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AbstractÐDevelopments in the ®eld of magnetic materials which show promise for future applications are
reviewed. In particular recent work in nanocrystalline materials is reviewed, with either soft or hard beha-
vior as well as advances in the magnetic materials used for magnetic recording. The role of microstructure
on the extrinsic magnetic properties of the materials is stressed and it is emphasized how careful control of
the microstructure has played an important role in their improvement. Important microstructural features
such as grain size, grain shape and crystallographic texture all are major contributors to the properties of
the materials. In addition, the critical role that new instrumentation has played in the better understanding
of the nano-phase magnetic materials is demonstrated. # 2000 Published by Elsevier Science Ltd on behalf
of Acta Metallurgica Inc. All rights reserved.
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1. INTRODUCTION

Whether it can be called a revolution or simply a

continuous evolution, it is clear that development

of new materials and their understanding on a

smaller and smaller length scale is at the root of

progress in many areas of materials science [1]. This

is particularly true in the development of new mag-

netic materials for a variety of important appli-

cations [2±5]. In recent years the focus has moved

from the microcrystalline to the nanocrystalline

regime. This paper intends to summarize recent

developments in the synthesis, structural character-

ization, and properties of nanocrystalline and mag-

nets for three distinct sets of magnetic applications:

1. Soft magnetic materials.

2. Hard magnetic materials.

3. Magnetic storage media.

The underlying physical phenomena that motivate

these developments will be described. A unifying

theme exists in the understanding of the relation-

ships between microstructure and magnetic aniso-

tropy (or lack thereof) in materials.

The term ``nanocrystalline alloy'' is used to

describe those alloys that have a majority of

grain diameters in the typical range from 01 to

50 nm. This term will include alloys made by

plasma processing [6±8], rapid solidi®cation, and

deposition techniques where the initial material

may be in the amorphous state and subsequently

crystallized. We discuss processing methods to

control chemistry and microstructural morphology

on increasingly smaller length scales, and various

developing experimental techniques which allow

more accurate and quantitative probes of struc-

ture on smaller length scales. We review the

impact of microstructural control on the develop-

ment of state of the art magnetic materials.

Finally we o�er a view to the future for each of

these applications.

Over several decades, amorphous and nanocrys-

talline materials have been investigated for appli-

cations in magnetic devices requiring either

magnetically hard or soft materials. In particular,

amorphous and nanocrystalline materials have been

investigated for various soft magnetic applications

including transformers, inductive devices, etc. In

these materials it has been determined that an im-

portant averaging of the magnetocrystalline aniso-

tropy over many grains coupled within an exchange

length is the root of the magnetic softness of these

materials. The fact that this magnetic exchange
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length is typically nanometers or tens of nanometers
illustrates the underlying importance of this length
scale in magnetic systems.

In rare earth permanent magnets [9], it has been
determined that a microstructure containing two or
more phases, where the majority phase is nanocrys-

talline (taking advantage of the favorable high coer-
civity in particles of optimum size) and one or more
of the phases are used to pin magnetic domain

walls leads to better hard magnetic properties. Still
another exciting recent development has been the
suggestion of composite spring exchange magnets

[10] that combine the large coercivities in hard mag-
nets with large inductions found in softer transition
metal magnets. Again chemical and structural vari-
ations on a nano-scale are important for determin-

ing optimal magnetic properties.
In the area of magnetic storage media future pro-

gress will also rely on the ability to develop control

over microstructure at smaller size scales so as to
impact on storage densities. Here the issue of ther-
mal stability of the magnetic dipole moment of ®ne

particles has become a critical issue, with the so-
called superparamagnetic limit on the horizon. The
need to store information in smaller and smaller
magnetic volumes pushes the need to develop media

with larger magnetocrystalline anisotropies.

2. DEFINITIONS

Technical magnetic properties [11, 12] can be

de®ned making use of a typical magnetic hysteresis
curve as illustrated in Fig. 1. Magnetic hysteresis
[Fig. 1(a)] is a useful attribute of a permanent mag-
net material in which we wish to store a large meta-

stable magnetization. Attributes of a good
permenent magnet include: (a) large saturation and

remnant inductions, Bs and Br: a large saturation
magnetization, Ms, and induction, Bs, are desirable

in applications of both hard (and soft) magnetic
materials; (b) large coercivities, Hc: coercivity is a
measure of the width of a hysteresis loop and a

measure of the permanence of the magnetic
moment; (c) high Curie temperature, Tc: the ability

to use soft magnetic materials at elevated tempera-
tures is intimately dependent on the Curie tempera-
ture or magnetic ordering temperature of the

material.
A large class of applications requires small hys-

teresis losses per cycle. These are called soft mag-
netic materials and their attributes include: (a) high

permeability: permeability, m � B=H � �1� w�, is
the material's parameter which describes the ¯ux

density, B, produced by a given applied ®eld, H. In
high permeability materials we can produce very
large changes in magnetic ¯ux density in very small

®elds; (b) low hysteresis loss: hysteresis loss rep-
resents the energy consumed in cycling a material

between ®elds H and ÿH and back again. The
energy consumed in one cycle is WH �

�
M dB or

the area inside the hysteresis loop. The hysteretic

power loss of an a.c. device includes a term equal
to the frequency multiplied by the hysteretic loss

per cycle; (c) large saturation and remnant magneti-
zations; (d) high Curie temperatures.

