcu-
lations (37 ppm was observed, whereas 157 ppm
was predicted).

5. Magnetoelectronic materials

Magnetic materials can be used in information
technology either as the medium for storing the
data or as the sensors needed for detecting the
magnetized regions on the medium. To make this
of any practical use it must be possible to store
large amounts of data in as small a space as poss-
ible. Consequently there is a drive to improve data
storage densities, and currently these are doubling
in less than a year. The ultimate goal isto establish
fully integrated spintronics in which the devices
that are selected for their magnetic functions are
an integral part of the structure instead of an “add
on” needed to achieve the desired functionality.
Once this is achieved a new class of
magnetoel ectronic/spintronic materials and devices
[83] will emerge which will offer a range of
enhanced possibilities, including the prospect of all
metallic transistors with very high charge carrier
densities as a replacement for semiconductor tran-
sistors, and significant improvements in data stor-
age densities.

5.1. Magnetic properties

5.1.1. Hysteresis. saturation, remanence and
coercivity

The hysteresis of magnetization versus magnetic
field in ferromagnets and ferrimagnets can be used
for data storage. As a result of hysteresis the rem-
anent magnetization of the medium acts as a mem-
ory of the last field maximum. Therefore data,
either in digital or analog form can be stored as
magnetic ‘imprints on magnetic media. The
requirements are that the magnetic material must
have high saturation magnetization to give as large
a signal as possible. The coercivity must be suf-
ficient to prevent unanticipated erasure, but small
enough to allow the local regions for the materia
material to be easily remagnetized when necessary.
Coercivities in the range of 20-100 kA m™? are
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common for magnetic recording media, although in
the future in order to continue to improve storage
densities the coercivity of the media will need to
increase further. Therefore materials with coercivi-
ties in the range 200240 kA m~1* (2.5-3 kOe) will
be used [84]. For magnetic materials used in read
and write heads the requirements are different.
These materids have soft magnetic property
regquirements to allow the magnetic flux density in
the read head or the write head to be as high as
possible for a given field strength. Therfore per-
meability should be as high as possible, while coer-
civity and remanence should be as low as possible.

5.1.2. Magnetoresistance

The €lectrical resistance of some magnetic
materials can change quite dramatically when a
magnetic field is applied. Normally this effect is
measured in terms of the fractiona change in
resistance AR/R versus magnetic field. In the case
of materials such as permaloy AR/R can be about
2% at magnetic saturation.

Giant magnetoresistance (GMR) occurs in some
multilayers when the relative orientations of the
magnetic moments are changed. The change in
resistance usualy amounts to a decrease when a
strong enough magnetic field is applied. If the
magnetic moments in the successive layers are par-
alel the material has relatively low resistance, but
when the moments are antiparallel the material has
relatively high resistance. Thisis due to differences
in the scattering of the electrons depending on
which of the two polarizations they have, as
explained below.

The first layered magnetic materia to exhibit
this ‘giant magnetoresistance’ was Fe/Cr/Fe [85],
as shown in Fig. 20, and this was soon followed by
other materialsincluding Fe/Au/Fe[86], Co/Au/Co
[87] and arange of other layered structures includ-
ing Co/Cu/Co [88]. The magnitude of the effect
depends on severa factors including the thickness
of the layers. The physical effect that causes this
change in resistance with field is the spin-depen-
dent scattering of electrons. This means that when
moving between the magnetic layers electrons with
spins in one direction are scattered more than elec-
trons with spins in the other direction [89]. The
band theory of magnetism provides an explanation
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Fig. 20. Giant magnetoresistance AR/R in Fe/Cr/Fe multilay-
ers of different thicknesses, showing up to 45% decrease in an
field of 2 Tedla, after Baibich et al. [85].

of this effect as described by Fert et al. [90]. The
change in resistance with change in relative orien-
tation of the directions of magnetization in the suc-
cessive magnetic layers can be attributed to the
spin-dependent conduction of the electronsin these
itinerant electron ferromagnets. The magority
(“spin up”) and the minority (“spin down”) elec-
trons have different densities of states and
mobilities at any given energy due to the exchange
splitting of the energy bands [91] as indicated in
Fig. 21. Consequently the conductivities of these
two groups of electrons can be different. Therefore
electrons with a particular energy and spin orien-
tation which pass from alayer where the magnetiz-
ation, and hence the majority spins, are pointing to
the right, to a layer where the magnetization, and
hence the majority spins, are pointing to the left,
experience a dramatic change in their conductivity.

