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Introduction

Permanent, or hard, magnets deliver high magnetic flux combined with high stability against
demagnetization. These properties render them essential in modern life: they are key components
in efficient motors and electric machines and are integral in energy harvesting and conversion,
power generation, sensors and in a plethora of automation-based devices. Permanent magnets are
also highlighted as paradigmatic examples of the close relationship between basic research
industry and technological implementation, as basic research advances may be directly transitioned
to realization of better magnets with enhanced technical performance.

Throughout the 20" century, researchers have achieved advances (sometimes disruptive,
sometimes just incremental) in diversification and improvement of candidates for numerous
permanent magnetic applications. However, earlier researchers did not have the analytical probes
and tools that are available today. In the last few years, recent insights derived from advanced
tools, design of nanostructured magnets with controlled average crystallite size and orientation,
optimized intergranular phase character and directed engineering of intrinsic features via atomic
substitution will foster the realization of new materials that may be processed into the next
generation of advanced permanent magnets.

This chapter is organized as follows: in the first section, concepts and tools utilized by researchers
to develop, tailor and enhance the performance of permanent magnetic materials are presented; in
the second section, an up-to-date report of materials synthesized and processed in diverse
manners for development of the next generation of permanent magnets is described, with special
attention devoted to technical achievements obtained on nanostructured magnets.

Permanent Magnets: An Introduction
Background: Permanent Magnet Uses and Metrics
Permanent magnets and their applications

Permanent magnets play a key role in modern life to enable the operation of numerous advanced
devices and motors that facilitate the transformation of energy from one form to another. Their
ability to maintain a large magnetic flux, even in the absence of an applied magnetizing field, or
upon modifications of the environment (temperature, demagnetizing field, etc...) is a unique
feature that can be employed in a wide variety of applications such as energy conversion and
harvesting, power generation and transport, microwave communications, magnetic recording and
sensor technologies. Basically, a permanent magnet is an energy-storage device; however, unlike
other energy-storage devices such as batteries, its performance is not affected by repeated use, as
it does not perform any net work on its surroundings. Such ability defines the possibilities and the
potential applications in which a permanent magnet can be successfully employed.

Several approximations can be made to classify permanent magnets, from the physical effect
produced (torque, linear force, induced electromotive force (emf), etc...) to the characteristic
application (static or dynamic).[1] A list of common applications and appliances that incorporate
permanent magnets illustrates their ubiquitous global presence (Table 7.1):
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TABLE 7.1
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A selection of applications utilizing advanced permanent magnets, like Nd,Fe 4B (adapted from refs. [2,3])

Category

Application Examples

Computer and office automation

Hard disk drive and CD-ROM spindle motors
Voice coil motors and pick-up motors
Printer and fax motors

Consumer electronics

VCRs, cameras and DVD players
Speakers, microphones and headsets
Cell phones

Appliances

Household appliance motors and air
conditioners

Water pumps

Security systems

Factory automation

Magnetic couplings and bearings
Pumps
Motors, servo motors and generators

Medical Industry

MRI equipment
Surgical tools and medical Implants

Automotive & transportation

Starter motors and brushless DC motors
Electric bicycles and hybrid/ electric vehicles
Electric fuel pumps

Alternative Energy

Wind, wave, tidal power systems
Power generation systems
Energy storage systems

Military

Weapons systems, precision-guided munitions
Vehicles, watercraft, avionics
Communications systems, radar, satellites

A general classification scheme that identifies the dominant function of the magnet within a given

class of application is provided below:

e Conversion of electrical
loudspeakers, actuators, MEMS).

energy to mechanical energy (motors, relays,

e Conversion of mechanical energy to electrical energy (generators, alternators).

e Use of magnetic attraction or repulsion to perform mechanical work (separators,
bearing/coupling devices and torque drives).

e Guide and control electric charge, plasmas and electron or ion beams (cathode-
ray tubes, klystrons, magnetrons, synchrotron insertion devices).

e Information storage (magnetic recording media) and detection capability

(sensors, sensor “triggering”).