The magnetization curve [Fig. 1(a)] illustrates the
technical magnetic properties of a ferromagnetic

material. Its shape is determined by minimizing the
material's magnetic free energy. The magnetic free
energy consists of terms associated with the ®eld

Fig. 1. (a) Schematic of a hysteresis curve for a magnetic material de®ning some technical magnetic par-
ameters and (b) rotation of atomic magnetic dipole moments in a 1808 (Bloch) domain wall in a ferro-

magnetic material.
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energy (Zeeman energy), self-®eld (demagnetization
energy), wall energy, and magnetic anisotropy

energy. The magnetic Helmholtz free energy [13]
can be determined by integrating a magnetic energy
density as follows:

FM �
�"

A�r�
�rM

Ms

�2
ÿK1�r�

�
M � n
Ms

�2
ÿm0M �H

#
dr

�1�

where A(r) is the local exchange sti�ness related to
the exchange energy, J and spin dipole moment, S

�A � CJS 2=a at 0 K, with C01 depending on crys-
tal structure and a is the interatomic spacing), K1(r)
is the (leading term) local magnetic anisotropy

energy density, M is the magnetization vector, n is
a unit vector parallel to the easy direction of mag-
netization, and H is the sum of the applied ®eld

and demagnetization ®eld vectors. The magnetic
anisotropy energy describes the angular dependence
of the magnetic energy, i.e. its dependence on angles
y and f between the magnetization and an easy

axis of magnetization. For the case of a uniaxial
material the leading term in the anisotropy energy
density has a simple K1 sin2 y form. The anisotropy

energy can be further subdivided into magnetocrys-
talline, shape and stress anisotropies, etc. For the
purposes of the discussions here, however, we will

devote most of our attention to the magnetocrystal-
line anisotropy.
The magnetic anisotropy represents a barrier to

switching the magnetization. For soft magnetic ma-
terials, a small magnetic anisotropy is desired so as
to minimize the hysteretic losses and maximize the
permeability. In soft materials, the desire for small

magnetocrystalline anisotropy necessitates the
choice of cubic crystalline phases of Fe, Co, Ni or
alloys such as FeCo, FeNi, etc. (with small values

of K1). In crystalline alloys, such as permalloy or
FeCo, the alloy chemistry is varied so that the ®rst-
order magnetocrystalline anisotropy energy density,

K1, is minimized. Similarly, stress anisotropy is
reduced in alloys with nearly zero magnetostriction.
Shape anisotropy results from demagnetization
e�ects and is minimized by producing materials

with magnetic grains with large aspect ratios.
Amorphous alloys are a special class of soft ma-
terials where (in some notable cases) low magnetic

anisotropies result from the lack of crystalline
periodicity.
For hard magnetic materials a large magnetic

anisotropy is desirable. As discussed below, large
magnetocrystalline anisotropy results from an ani-
sotropic (preferably uniaxial) crystal structure, and

large spin orbit interactions. Large magnetocrystal-
line anisotropy is seen, for example in h.c.p. cobalt,
in CoPt where spin±orbit coupling to the relativistic
Pt electrons invokes large anisotropies, and impor-

tantly in the rare earth permanent magnet ma-
terials.

In future discussions we will ®nd it useful to
describe several length scales that are associated
with magnetic domains and domain walls [Fig.

1(b)]. These are expressed through consideration of
domain wall energetics. The energy per unit area in
the wall can be expressed as a sum of exchange and

anisotropy energy terms:

gW � gex � gK �2�
where the anisotropy energy per unit volume, K, is
multiplied by volume contained in a domain wall,

AWdW, and divided by cross-sectional area to arrive
at an anisotropy energy per unit area:

gK � K

�
AWdW

AW

�
� KdW � K�Na� �3�

where dW � Na (a is the lattice constant in the
direction of rotation and N is the number of planes
over which the rotation takes place) is the thickness

of the wall. Thus gW can be expressed as

gW �
p2JexS

2

Na2
� K1�Na� �4�

where the ®rst term considers the cost in exchange
energy in rotating magnetic dipole moments in a
1808 domain wall as illustrated in Fig. 1(b). To

determine the optimal wall thickness we di�eren-
tiate gW with respect to dW yielding:

Neq �
�����������������
p2JexS

2

K1a3

s
: �5�

For Fe, Neq0300 and the equilibrium thickness,

teq � Neqa050 nm: Expressed in terms of the
exchange sti�ness, Aex, and the domain wall width,
dW � p

���������������
Aex=K1

p
:

Another important length scale is the distance

over which the perturbation due to the switching of
a single spin decays in a soft material. This length
is called the ferromagnetic exchange length, Lex,

and can be expressed as

Lex �
�������������
Aex

m0M2
s

s
: �6�

The ferromagnetic exchange length is 03 nm for
ferromagnetic iron- or cobalt-based alloys. The
ratio of the exchange length to dW/p is a dimension-

less parameter, k, called the magnetic hardness par-
ameter:

k � pLex

dW

�
�������������
K1

m0M2
s

s
: �7�

For hard magnetic materials k is on the order of
unity and thus there is little di�erence between the
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ferromagnetic exchange length and the domain wall
width. On the other hand, for good soft magnetic

materials, where K1 approaches zero, k can deviate
substantially from unity.

Structure sensitive magnetic properties may

depend on defect concentration (point, line and pla-

nar defects), atomic order, impurities, second
phases, thermal history, etc. In multi-domain ma-

terials, the domain wall energy density,
g � 4�AK1�1=2 � g�x�, is spatially varying as a result

of local variations in properties due to chemical
variation, defects, etc. A domain wall will prefer to

locate itself in regions where the magnetic order

parameter is suppressed, i.e. pinning sites. Since
changes in induction in high-permeability materials

occur by domain wall motion, it is desirable to limit
variation of g(x ) (pinning). This is one of the key

design issues in developing soft magnetic materials,

i.e. that of process control of the microstructure so
as to optimize the soft magnetic properties. In hard

materials development of two-phase microstructures
with pinning phases is desirable.