In situations where the electron mean free path
is larger than the thickness of the layers, in the
antiparallel magnetization configuration all elec-
trons which move across the layer boundaries find
that they are strongly scattered in aternate layers,
whereas in the parallel configuration one group of
electrons will be weakly scattered in both magnetic
layers, while the other group will be strongly scat-
tered in both magnetic layers. The resistivity is
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Fig. 21. Schematic of the electron band for a tunnel junction with the magnetizations in both electrodes parallel (upper figure) and

antiparallel (lower figure), as described by Leib et a. [91].

therefore much lower in the paralel configuration
than in the antiparallel configuration.

This change of resistance when subjected to a
magnetic field can be used to develop high resol-
ution sensors, such as read heads, which can detect
the magnetic state of regions on the magnetic
medium. Rapid progress in storage densities
recently has been due principaly to the develop-
ment of giant magneto-resistive multilayers, which
have led to the production of a new generation of
high-sensitivity, high spatial resolution read heads
[92]. These magnetic multilayers can exhibit
changes in resistance AR/R of 80%.

The magnetoresistive material is used to detect
the leakage flux from the locally magnetized

regions of the recording medium by means of a
two-point resistance measurement. To obtain an
antisymmetric response that is approximately lin-
ear with strength of the leakage field, the magneto-
resistive material also needs to be biased with
another constant applied field. This is often sup-
plied by using an adjacent magnetized film.

5.2. New magnetoelectronic materials

5.2.1. Magnetoresistive spin valves

GMR devices can be constructed in which one
of the ferromagnetic layers is strongly pinned in a
particular direction through exchange coupling to
an additional nearby antiferromagnetic layer. In
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this way an exchange biased magnetic electrode
can be used to create what is known as a “spin
valve” whereby the magnetization of one layer (the
free layer) can be more easily oriented by appli-
cation of a magnetic field than the magnetization
of the other layer (the pinned layer). These
materials have high magnetoresistance and low
resistance that make them suitable for read head
SENSOrs.

The spin valves can employ either current in the
plane “cip” or current perpendicular to the plane
“cpp” configurations. Bass and Pratt [93] have dis-
cussed structures that employ current perpendicular
to plane “cpp” magnetoresistance because the
“cpp”’ magnetoresistance is usually larger than the
“cip” magnetoresistance, as shown in Fig. 22, and
many layered magnetoresistive structures can be
operated in either mode. New directions of investi-
gation for these materials include ballistic trans-
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Fig. 22. CPP (upper figure) and CIP (lower figure) magnetore-
sistances for a Co/Ag/Co multilayer at 4.2 K after Bass and
Pratt [93], showing that the cpp magnetoresistance is larger.

port, in which the free path length of the electrons
is greater than the dimensions of the device.

Generation and control of spin polarized cur-
rents in devices such as spin valves has been dem-
onstrated in a metalic mesoscopic spin valve
device by Jedema et a. [94] in which ferromag-
netic electrodes of permalloy (Ni—Fe) were used to
drive a spin polarized current into copper. This
alows control of spin polarized currents in solid
state devices at room temperature through the use
of ferromagnetic contacts and marks a significant
development towards “al metalic” electronic
devices, such as diodes and transistors, as an ater-
native to conventional semiconductor devices. In
these all-metallic spin valve structures the resist-
ances are lower than in the tunnel junctions and
the fractional change in resistance is about 10%.
The al-metallic devices have the possibility of
high storage densities, which are comparable to
magnetic tunnel junctions. However because of the
lower resistance of the all metallic structures they
have low read out voltages. In addition a slow
response time means longer read/write times of
about 100 ns. Together these two factors have pre-
vented them reaching performance levels that are
acceptable for magnetic random access memory
(MRAM) applications. Therefore these devices
seem to have better prospects for sensors than for
data storage.