Units and figure of merit for permanent magnet strength

A permanent magnetic material is characterized by a broad and ideally square hysteresis loop that

exhibits the dependence of the vector magnetization M (usually in kA/m or emu/cm’), or the
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magnetic flux density, B (in Tesla) as a function of the applied magnetic field H (in kA/m or Oe).
Study of the second quadrant of the hysteresis loop (i.e., the demagnetization curve) is essential, as
the character of the magnet recorded in the second quadrant determines its suitability for a given
application. In the case of permanent magnets, the figure of merit that defines their magnetic
quality is the maximum energy product (BH)qx (in kJ/m3 or MGOe), that is represented by the area
of the largest rectangle that can be inserted in the second quadrant of the B-H loop, as depicted in
Figure 7.1, indicating the total magnetic energy in the airgap. This quantity is an expression of the
combination of the operative flux density (related to the most efficient magnetic induction) and the
magnetomotive force (related to the resistance of a magnet to demagnetization, i.e., the coercive
force). Indeed, the development of permanent magnets during the last century has been motivated
by the desire to achieve larger maximum energy products that can deliver energy transformation
capability in small volume, thereby facilitating smaller and more efficient devices. For comparative
purposes, common novelty magnets, such as so-called “refrigerator magnets”, possess a typical
energy product of less than 8 kJ/m’ (<1 MGOe), whereas commercial advanced rare earth magnets
possess values higher than 200 kJ/m® (>25 MGOe).
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FIGURE 7.1

a) Plot of the 2" quadrant of the B-H hysteresis loop that depicts the maximum energy product( (BH)max)
rectangle, along with the load line and the working point (the load line intercepts the extrinsic demagnetizing
curve at (BH)max only in conditions of maximum efficiency); b) illustration of an open magnetic circuit
comprised of a permanent ring magnet, two soft magnetic ends to guide the magnetic flux and an empty
airgap

The relevance of the maximum energy product as figure of merit may be illustrated as follows. The
main function of a permanent magnet in an electric machine is to provide an external field in a
magnetic circuit. The permanent magnet ring of length [,,, provides a field of magnitude H, within
the air gap of length /;, (represented in Fig. 7.1). The empty airgap is characterized by a
demagnetizing field H,, and an associated magnetic flux B, that exists between the two free poles.
As known from classical electromagnetism, Ampere’s circuit law that relates magnetic fields to
electric currents may be represented as gﬁ Hdl = 0, providing the condition below:

H,l. =H,LI Eq. [1]

Assuming that the magnetic flux ¢ is fully contained in the ring magnet and thus the net
magnetomotive force is zero, consideration of the flux path provides the relationship:
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¢ =HyA; = BjA; = BpAp, Eq. [2]
Here, Ay and A,, are the cross sectional areas of the gap and of the magnet, respectively, and H, =
B, within the gap. In the general case that A; and A, are very different (typically A; < A, since the
flux lines that represent the magnetic field are confined by high-permeability soft magnetic ends
framing the gap of the magnetic circuit) an expression of the gap field can be deduced from the two
equations above:

Hy~ /%(BmHm) Eq. [3]

where V, = Ajl; and V,,, = Al Thus the flux density (which is a measure of the energy stored in the
air gap) is maximized when the product of B,-H, is optimum, allowing the maximum energy
product (B,Hm)max t0 quantitatively represent the performance capability of a permanent magnet.
As such, (BH)..x is a measure of the energy of the magnet in a magnetic circuit.

The load line or permeance coefficient, which represents the operating conditions of a given
magnet, depends on the geometry and dimensions of the magnet and the gap (/,,/A»), and may be

determined at particular values of the magnetic flux and field.[4] The magnitude of the slope f{—m of

this operating line is illustrated below:

B_m~Aglm
Hn  Amlg Eq. [4]

The intersection between the second-quadrant demagnetization B(H) curve and the load line is
known as the working point of the magnet. For a fixed air gap, a particular i—m slope where B,H,, is
m

maximum is desirable (Fig. 7.1). Accurate knowledge of these quantities is important; the operation
parameters must be far from vulnerability to demagnetization during the dynamic range of magnet
operation [4,5].

The maximum energy product of a permanent magnet is determined by its “technical”, or extrinsic,
magnetic properties as well as by its intrinsic properties. It may be optimized by tailoring structure-
sensitive magnetic properties such as the residual magnetic flux (remanence, Bz = Mg) and the
resistance to demagnetization (coercivity, H¢), and/or by enhancement of fundamental intrinsic
properties such as the saturation magnetization, Ms, the exchange interaction J, ~ A, and the
magnetocrystalline anisotropy energy, K. A brief overview of these magnetic features is presented
to guide the reader to current pathways for the development of the next generation of permanent
magnetic materials.