For ®ne particle magnets the possibility of ther-

mally activated switching and consequent reduction
of the coercivity as a function of temperature must

be considered as a consequence of a superparamag-

netic response. This is an important limitation in
magnetic recording. Superparamagnetism refers to

the thermally activated switching of the magnetiza-
tion over rotational energy barriers (provided by

magnetic anisotropy). Thermally activated switching

is described by an Arrhenius law where the acti-
vation energy barrier is KuhVi (hVi is the switching

volume). The switching frequency becomes larger
for smaller particle size, smaller anisotropy energy

density and at higher temperatures. Above a block-
ing temperature, TB, the switching time is less than
the experimental time and the magnetic hysteresis

loop is observed to collapse, i.e. the coercive force
becomes zero. Above TB, the magnetization scales
with ®eld and temperature in the same manner as

does a classical paramagnetic material, with the
exception that the inferred dipole moment is a par-
ticle moment and not an atomic moment. Below
the blocking temperature, hysteretic magnetic re-

sponse is observed for which the coercivity has the
temperature dependence:

Hc � Hc0

"
1ÿ

�
T

TB

�1=2
#
: �8�

In the theory of superparamagnetism [14, 15], the
blocking temperature represents the temperature at
which the metastable hysteretic response is lost for

a particular experimental timeframe. In other
words, below the blocking temperature hysteretic
response is observed since thermal activation is not
su�cient to allow the immediate alignment of par-

ticle moments with the applied ®eld. For stability of
information over 010 years, the blocking tempera-
ture should roughly satisfy the relationship: TB �
KuhVi=40kB: The factor of 40 [16, 17] represents
ln�o0=o�, where o is the inverse of the 10 year stab-
ility time (010ÿ4 Hz) and o0 an attempt frequency

for switching (01 GHz).

3. SOFT MAGNETIC MATERIALS

Approaches to improving intrinsic and extrinsic
soft ferromagnetic properties involve (a) tailoring

Fig. 2. (a) Herzer diagram [18] illustrating dependence of the coercivity, Hc, with grain size in magnetic
alloys and (b) relationship between permeability, me (at 1 kHz) and saturation polarization for soft mag-

netic materials [19].
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chemistry and (b) optimizing the microstructure.
Signi®cant in microstructural control has been rec-

ognition that a measure of the magnetic hardness
(the coercivity, Hc) is roughly inversely proportional
to the grain size (Dg) for grain sizes exceeding
00.1±1 mm [where the Dg exceeds the domain

(Bloch) wall thickness, dW]. Here grain boundaries
act as impediments to domain wall motion, and
thus ®ne-grained materials are usually magnetically

harder than large grain materials. Signi®cant recent
development in the understanding of magnetic coer-
civity mechanisms has led to the realization that for

very small grain sizes Dg < 0100 nm, [18], Hc

decreases rapidly with decreasing grain size [Fig.
2(a)]. This can be understood by the fact that the

domain wall, whose thickness, dW, exceeds the grain
size, now samples several (or many) grains and ¯uc-
tuations in magnetic anisotropy on the grain size
length scale which are irrelevant to domain wall

pinning. This important concept of random aniso-
tropy suggests that nanocrystalline and amorphous
alloys have signi®cant potential as soft magnetic

materials. Soft magnetic properties require that
nanocrystalline grains be exchange coupled and
therefore processing routes yielding free standing

nanoparticles must include a compaction method in
which the magnetic nanoparticles end up exchange
coupled.
Random anisotropy [20, 21] has been realized in

a variety of amorphous and nanocrystalline ferro-
magnets as illustrated in Fig. 2(b) which shows two

important ®gures of merit for soft magnetic ma-
terials their magnetic permeability and their induc-

tions. Combined high permeabilities and magnetic
inductions are seen for amorphous Fe- and Co-
based magnets with more recent improvements in
the envelope occurring with the development of

nanocrystalline alloys FINEMET, NANOPERM
and HITPERM. The last of these combines high
permeabilities, large inductions with the potential

for high temperature application due to the high
Curie temperature of the a '-FeCo nanocrystalline
phase. Typical attributes of nanocrystalline ferro-

magnetic materials produced by an amorphous pre-
cursor route are summarized in Table 1 [22].
The basis for the random anisotropy model is il-

lustrated in Fig. 3(a). The concept of a magnetic
exchange length and its relationship to the domain
wall width and monodomain size is important in
the consideration of magnetic anisotropy in nano-

crystalline soft magnetic materials. These length
scales are de®ned by appealing to a Helmholtz
free energy functional described above. These

length scales again are: dW � p
����������
A=K
p

and
Lex �

������������������
A=4pM2

s

p
: The extension of the random ani-

sotropy model by Herzer [18] to nanocrystalline

alloys has been used as the premise for describing
e�ective anisotropies in nanocrystalline materials.
Herzer considers a characteristic volume whose lin-
ear dimension is the magnetic exchange length,

Lex0�A=K �1=2: The unstated constant of propor-
tionality (k ) for materials with very small K can be

Table 1. Attributes of nanocrystalline ferromagnetic materials produced by an amorphous precursor route

Alloy name Typical composition Nanocrystalline phase Bs (T) Tc (8C)

FINEMET Fe73.5Si13.5B9Nb3Cu1 a-FeSi, FeSi (DO3) 1.0±1.2 < 770
NANOPERM Fe88Zr7B4Cu a-Fe (b.c.c.) 1.5±1.8 770
HITPERM Fe44Co44Zr7B4Cu a-FeCo (b.c.c.), a '-FeCo (B2) 1.6±2.1 > 965

Fig. 3. (a) Cartoon illustrating N nanocrystalline grains of dimension D, in a volume L3
ex: (b) TEM

micrographs for an annealed (Fe70Co30)88Hf7B4Cu HITPERM magnet ribbons [23].
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quite large. The Herzer argument considers N

grains, with random crystallographic easy axes,
within a volume of L3

ex, to be exchange coupled.
For random easy axes, a random walk over all N
grains yields an e�ective anisotropy that is reduced

by a factor of 1/(N )1/2 from the value K for any
one grain, thus Keff � K=�N �1=2: The number of
grains in this exchange coupled volume is just

N � �Lex=D�3, where D is the average diameter of
individual grains. Treating the anisotropy self-con-
sistently:

Keff0KD3=20
�
Keff

A

�3=2
0
�
K 4D6

A3

�
: �9�

Since the coercivity can be taken as proportional to
the e�ective anisotropy, this analysis leads to yield
Herzer's prediction that the e�ective anisotropy and

therefore the coercivity should grow as the sixth
power of the grain size:

Hc0HK0D6: �10�

Other functional dependences of the coercivity on
grain size have been proposed for systems with

reduced dimensionality (i.e. thin ®lms) and sup-
ported by experimental observations. The D 6 power
law is observed experimentally in a variety of alloys

as illustrated in Fig. 2(a).
In FINEMET, NANOPERM and HITPERM

nanocrystalline alloys, a common synthesis route

has been employed resulting in a two-phase nano-
crystalline microstructure. This involves rapid soli-
di®cation processing of the alloy to produce an

amorphous precursor. This is followed by primary
(nano)crystallization of the ferromagnetic phase.
For synthesis of a nanocrystalline material, the pri-
mary crystallization temperature, Tx1, is the useful

crystallization event. In the amorphous precursor

route to producing nanocrystalline materials, sec-

ondary crystallization is typically of a terminal

early transition metal±late transition metal (TL±

TE) and/or late transition metal±metalloid (TL±M)

phase. This phase is typically deleterious in that it

lowers magnetic permeability by domain wall pin-

ning. The secondary crystallization temperature,

Tx2, then represents the upper limit of use for nano-

crystalline materials. A typical DTA study of crys-

tallization [24, 25] is shown in Fig. 4(a).

Crystallization reactions and kinetics have been

examined in some detail for certain of these alloys.

For example, Hsiao et al. [26] has examined the

crystallization kinetics of a NANOPERM alloy

using magnetization as the measure of the volume

fraction transformed in the primary crystallization

event. Time-dependent magnetization data, at tem-

peratures above the crystallization temperature, are

illustrated in Fig. 4(b). Since the amorphous phase

is paramagnetic at the crystallization temperature,

the magnetization is a direct measure of the volume

fraction of the a-Fe crystalline phase that has trans-

formed. M(t ) then measures the crystallization kin-

etics. Figure 4(b) shows curves reminiscent of

Johnson±Mehl±Avrami kinetics for a phase trans-

formation. X(t ) has been ®t to reveal activation

energies of 03.5 eV and JMA kinetic exponents of

03/2 consistent with immediate nucleation and

parabolic three-dimensional growth of nanocrystals.

Detailed studies of NANOPERM and

FINEMET [27, 28] alloys have furthered the under-

standing of the crystallization events. Ayers et al.

[29±31] have proposed a model based on incipient

clustering of Cu in FINEMET alloys prior to

nucleation of the a-FeSi ferromagnetic nanocrystal-

line phase. Hono et al.'s [32±34] atomic probe ®eld

ion microscopy (APFIM) studies of FINEMET

Fig. 4. (a) Di�erential thermal analysis (DTA) plot of heat evolved as a function of temperature for a
Fe44Co44Zr7B4Cu1 alloy showing two distinct crystallization events [24, 25]. (b) Isothermal magnetiza-
tion as a function of time (normalized by its value after 1 h) for the NANOPERM composition

Fe88Zr7B4Cu at 490, 500, 520 and 5508C, respectively [26].
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also supported the important role of Cu in the crys-

tallization process, though it was thought that Fe±

Si nanocrystals grew near but not necessarily on the

Cu clusters [Fig. 5(b)]. Recent three-dimensional

APFIM results by Hono et al. elegantly con®rm the

original Ayers mechanism. Clear inferences from

magnetic measurements, EXAFS, etc. point to the

role of partitioning of early transition metals and

boron during primary crystallization of

NANOPERM and HITPERM alloys [Fig. 5(a)].

A signi®cant issue in the use of nanocrystalline

materials in soft magnetic applications is the

strength and especially the temperature dependence

of the exchange coupling between the nanocrystal-

line grains. The intergranular amorphous phase, left

after primary crystallization in FINEMET and

NANOPERM, has a lower Curie temperature than

the nanocrystalline ferromagnetic phase. This can

give rise to exchange decoupling of the nanocrystal-

line grains, and resulting magnetic hardening, at

relatively low temperatures. HITPERM has been

developed with the aim of not only increasing the

Curie temperature of the nanocrystals (in this case

a '-FeCo) but also in the intragranular amorphous

phase.

Figure 6(a) shows observations of magnetization

as a function of temperature [22, 24, 25] for two

alloys, one of a NANOPERM composition, and

the other of a HITPERM composition. The amor-

phous precursor to NANOPERM has a Tc just

above room temperature. The magnetic phase tran-

sition is followed by primary crystallization at

Tx105008C; secondary crystallization and ®nally Tc

of the nanocrystalline a-Fe phase at 07708C. M(T )

for HITPERM, shows a monotonic magnetization

decrease up to Tc for the amorphous phase. Above

400±5008C structural relaxation and crystallization

of the a '-FeCo phase occurs. Tx1 is well below the

Curie temperature of the amorphous phase, so that

the magnetization of the amorphous phase is only

partially suppressed prior to crystallization. It is

this Curie temperature of the amorphous intergra-

nular phase that is important to the exchange coup-

ling of the nanocrystals in HITPERM.

The soft magnetic properties of nanocrystalline

magnetic alloys extend to high frequencies due to

the fact that the high resistivities of these alloys

limit eddy current losses. Figure 7(b) illustrates the

frequency dependence of the real and imaginary

components of the complex permeability, m ' and m0,
for a HITPERM alloy. m0 re¯ects the power loss

due to eddy currents and hysteresis. The losses,

m0(T ), peak at a frequency of 020 kHz. This is

re¯ective of the higher resistivity in the nanocrystal-

line materials. AC losses re¯ect domain wall

in a viscous medium. The larger resistivity

Fig. 5. (a) Schematic representation of the concentration pro®le of Fe and Zr near an a-Fe nanocrystal
for during primary crystallization of NANOPERM type alloys [22]. (b) Proposed sequence of events in

the nanocrystallization of FINEMET alloys (after Hono et al. [32±34]).