Schumacher et al. [95] has investigated the pre-
cessional magnetization reversal in microscopic
spin valve cells. The main interest is to enable
rapid reversal of the magnetization in these struc-
tures. Possible uses in ultra fast, low power mag-
netic memory cells such as MRAM are envisaged
where the data can be written rapidly. The rapid
reversal of magnetization was achieved by the
application of field pulses along the hard axis.
Short, intense field pulses were applied with the
direction oriented perpendicular to the initial mag-
netization direction of the domains. This resulted
in stable and reversible switching of the magnetiz-
ation direction with switching reliability greater
than 99.8%.

Spin valves in which the pinned or free layer
have been oxidized have shown enhancement of
the magnetoresistance over conventional unoxid-
ized spin valves as described by Veloso et a. [96].
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A theoretical study of the anomalous magnetore-
sistance behavior of these oxidized spin valves
using a modified Stoner-Wohlfarth approach, has
been performed by Ventura et a. [97] to explain
the behavior. In particular they investigated the
field dependence of the magnetoresistance at dif-
ferent temperatures of CoFe spin valves consisting
of a structure with Mnlr/CoFe/nano-oxidized
CoFe/CoFe/Cu/CoFe/Ta. They have extended the
theoretical understanding of a spin valve by separ-
ating the pinned layer into two sublayers which are
ferromagnetically coupled across an intermediate
nano-oxide layer. The results showed that the
behavior of these materials, including the anomal-
ous behavior of the magnetoresistance at low tem-
peratures, can be explained in terms of the strength
of the ferromagnetic coupling between the upper
and lower magnetic sublayers of the pinned layer,
and the coupling between the antiferromagnetic
Mnir layer and the bottom magnetic sublayer of
the pinned layer, both of which control the reversal
in magnetization of the pinned layer. Changing the
applied field from the negative maximum at which
parallel alignment occurs first causes the reversal
of the pinned layer. This occurs gradually in stages
because of the composite structure of the pinned
layer, until high resistance antiparallel alignment
has been established. As the field is increased to
small positive field strengths the free layer sud-
denly switches from parallel to antiparallel con-
figuration, resulting in a discontinuous reduction
in magnetoresistance.

In order to improve the performance of spin
valve devices Yuasa et a. [98] have studied the
effect of inserted Cu on the current perpendicular
to plane GMR in Fe;,Coso spin valves formed by
deposition of multilayers of Cu and FeCo. The
solid solubility of Cu in the FessCos, magnetic
electrode material is an important factor in increas-
ing the spin dependent scattering. The result is that
the change in resistance area product of the spin
valve is enhanced by the use of the Cu layer, typi-
cally 5nm thick between the free and the pinned
layers.

5.2.2. Magnetic tunnel junctions
These devices have similarities to spin valves
and that most device designs are analogous to those

using spin valves. These devices also use the cur-
rent perpendicular to plane (cpp) configuration.
The tunneling current that passes across the junc-
tion aso differs depending on the relative orien-
tations of the magnetization vectors in the two
magnetic layers, as shown in Fig. 23. In magnetic
tunnel junctions the magnetoresisitivities are
higher than in GMR and spin valve devices, which
is due to the use of an intermediate insulating layer
instead of ametallic layer. These devices are useful
for both data storage and sensors, in which their
main characteristics are: large signal to noise ratios
(sensors) and non-volatility (data storage).
Moodera et al. [99] developed the first magnetic
tunnel junctions. Magnetic tunnel junctionsin their
simplest form consist of a three layer sandwich of
two magnetic layers separated by a thin, 0.5-1.0
nm, non-magnetic, non-conducting layer. Moodera
and Mathon [100] have reviewed spin polarized
tunneling in ferromagnetic junctions. Tunneling
magnetoresi stance values of up to 30% have been
achieved repeatably. Spin polarization (n'—n,)/(n'
+ ny), where n' is the number density of “spin up”
electrons and n, is the number density of “spin
down” electrons, within the conduction band of the
magnetic electrodes is an important factor in
determining the tunneling magnetoresistance since
this gives the direct measure of the excess popu-
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Fig. 23. Variation of resistance with magnetic field for a
Co/Al,O4/NigoFe,0 tunnel junction at room temperature 295K
and at liquid nitrogen temperature 77 K, after Moodera and
Mathon [100].
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lation of one spin type over the other. This has a
value of 50% in a material such as Fe;,Coxgg,