Ill

Factors influencing the permanent magnetic response

The quality of a magnet is determined by its magnetic properties. In turn, those magnetic
properties are defined by the characteristic features of the material, i.e. composition, crystallinity
and microstructure. The first two features, composition and crystallinity, determine the electronic
structure of the constituent atoms and give shape to the atomic origin of intrinsic properties in
magnetic materials. On the other hand, the microstructure dictates transference of the intrinsic
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properties to the extrinsic properties, which describe the technical performance of these magnetic
materials.

This section provides an overview of the magnetic properties of magnetic materials, and in
particular of permanent magnets. First, the intrinsic parameters, accepted as the core of magnetic
character, will be introduced. Later, definition of the extrinsic parameters will provide a context to
describe technical magnetic performance and determine the dynamics of magnetic stability and
reversal. Finally, an overview of the variety of magnetic anisotropy sources of both intrinsic and
extrinsic origin that underlie the permanent magnet performance will be outlined.

Intrinsic parameters: Ms, Ay, K

The fundamental properties of magnetic materials have atomic origins. These atomic features are
as follows: the magnitude of the atomic magnetic moment, p, that determines the saturation
magnetization, M, per unit volume, (Ms = |¥. i, where wis in Am” or J/T, Ms has units of kA/m,
and uyMs is in T); the exchange interaction between atomic moments (J., or A,; units are J/m) that
couples electronic moments on distinct, often near-neighbor atoms; and the spatial arrangement of
the magnetic atoms and their electronic orbitals within the crystal lattice that determines the
magnetocrystalline anisotropy energy K, with units of J/m>. These intrinsic magnetic properties are
thus determined by the crystal structure and composition of the material, and ideally insensitive to
its microstructure, and form the basis of other critical parameters that quantify the magnetic
response for engineering applications such as the Curie temperature, the exchange length and the
domain wall width.

Within a bulk magnet the overall contribution to the atomic magnetic moment is given by the
electron spin component of the total electronic angular momentum; the orbital component for 3d
electrons is very small, with the electron orbital momentum quenched in many cases by the local
crystal field.[6] On the other hand, 4f atoms possess a non-negligible orbital component. Also, the
magnitude of the magnetic moment is decisively influenced by the localization or itinerancy
character of the electrons, by virtue of electronic orbital broadening and hybridization. The
magnetostatic energy, Enqg, Which is the energy stored within a ferromagnet, may be defined as:[7]

1
Emag = ENdV:uOMbg Eq. (5]

where N, is the demagnetization factor which depends on the magnet shape, V is the volume and
Lo is the magnetic permeability constant in free space.
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FIGURE 7.2
Depiction of relationships between the intrinsic properties of magnetic materials and parameters that quantify
the magnetic response for engineering applications

The key descriptor of interatomic magnetic interactions is the quantum mechanical exchange
interaction, E.,’, which describes the expectation value of the energy between electrons i and j
with overlapping wavefunctions. The exchange interaction is a consequence of the Pauli Exclusion
Principle that describes the spin arrangement of electrons determined by their energy level, and is
defined by the Heisenberg expression for a many-body system between neighboring atomic spins:

Eexij = _zzi,j]exgig‘j Eqg. [6]

where J., is the exchange integral. Ferromagnetic materials are characterized by a positive
exchange coupling that causes the spin moments to be parallel. An analogous parameter is the
exchange stiffness A, that is related to interatomic exchange strength and takes into account
lattice symmetry considerations. For a cubic system:

A
Aoy = ;]ex'sz Eq. [7]

Here, a is the cubic lattice constant and A is the number of magnetic atoms in the unit cell. This
parameter is often used in micromagnetic calculations and can be used to define long-range
magnetic correlation. Spin fluctuations and vanishing of spontaneous magnetization are a
consequence of competition between thermal energy (“ksT) and exchange energy (~JS°). The
thermal energy overcomes the exchange energy at the Curie temperature, T, defined as the
temperature transition from ferromagnetic to paramagnetic state:[7]

2Jext?
Tc “akp Eq. [8]

The scalar product contained within the simple Heisenberg expression (Eq. [8]) suggests that the
exchange constant is an isotropic radial parameter that depends only upon the distance between
magnetic moments. Extending beyond this simple approximation, the magnetic energy of ordered
magnetic moments depends also on the relative orientation of such moments with respect to the
crystal axes. This energy is the magnetocrystalline anisotropy energy that characterizes the
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interaction between electrons and the crystalline electric field, with electron spin-orbit coupling
donating an additional contribution. The magnetocrystalline anisotropy energy specifies the
magnetic moment alignment along certain energetically-preferred orientations of the crystal
(called the easy axes). Magnetic materials with technologically-useful permanent magnetic
properties typically exhibit uniaxial crystal symmetry (usually adopting tetragonal, hexagonal or
rhombohedral crystal structures, see Table 7.2).