Fig. 6. (a) M(T ) for an alloy with a NANOPERM com-
position Fe88Zr7B4Cu and an alloy with a HITPERM

composition, Fe44Co44Zr7B4Cu [24, 25].
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�r � 50 mO cm at 300 K) extends the large per-

meability to higher frequencies where eddy currents

(classical and those due to domain wall motion)

dominate the losses. The resistivity of the nanocrys-

talline materials is intermediate between the amor-

phous precursor and crystalline materials of similar

composition and is a signi®cant term in eddy cur-

rent related damping of domain wall motion.

4. HARD MAGNETIC MATERIALS

Over the last few decades the most signi®cant

advancements in permanent magnet materials has

come in the area of so-called rare earth permanent

magnets. These have a magnetic transition metal as

the majority species and a rare earth metal as the

minority species. The large size di�erence between

Fig. 7. AC hysteresis loops for the HITPERM alloy at 0.06, 4, 10, and 40 kHz. The sample was
annealed at 6508C for 1 h and the measurements were made at room temperature with a ®eld ampli-

tude, Hm � 2:5Oe [24, 25].

Fig. 8. (a) Cartoon showing cellular structure [48] observed in many 2:17 based magnets with cells con-
taining the rhombohedral and hexagonal 2:17 variants and 1:5 intergranular phase; (b) crystal struc-
tures of the same and (c) TEM picture (courtesy of J. Dooley) of cellular structure observed in 2:17-

based magnet.
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the rare earth and transition metal species gives rise

to the observation of many anisotropic crystal
structures in these systems. In such systems the
transition metal (TM) species is responsible for

most of the magnetization and TM±TM exchange
determines the Curie temperature. On the other
hand the rare earth (RE) species determines the

magnetocrystalline anisotropy. The anisotropic 4f-
electron charge densities about the rare earth ion

gives rise to large orbital moment and consequently
large spin orbit interactions that are at the root of
magnetocrystalline anisotropy. The development of

large coercivities from materials with large (uniax-
ial) magnetic anisotropies involves microstructural
development aimed at supplying barriers to the ro-

tation of the magnetization and pinning of domain
walls. Systems based on Sm±Co [35±38] and Fe±
Nd±B [39, 40] have been of considerable recent

interest.
Of the two important classes of rare earth tran-

sition metal permanent magnets, i.e. Sm±Co based
and Nd2Fe14B alloys [39, 40], Sm±Co alloys have
much larger Curie temperatures, increasing in com-

pounds with larger Co concentrations (e.g. the 3:29
phase). The so-called 1:5, 1:7, and 2:17 alloys and

newly discovered 3:29 materials [41, 42], have
received attention, where the ratios refer to the
RE:TM concentrations. High Curie temperature,

Tc, interstitially doped (C, N), 2:17 magnets have
also been studied extensively [43±47]. The develop-
ment of the Fe±Nd±B magnets has been motivated

by the lower cost of Fe as compared with Co and
Nd as compared with Sm. These magnets do, how-
ever, su�er from poorer high temperature magnetic

properties due to their lower Curie temperatures.
The Sm2Co17 phase when compared with SmCo5

o�ers larger inductions and Curie temperatures at
the expense of some magnetic anisotropy. The 2:17
materials have favorable and to date unmatched

intrinsic properties: Br � 1:2 T (258C), intrinsic coer-
civity iHc � 1:2 T (258C) and Tc � 9208C (e.g. in
comparison to 7508C for SmCo5). The higher three-

dimensional metal content (Co) leads to their high
values of Tc. The 2:17 magnets currently in com-

mercial production have a composition
Sm(CoFeCuM)7.5. Additions of Fe are made to
increase the remnant induction; Cu and M �� Zr,

Hf, or Ti) additions are made to in¯uence precipi-
tation hardening. Optimum hard magnetic proper-
ties, notably coercivities are achieved in magnets in

which the primary magnetic phase has a 50±100 nm
grain size (approaching the monodomain size) as

described below.
Typical 2:17 Sm±Co magnets with large values of

Hc are obtained through a low temperature heat

treatment used to develop a cellular microstructure
(see Fig. 8). Small cells of the 2:17 matrix phase are
separated (and usually completely surrounded) by a

thin layer of the 1:5 phase as illustrated in Fig. 8.
The cell interior contains both a heavily twinned

rhombohedral modi®cation of the 2:17 phase along

with coherent platelets of the so-called z-phase [48]
is rich in Fe and M and has the hexagonal 2:17
structure. Typical microstructures have a 50±100 nm

cellular structure, with 5±20 nm thick cell walls,
and display iHc of 1.0±1.5 T at room temperature.
By 1508C Hc is diminished by 050%. The loss of

Hc undoubtedly continues with temperature.
In the cellular microstructure shown in Fig. 8 the

magnetic anisotropy of the 1:5 cell boundary phase
is important in determining the coercivity.
Coercivity at room temperature in 2:17 Sm±Co

magnets is largely controlled by the magnetocrystal-
line anisotropy of Sm3+ ions in SmCo5 in the cell
walls. In a 100 nm cellular material the room tem-

perature coercivity is twice that of conventional
2:17 alloys. In Co-rich alloys (2:17, 3:29, etc.) devel-

opment of su�cient magnetic anisotropy for hard
applications is intimately related to having a prefer-
ential easy c-axis and developing a ®ne microstruc-

ture.
Optimization of the Sm(CoFeCuZr)z magnets dis-

cussed above have been the subject of much recent

work. In particular, improvement of properties at
elevated temperatures for aircraft power generators

has been of particular interest [49±52]. Ma et al.
[49] investigated the e�ects of intrinsic coercivity
on the thermal stability of 2:17 magnets up to

4508C. Recently, Liu et al. [52] have investigated
the role of Cu content and stoichiometry, z, on the
intrinsic coercivity at 5008C in Sm(CoFeCuZr)z
magnets. For magnets with z � 8:5, i.e.
Sm(CobalFe0.1CuxZr0.033)8.5, the optimum coercivity

(4.0 T at room temperature, 1.0 T at 5008C) occurs
for a Cu concentration x � 0:088: The role of Cu
has been elucidated through microstructural studies

as decreasing the cell size while concurrently
increasing the density of the lamellar z-phase in
these alloys.