Tunnel junctions have severa attractive features
including the possibility of fabricating MRAM
with extremely high data storage densities [101].
Random access memories (RAM) that are cur-
rently in use for data storage in computers are
based solely on semiconductor technology and
therefore data that is stored in these memories is
lost when the power supply is interrupted. On the
other hand magnetic memories offer the prospect
of non-volatile RAM whereby the magnetic states
of the memory bits are not atered by the voltage
interruptions and therefore data is preserved [102].
Prototype MRAM devices have aready been
shown to have improved on the speed and power
consumption of conventional non-volatile sem-
iconductor memory by several orders of magni-
tude, and have reached data storage densities and
speeds that are comparable with those of conven-
tional volatile dynamic RAM.

Reiss et al. [103] have reported on the properties
and applications of magnetic tunnel junctions, in
particular the strong dependence of tunneling cur-
rent on externa field at constant applied voltage.
Device sizes that have been scaled down to below
0.01 mm? are of interest in order to achieve high
data storage densities and high spatial resolution
sensors. Considerations of single domain behavior,
switching properties and edge coupling effects are
important in trying to understand the behavior of
the magnetization of the material at these length
scales.

For MRAM type applications the most
important consideration is a “clean” rapid reversal
of magnetization. Size and aspect ratio of the
devices play an important role in determining the
switching field, as shown in Fig. 24. Warot et al.
[104] have studied the magnetic properties of pat-
terned tunnel junctions with a view to both MRAM
and read head sensor applications. Magnetization
reversal was studied using Lorentz microscopy.
Several energy terms need to be considered in
order to understand the properties. These include
Ned coupling, stray field magnetostatic coupling
and shape anisotropy. It was found that the high
saturation magnetization in NiFeCo was princi-
paly responsible for the difference in behavior
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Fig. 24. Switching fields for MRAM tunnel junctions, com-
prising of a multiplayer of Ta/NiFe/MnFe/NiFe/Al,O4/NiFeCo
as a function of device aspect ratio for three different widths:
a) 0.7 um, b) 1 um and c) 2 um after Warot et al. [104]. P-
AP represents the parallel to antiparallel switching field, AP-P
represents the antiparallel to parallel switching field.

between tunnel junction fabricated with it and
similar tunnel junction fabricated with NiFe free
layers.

Nozaki and Matsuyama [105] have considered
size dependence of switching current and energy
barrier in the magnetization reversal of MRAM
cells. To do this they investigated rectangular cell
shapes. The switching current | and the energy bar-
rier AE show strong dependence on width w and
thickness t of the cells as indicated in Fig. 25. |
was found to be proportional to t/w, while AE was
proportional to wt?. A sufficient energy barrier
against thermal activation is essentia in the practi-
cal applications of these materials to MRAM. This
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Fig. 25. Calculated variation of switching current 1, and
energy barrier AE with width w and thickness t of a perrmalloy
MRAM cell after Nozaki and Matsuyama [105].

amounts to AE > 80 kgT. Larger values of t are
needed because w is being reduced to increase data
storage density. However larger values of t aso
increase the switching current, which is undesir-
able. Optimization of aspect ratio of the cell
resulted in length to width ratio of I/'w ~ 1.5 and
a width of w ~ 0.1 um which gave a data density
of 5 Ghit/sg.in (0.8 Ghit/cm?), for thermal stability
a thickness of t > 3.5 nm was needed.