The magnetocrystalline anisotropy energy, E,4, is approximated as a power series of the form:

E, =Y, K, sin?*(0) Eq. [9]

where K, is the uniaxial anisotropy constant for the n"" direction in the crystal and 6 is the angle
between the magnetization vector M and the easy axis. In the case of strong uniaxial anisotropy, it
is appropriate to utilize only the first term of the expansion, E, = K; sin?(8), where K is the first
anisotropy constant.

In the equilibrium state, a magnetic material tends to adopt the lowest possible magnetostatic
energy configuration. Minimization of magnetostatic energy leads to the formation of magnetic
domains, which are distinct regions of the material that exhibit uniform magnetic polarization.
These regions of uniform magnetic polarization are separated by magnetization transitions known
as domain walls with domain wall energy Epy:

Epw = 4/ AexK; Eq. [10]

TABLE 7.2
Intrinsic parameters of some representative hard magnetic materials (while they are not considered to be
hard magnetic materials, Fe, Co and Ni were added for comparison purposes).

Material :fr")M s Tc (K) ﬁ"’]‘ /(:_:‘1)0 K; (x10°)/m’) (é;‘:m) (’:"‘m) f::n) Structure

Fe 2.15 1043 8.3 0.048 40 2.0 6 bcc

Co 1.76 1388 10.3 0.53 14 2.4 34 hcp

Ni 0.62 631 3.4 -0.0048 82 3.4 16 fcc

L1,-CoPt 1.00 840 10.0 4.9 4.5 3.5 310 Tetragonal
L1,-FePt 1.43 750 10.0 6.6 3.9 Tetragonal
L1,-FeNi 1.60 ~750 1.3 Tetragonal
L1,-MnAl 0.75 650 1.7 15 4.8 90 Tetragonal
MnBi 0.78 630 1.2 Hexagonal
BaFe;,044 0.48 723 6.3 0.33 14 5.9 290 Hexagonal
SrFe ;049 0.47 733 0.35 Hexagonal
SmCos 1.07 1003 22 17.0 3.6 4.9 425 Hexagonal
YCos 1.06 987 5.5 Hexagonal
Sm,Co;; 1.30 1190 14 3.3 6.5%* 3.3 250 Rhombohedral
Sm,Fe; ;N3 1.54 749 12 8.9 3.6%* 25 190 Rhombohedral
Nd,Fe,,B 1.61 585 7.7 5.0 3.9 1.9 ;8(7) Tetragonal
Pr,Fe,,B 1.41 565 12 5.6 4.6%* 300 Tetragonal

** Domain wall width estimated from Eq. [11]
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The characteristic length scale governing the thickness of the domain wall in hard magnetic
materials with large magnetocrystalline anisotropy energies, is determined by competition
between the exchange energy and the magnetic anisotropy energy. The anisotropy energy E4
favors a narrow domain wall width while the exchange energy E., favors smoother transitions
between domains resulting in thicker domain walls [8]. The magnetic exchange length /., can be
derived as the thickness of the transition regions between two opposite magnetic orientations™
and is a key parameter that describes the magnetic coupling between grains that constitute a
magnet; thus it is a critical parameter in dense-packed nanocrystalline materials. For a typical
domain-wall type in a bulk magnet (Bloch type), the domain wall width, &, can be estimated as:

bg=ml,, =m Aex Eq. [11]
K1

where the parameters are defined as previously.

Summarizing, intrinsic magnetic properties such as the saturation magnetization, the exchange
interaction and the magnetocrystalline anisotropy determine the potential of a given magnetic
material to exhibit superior permanent magnetic character. However, it is the microstructure of the
magnet that determines whether these magnetic properties may be harnessed for outstanding
permanent magnetic performance.