The development of Sm±Co magnets, especially
those with good high temperature magnetic proper-

ties has resulted in extensive work on a so-called
1:7 phase with a TbCu7 structure [53]. SmCo7 is a
metastable phase at room temperature. The struc-

tures of SmCo7 and Sm2Co17 are both derived from
the structure of SmCo5. The structure of Sm2Co17
can be viewed as one in which 1/3 of the Sm atoms

in the SmCo5 are replaced by dumbbells of Co in
an ordered fashion. Kim [54, 55] have studied the

intrinsic coercivity of SmTM7 magnets and attribu-
ted higher coercivities at 5008C to smaller cell sizes.
Recent work [54±57] on SmCo7ÿxZrx magnets has

been extended to alloys with composition
RCo7ÿxZrx �x � 0±0:8, R � Pr, Y or Er). A small
amount of Zr substitution contributes to stabiliz-

ation of the TbCu7 structure, and improves the
magneto-anisotropy ®eld, HA. The choice and con-
centration of various rare earth species in¯uences

the easy axis of magnetization.
Most recently there has been considerable interest
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in the novel class of RE±TM intermetallics namely

RE3(Fe, M)29 (known as 3:29 materials) and their
nitrides, in potential permanent magnet appli-
cations. They are described as having a monoclinic
unit cell with the A2/m space group with two for-

mula units per unit cell. The 3:29 structure can be
derived from the REFe5 basis unit (CaCu5-type)
with replacement of RE atoms by a pair (dumbbell)

of Fe atoms. The original discovery of the 3:29
phase was in a Ti-stabilized phase of composition
Pr3Fe27.5Ti1.5. With Fe as the TM species, the Curie

temperatures are quite low. Promising recent devel-
opments [58, 59], however, have been reported in
the Pr3(Fe1ÿxCox)27.5Ti1.5 system for x up to 0.4.
Curie temperatures of up to 6008C have been

reported for the x � 0:4 composition. See Fig. 9.
Exchange length ideas that motivate the desire

for nanocrystalline microstructures can be stated

for composite hard magnetic materials. These have
been used to elegantly describe spring exchange
magnets [60, 61]. Spring exchange magnets have

particles of a hard magnetic phase in a soft mag-
netic matrix. See Fig. 10. The optimal size of the
particles is generally in the nanometer size range,

and depends on the intrinsic properties of the soft

material and the anisotropy of the hard material.
These magnets combine the high Hc of the hard

phase and large Ms of the soft phase. In particular,
exchange hardening in nanoscale composites of a
soft phase and an oriented hard phase has been pre-

dicted. Magnetic hardening in SmCox±Co multi-
layers and nanocomposites have been observed by
Liu et al. [62±64]. The predictions of the spring

exchange model have also recently been supported
in observations in FePt/Fe composite systems which
are produced by solid state reaction of Fe and Pt

multilayers [62±64].

5. MAGNETIC RECORDING MEDIA

Magnetic materials have a long history of use as
recording media. The early tape media were com-

posed of g-Fe2O3 particles and variations of these
are still used today in the tape media industry. See
Ref. [65]. About two decades ago thin ®lm media

came into existence. The material used for this was
Co-based alloy ®lm. This choice is obvious in retro-
spect, as Co is the only one of the three common

room temperature ferromagnetic elements to have
uniaxial symmetry and hence be ideal for digital
recording.

A typical structure of a magnetic recording med-
ium is shown in Fig. 11. It can be seen to be com-
posed of several layers, each of which has its own
speci®c role to play in the production of high per-

formance magnetic recording media. In this paper
our interest lies with the magnetic layer. However,
we shall see that the microstructure of the magnetic

layer (and hence its properties) is controlled by that
of the underlayer, so we will discuss both of these.
One other feature of thin ®lm media must be dis-

cussed before going further, namely whether the
medium has its magnetization primarily in the
plane of the ®lm or primarily out of the plane of

the ®lm. The former is called longitudinal recording
and the latter perpendicular recording. Currently
most, if not all, thin ®lm media are of the longitudi-
nal type, and it looks as if this will be the case until

at least the middle of the next decade. In this sec-
tion we will emphasize longitudinal media. See Fig.
11.

Over the last decade or two the main change in
the requirements for longitudinal media has been
the necessity to increase the storage density while

maintaining and perhaps also increasing the signal
to noise ratio of the media [66]. This has occurred
by means of changes in the thin ®lm media struc-
ture that were suggested by materials science input.

In order to increase the density of longitudinal
recording in thin ®lm media, it is necessary to ®nd
ways of increasing the in-plane coercivity of the

media while at the same time decreasing the media
grain size. The former is necessary for smaller tran-
sition lengths and hence smaller bit size and the lat-

ter is necessary for increasing the signal to noise

Fig. 9. M(T ) curves of Pr3(Fe1ÿxCox)27.5Ti1.5 as deter-
mined by thermomagnetic analysis (TMA) and showing
two magnetic transitions with values of Tc denoted by Tc1

(1:12) and Tc2 (3:29), respectively [58, 59].

Fig. 10. (a) Multilayer structure with alternating hard and
soft magnetic phases in a one-dimensional geometry of a

spring exchange magnet.
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ratio of the thin ®lm media. As mentioned above,

the magnetic materials used as recording media are

usually Co-based alloys with the h.c.p. crystal struc-

ture. Various alloy additions to the Co (Cr, Ta, Pt,

etc.) change some of the intrinsic magnetic proper-

ties of the alloy. For example Pt increases the mag-

neto-crystalline anisotropy constants of the Co-

based alloy. On the other hand Cr tends to segre-

gate to the grain boundaries of the Co alloy,

thereby decreasing the exchange coupling between

the grains, which in turn tends to decrease the noise

of the media [67, 68]. Tantalum has been found to

promote the segregation of Cr, although it does not

seem to segregate itself [69]. The extrinsic properties

of the alloys can be controlled by means of control-

ling their microstructure. As discussed above the

well-known paradigm of materials science and en-

gineering is that the extrinsic properties of materials

depend on their microstructures, which in turn

depends on the method by which the materials were

processed. This close correlation between the prop-

erties and the processing of the thin ®lm media
gives us an important way to further develop alloys
to be used in future magnetic recording devices.