Junction reliability is related to the electrical
breakdown mechanism. Kim et al. [106] studied
the electrical breakdown in tunnel junctions and
how this depended on the area of the junction. A
“constant voltage stress’ was applied to tunnel
junctions with cross sectional areas of 200 um? and
0.5 pm2. The mechanism of the electrical break-
down appeared to be quite different depending on
the area of the junction. For large area junctions
the MR decreased gradually with time, as shown
in Fig. 26, while for small area junctions the MR
decreased abruptly with time. The breakdown volt-
age was found to be a function of the junction bar-
rier thickness. Higher breakdown voltages were
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Fig. 26. Magnetoresistance curve of a 200 um? tunnel junc-
tion (upper figure) and variation of magnetoresistance (MR) and
resistance area product (RA) with time at a constant applied
voltage of 0.75 V showing the progress in electrical breakdown
(lower figure) after Kim et al. [106].

found for thicker barriers, and for smaller cross
sectional areas. The breakdown voltage aso
depended on the barrier layer oxidation time,
which relates to the junction barrier quality. Time
needed for electrical breakdown to occur under
constant voltage stress was found to be shorter for
larger area junctions, because the process is depen-
dent on defects such as pinholes, process induced
defects and side wall damage, all of which increase
with area. For small area junctions no change
seemed to occur in MR prior to electrical break-
down.

Low resistance tunnel junctions of afew Q um?
are needed for read head sensor applications. Wang
et a. [107] have investigated different materials for
continuous thin barriers in order to produce low
resistance spin dependent tunnel junctions as
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shown in Fig. 27. However with thinner barrier
layers the probability of “pinholes’ increases and
their presence in the insulating layer degrades the
performance of tunnel junctions, including the tun-
neling magnetoresistance. Various different oxide
barriers were studied, including HfO,, HfAIO,,
ZrAlO, and AIO,. It was found that HfO, made
the thinnest continuous insulating barriers. A
resistance area product of 0.4 () um? was obtained
with a 0.4 nm HfO, barrier with 5.5% tunneling
magnetoresistance. A resistance area product of
0.65 Q um? was obtained with a 0.2 nm Hf + 0.3
nm AlO, barrier with 9% tunneling magnetoresist-
ance.

Neel (“orange peel”) coupling between thin
filmsis caused by magnetostatic interactions across
the interface arising from free poles generated on
the surface when it is corrugated. Surface rough-
ness together with high magnetization in the sur-
face layer is the root cause of Nedl coupling. This
is undesirable in magnetic tunnel junctions because
there is a shift, known as the bias field, in the
response of the free layer to an applied magnetic
field. Particularly in the case of low field devices
and applications it is highly desirable to reduce or
eliminate Neel coupling. Wang et a. [108] have
looked at spin dependent tunnel junctions with a
new structure for the pinned layer giving reduced
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Fig. 27. Tunnel magnetoresistance and resistance area product
for tunnel junctions constructed with different barrier layer
materials, after Wang et a. [107].

Nedl coupling between the free and pinned layers.
They used afive layer modified synthetic antiferro-
magnetic composite as the pinned electrode, with
three layers of ferromagnet and two intermediate
layers of ruthenium. The new structure that has
been developed gives a strong antiferromagnetic
coupling between the magnetic layers in the com-
posite pinned electrode. This antiparallel magnetiz-
ation configuration is maintained under normal
operating conditions of the tunnel junction. The net
bulk magnetic moment of the composite pinned
electrode is thereby kept close to zero to minimize
the coupling even in the presence of surface rough-
ness. The new structure reduced the bias field to
less than 80 A/m (1 Oe) as shown in Fig. 28.
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Fig. 28. Magnetic hysteresisloop for magnetic tunnel junction
using conventional structure (upper figure) and for the new
modified synthetic antiferromagnet composite pinned layer
(lower figure). This shows the reduction in the bias or offset
field due to reduction in Neel coupling, after Wang et al. [108].



5936 D.C. Jiles/ Acta Materialia 51 (2003) 5907-5939

5.2.3. Nanoscale magnetic switching materials

Future high density recording media appli-
cations with data storage densities in the range of
10*2 hits/sg.in will require the development of
materials for nanoscale magnetic switching struc-
tures. Nanodots in the single domain state with
well controlled anisotropy and low hysteresis have
potential for i) high resolution field sensors and ii)
high density low power magnetic logic gates. Multi
domain structures are undesirable from the view-
point of data storage, but the formation of multido-
mains is suppressed in very small structures, which
is therefore doubly advantageous. Cowburn [109]
formed nanometer scale magnets which have dif-
ferent magnetic properties from the bulk magnets
formed of the parent bulk material. These nanos-
cale magnets exhibit suppression of multidomain
configurations and configurational anisotropy.