In this section of the paper we will not discuss
further the intrinsic properties which are a�ected by
alloy variations of properties. Instead, we focus on

the di�erent ways of constructing thin ®lm media
that have been found to optimize their resulting
magnetic properties. That is, we will be dealing

with ways of changing the structure of the ®lms
that in turn will change their extrinsic magnetic
properties. Features to be discussed include the

grain size, crystallographic texture and elemental
segregation within the magnetic media.

5.1. Grain size

The ®rst microstructural feature we will discuss is

the grain size of the magnetic ®lm. For a given sub-
strate temperature the grain size of a sputtered ®lm
seems to be dependent on the material constants

Fig. 11. Schematic of longitudinal recording media.

Fig. 12. Schematic showing how a smaller grain size underlayer gives rise to a smaller grain size mag-
netic layer.
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such as thermal di�usivity, atomic mobility, etc.

However when a material is sputtered onto a crys-

talline ®lm the new ®lm tends to replicate the grain

size of the existing ®lm. See Fig. 12. Most longitudi-

nal media are sputtered onto crystalline under-

layers, which until recently have been mainly Cr or

Cr-based b.c.c. alloys. Thus, for the case of the

magnetic ®lm it tends to take on the grain size of

the underlayer. The invention of Lee et al. of NiAl

underlayers [70] was successful in part because of

the intrinsically smaller grain size of the NiAl

underlayer thin ®lms. See Fig. 13. This is due to the

strong bonding in the intermetallic phase inhibiting

grain growth.

Grain size is important because written bites of

information should contain at least about 50 mag-

netic grains so as to obtain a reasonable signal to

noise ratio. As the grain size decreases, the same

number of grains can be in smaller written bites,

which means for a given amount of media noise

more information can be written on the magnetic

thin ®lm. There is a limit however as to how small

the grain size can be. As grains get smaller and

smaller thermal ¯uctuations become important. The

way to overcome this is to move to higher magneto-

crystalline anisotropy materials such as CoSm or

CoPt alloys. See below.

Another important microstructural feature is the

grain size distribution. The sharper the distribution

the better is the resulting media. This is because

grains of the same size will switch at the same time,

giving rise to a very square hysteresis loop. One of
the reasons for the success of NiAl underlayers is
that they form with more uniform grain size than

Cr thin ®lms. This can be seen from Fig. 13.

5.2. Crystallographic texture

Another important structural feature is the crys-

tallographic texture of the magnetic material. For
longitudinal media it is desirable to have as many
of the grains as possible with their c-axes in the

plane of the ®lm. However, when h.c.p. Co or one
of its alloys is sputter deposited on an amorphous
substrate such as NiP or glass, the newly developed

Co alloy ®lm usually takes on a crystallographic
texture such that its c-axis is perpendicular to the
plane of the ®lm. This is believed to be due to the
fact that the growing ®lm seeks to minimize its

total surface free energy and the close packed
planes (which have the lowest speci®c surface
energy) of the h.c.p. structure are the (0001) basal

planes. Because the c-axis is the magnetic easy axis
for h.c.p. Co, this is ideal for perpendicular record-
ing in which the magnetization should be perpen-

dicular to the ®lm. The texture of such ®lms has
been optimized by the use of underlayers, or as
they are sometimes called for perpendicular media,

seedlayers.
Since most recording media today are longitudi-

nal in nature (that is the magnetization vectors lie
in the plane of the ®lm) it is necessary to ®nd a way

Fig. 13. Comparison of the grain size of the underlayers and magnetic layer. (a) Cr layer and (b) corre-
sponding Co alloy thin ®lm. (c) NiAl underlayer and corresponding Co alloy thin ®lm. Note that the

smaller grain size of the NiAl (c) gives rise to a smaller grain size of the Co alloy. Cf. (d) and (b).
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to insure that most of the magnetic thin ®lms grains

are in that orientation. In order to obtain ®lms with
their c-axes in the plane of the ®lm di�erent
schemes have been devised to optimize the crystallo-

graphic texture, including the use of underlayers.
The earliest methods used were to sputter deposit
Cr as an underlayer to the Co-based alloy ®lms.
When Cr is deposited on an amorphous substrate

(such as NiP) at ambient temperature, it grows with
a {110} crystallographic texture. This crystallo-
graphic texture develops because the {110} surfaces

of the grains are closest packed, and hence should
have the lowest surface energy. This makes them
favorable over the other low index planes. When

Co alloys are deposited on Cr underlayers with the
crystallographic texture {110} the epitaxial relation-
ship:

�10�11�Co==�110�Cr

develops, see Fig. 14. This has been discussed in

detail [71, 72].
The crystallographic c-axis is out of the plane of

the ®lm (the angle between the �10�11� and the

[0001] is 288). This is not ideal for in-plane magneti-
zation. The next advance in the construction of
magnetic thin ®lms was to sputter deposit the Cr

underlayers at elevated temperatures, that is by
depositing the ®lms on a heated substrate. This
results in Cr underlayers with (002) crystallographic
textures. By means of epitaxy it is possible to get

the �11�20� Co plane to lie in the plane of the ®lm,
causing the closest packed plane of Co [the (0001)
plane] to lie parallel to the closest packed plane of

Cr (the {110} planes). This forces the c-axes of
these planes to lie in the plane of the ®lm. Thus, by
suitable manipulation of the processing conditions

(in this case the preheating temperature of the sub-
strate) it is possible to obtain Co-based thin ®lms

with most grains having their c-axes in the ®lm

plane.
In the mid-1990s Lee et al. [70, 73, 74] developed

a new class of underlayers, namely those with the

B2 structure. This structure is a crystallographic de-
rivative of the b.c.c. (A2) structure and has the
space group Pm3m; prototype CsCl. Since its lattice
parameter is nearly the same as that of b.c.c. Cr,

epitaxial relations that occur between Co-based
alloys and Cr should also occur between Co-based
alloys and NiAl. Sputter deposited NiAl on glass

substrates have produced ®lms with grain sizes that
are nearly half the diameter of comparable Cr
underlayers.