Configurational anisotropy is a form of ani-
sotropy that arises from the details of the magnetic
moment configuration in a small structure. This
anisotropy is the difference in energies between
states with different deviations of the magnetic
moment configuration from complete uniformity.
It is different from shape anisotropy, but has some
similar characteristics. For example the energy of
perfectly uniformly magnetized square is inde-
pendent of the direction of magnetization, but
immediately the non-uniformity of magnetization
isalowed energy differences arise between the dif-
ferent directions of magnetization. It was found
that the competition between exchange and demag-
netizing energy is the determining factor in decid-
ing the actual magnetic moment configuration in
these nanostructures, and slight differences in these
configurations can lead to very different depen-
dence of magnetization on applied field Therefore
attention has to be given to geometry, even at these
small scales, in order to obtain the desired mag-
netic moment configuration.

Fidler et a. [110] have modeled fast switching
behavior in square nanoelements 10 x 10 x 1 nm,
both with and without anisotropy. The modeling of
switching dynamics of these structures was perfor-
med using a combination of finite element mode-
ling and micromagnetic Landau-Lifschitz-Gilbert
modeling. Switching time and critical field were
found to depend strongly on the Gilbert damping

parameter and the field sweep rate. All other fac-
tors being equal the longest switching times were
found in the elements with uniaxial anisotropy,
while the shortest switching times were in material
without anisotropy.

Schrefl et al. [111] have modeled coercivity and
remanence in annealed and monodisperse self
assembled nanoparticles of FePt. These “as synthe-
sized” particles have a disordered fcc structure.
Heat treatment can cause a phase transformation at
530 °C which results in an ordered face centered
tetragonal structure with high anisotropy of typi-
cally 105 Jm? and a coercivity that can reach 716
kA/m. Model caculations were made using a
modified Stoner-Wolfarth model (to alow for
interactions between the particles) and these results
were compared with a combined finite element
model together with a Landau-Lifschitz-Gilbert
micromagnetic calculation. It was found that rem-
anence enhancement occurred only when the
exchange interaction was reduced, as indicated in
Fig. 29, in contrast to the usual result where reman-
ence increased with exchange interaction.
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Fig. 29. Calculated variation of reduced remanence (ratio of

remanence to saturation) and coercivity of FePt nanoparticle

assemblies with exchange interaction for different volume frac-
tions of the disordered fcc phase after Schrefl et al. [111].
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6. Conclusions

In recent years there has been an explosion of
interest in new magnetic materials. These materials
provide a fertile subject area for scientific investi-
gations which transcend the boundaries of con-
densed matter physics, materias science and elec-
trical and computer engineering. They aso have
current and future technological applications in
diverse areas such as energy conversion devices,
field generation, sensors, actuators, data storage
and memory devices.

In this review recent scientific and technological
advances have been described in four important
categories of magnetic materials that are currently
of high interest. These include: soft magnets, hard
magnets, magnetomechanical and magnetoelec-
tronic materials. It is seen that the requirements in
each of these areas are quite different and yet there
is aso much common ground, so that an under-
standing of one of these groups of materials inevi-
table leads to a better understanding of the other
groups. Although the range of magnetic materials
will continue to diversify in the future the same
basic concepts described here will remain essential
to the understanding and future development of
magnetic materials.

Improvements and completely new develop-
ments in the various types of magnetic materias
have been highlighted through the consideration of
a few selected new magnetic materials which are
at the leading edge of current research and devel-
opment, including: amorphous magnetic fibers,
nanocrystalline permanent magnet materials, ferro-
magnetic shape memory aloys and spintronic
materials. For each type of materia the various
magnetic properties of prime interest have been
discussed and how these properties can be con-
trolled and improved. In most cases it can be seen
that in the future the greatest progress is likely to
being made through emphasis on control of the
materials on the smallest scale that is possible.
Currently this emphasis is on “nanostructured”
materials. The interesting result is that the bound-
ary between engineering applications and funda-
mental science is beginning to be erased as the two
fields of activity meet on the scale of nanostruc-
tured materials. For the development of better mag-

netic materials in the future, the emphasis will shift
down to an even smaller scale.
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