Although the B2 structure is similar to the A2
structure, a di�erent crystallographic texture is
obtained, namely the {211} texture. This texture

Fig. 14. Schematic showing the epitaxial relationship of �10�11�Co==�110�Cr: For this orientation relation-
ship the c-axis is out of the plane.

Fig. 15. Schematic showing the (112)NiAl planes and their
epitaxial relationship with the �10�10�Co:
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allows for the orientation relationship:

�10�10�Co==�112�B2:

See Fig. 15 for a schematic of this orientation re-
lationship. Since in this case only one orientation
variant per underlayer grain is obtained, this crys-

tallographic texture is more favored than the
�11�20�Co==�002�Cr one.
Thus, the control of the crystallographic orien-

tation of the magnetic layer is obtained by control-
ling the crystallographic orientation of the
underlayer, which in turn can be optimized by its
deposition conditions [75]. The polycrystalline mag-

netic layer is often grown epitaxially grain to grain
on the underlayer. The mechanism of producing the
orientation of choice for the magnetic layer is ``epi-

taxial'' nucleation on the underlayer. This epitaxial
relationship also gives rise to the size of the grains
of the magnetic layer.

5.3. Chemical segregation

A ®nal feature of the ®lms will be discussed,
namely elemental segregation. Such segregation is
thought to be a major contributor to the decrease

in exchange coupling among the Co alloy grains.
Exchange coupling among the Co grains plays a
signi®cant role in determining the magnetic and
recording properties of Co-alloy thin ®lms. A Co-

alloy magnetic thin ®lm with smaller exchange
coupling usually has larger Hc, lower squareness
and smaller media noise. Non-magnetic alloying el-

ements, such as Cr, Mn, W and B, have been found
to e�ectively reduce the exchange coupling in Co-
based alloys as determined by dM and media noise

measurements. On the other hand, while Pt signi®-
cantly increases the magneto-crystalline anisotropy,
it also appears to promote a more exchange

coupled medium.
The observation of compositional inhomogeneity

was ®rst observed by Maedia et al. in 1985. They
observed that Cr segregation in CoCr thin ®lms

using TEM with selected-chemical-etching sample
preparation [67]. Later, other techniques were uti-

lized to analyze compositional inhomogeneity in the
Co-based alloys such as CoCrPt and CoCrTa.
These techniques include nano probe X-ray energy

dispersive spectroscopy (EDS) [68], nuclear mag-
netic resonance (NMR) [76], thermal magnetic
analysis [77], ferromagnetic resonance (FMR) [78],

atom probe ®eld ion microscopy (APFIM) [79] and
XAFS [69, 80]. Each of these techniques has con-
®rmed the existence of enriched Cr regions in the

thin ®lm which contribute to their magnetic proper-
ties. More recently Yahisa et al. [81] and Wittig et
al. [82] have presented Co and Cr composition
maps using energy-®ltered TEM imaging. See Fig.

16. The segregation of the Cr atoms to the Co alloy
grain boundaries is evident. The Cr di�uses from
the interiors of the grains to the grain boundaries

and also may di�use up the grain boundaries from
the Cr-based underlayer. Besides Cr, elements such
as Ta, Nb, B and Mn (from the CrMn underlayers,

proposed by Lee et al.) are believed to reduce the
exchange coupling. It is not clear whether these or
other elements actually segregate to the Co alloy

grain boundaries or if they drive other alloying
elements (such as Cr) to do so, which in turn pro-
vides for the isolation of the grains [83, 84]. Also, it
is not obvious which elements are e�ective in redu-

cing exchange coupling. Studies such as the above
mentioned demonstrate that the distribution of
chemical species in a ®lm is an important feature

that can be used to manipulate the properties of the
thin ®lms. Thus, the distribution of the elements in
a thin ®lm should be included in the features that

we normally term ``microstructural'', which control
the extrinsic properties of materials.

5.4. Future media

Although h.c.p. Co-based alloys have been in use
for over two decades, it seems clear that they will
need to be replaced in the future by media that has

higher magnetocrystalline anisotropy. This is
because that in order to allow for greater recording
densities, the grain sizes of the media have been
decreasing. If the grains are isolated from one

another the possibility exists that they will reach the
size at which they become superparamagnetic. This
loss of thermal stability can be overcome by

increasing the magnetocrystalline anisotropy of the
media. High anisotropy media like CoSm, CoPt
and FePt with anisotropy constants an order of

magnitude larger than Co alloy ®lms are candidates
for such extremely high density recording media.
However, many problems must be overcome with

these alloys before they take their place as media.
Another possible future media is the so-called

``patterned media'' in which a periodic array of
magnetic particles on a ¯at surface is utilized to

Fig. 16. Cr and Co distribution maps from a Co-based
alloy thin ®lm. Notice the enhancement of Cr to the

grain boundaries. After Wittig et al. [82].

236 McHENRY and LAUGHLIN: NANO-SCALE MATERIALS DEVELOPMENT



store information. Much research is underway to
develop methods for such nano-engineering. See a

recent review by Chou [85].

6. SUMMARY

We have given a brief survey of the way that the
structure of magnetic materials has evolved over the

last decade. As with most advances in materials
science, progress has been made after a thorough
understanding of the important microstructural fea-

tures of a material which a�ect their properties
have determined followed by changing the way that
material is produced.
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