Extrinsic parameters: Mg, Hc

Extrinsic or “technical” magnetic prarameters refer to those properties that are dependent upon
the magnet microstructure. Microstructural features such as the size of the constituent grains and
their relative alignment within the magnet are reflected in the hysteresis loop. Specifically, in an
ideal permanent magnet, a large residual magnetic flux that exists at zero field (the “remanence”
or Bg, in T) and a large resistance to demagnetization (the “coercivity’” or Hc, in kA/m) must be
preserved. Both parameters contribute to the squareness and broadening of a magnetization loop
which directly impact the maximum energy product, (BH)..x.- A compilation of extrinsic parameter
values for a variety of permanent magnetic materials are provided in Table 7.3. In the idealized
case of a rectangular M-H loop (that is, Mz = Ms and pyHc = Mg/2), the limit of the maximum energy
product is determined as:

1
(BH)max < 5 HoMs Eq. [12]

Remanence is indicative of the amount magnetic flux existing at zero field, defining the magnetic
field delivered by the magnet to the airgap. It depends on the vector sum of magnetic moments at
such zero field. Assuming the simple Stoner-Wohlfarth model for single domain particles,[9] by
which the magnetic reversal process in a magnetic particle system occurs through simple coherent
reverse, a particle system with a random distribution of easy axes possesses an estimated

* Another characteristic exchange correlation length scale has been defined, mainly in soft magnetic materials
where anisotropy is small, that determines the distance below which atomic exchange interactions dominate
typical magnetostatic fields. In the limit of small anisotropy energy, the exchange length can be expressed as:
AEJC
#oMsz

lex
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remanent magnetization value which is half of the saturation magnetization, My = MS/Z. Larger
Mgy, values can be reached with improved easy axis alignment, as well as with increasing magnetic
intergranular interaction. This knowledge can be utilized for practical purposes in the realization of
a permanent nanostructured magnet (mainly the first condition, since increasing magnetic
intergranular interaction may render a collateral reduction of the coercivity).

TABLE 7.3
Extrinsic parameters of some representative permanent magnetic materials

Material Bg (T) toHc (T) (BH) max (x10° J/m’)
Alnico (isotropic) 0.6-1.0 0.1-0.2 10-30
Alnico (anisotropic) 1.3-1.4 0.3-0.4 40-80
AFe;,0,4 (sintered) 0.39 0.3 28
SrFe;,049 0.2-0.4 0.13-0.37 10-40
SmCos (metal-bonded) 0.92 1.88 175
SmCos (polymer-bonded) 0.58 1.00 60
Sm,Co,,/SMmCos (sintered) 1.08 1.0 225
Nd,Fe;,B (sintered) 1.0-1.4 1-2.5 200-440
Nd,Fe; 4B (polymer bonded) 0.6-0.7 0.75-1.5 50-100
Nd,Fe;4B/a-FeCo (hanocomposite) 1.4-1.6 1.0-1.8 320-480
L1,-MnAl (alloy) 0.5-0.6 0.2-0.4 40-70
L1,-MnAl (nanoparticles) 0.25-0.5 0.36-0.56 38
MnBi (nanostructured powder) 0.25 1.9-2.1 14

. 1.1 (300 K)
MnBi (bonded) 0.50 2.5 (540 K) 60
Zr,Co,, (isotropic ribbons) 0.6 0.2 42
Zr,Co,; (aligned nanoparticles) 0.84 0.44 132
HfCo; (isotropic ribbons) 0.7 0.2 35
HfCo, (aligned nanoparticles) 0.9 0.45 100

The magnetic coercive field is indicative of the magnetomotive force against which a magnet can
operate, and thus it is of paramount importance where magnetic devices include large air gaps or
are subjected to large demagnetizing forces. The physical origin of the coercivity is the
magnetocrystalline anisotropy field, H,, which sets an upper limit on the coercive field value that
can be realized in a particular material. If magnetic reversal of the material occurs only through
coherent rotation of the magnetic vector from one easy axis to another against the
magnetocrystalline anisotropy (Stoner-Wohlfarth reversal), a maximum coercivity is realized which
is given by:
__ 2K1+4K;

max _—
H' =H, = T Eqg. [13]

In the case of strong uniaxial anisotropy (K; > K, ), Eq. [14] can be reduced to the expression:
H' = H, = 2K, /poMg Eq. [15]

Magnetization reversal processes can be complex. Real values of coercive field are always lower
than the corresponding anisotropy field H, due to the extreme sensitivity of the magnetization
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reversal process and formation of reverse domains to the microstructure of the magnet. As a first
approximation, a phenomenological description of coercivity is provided by Kronmdiiller and co-
workers, derived from the Brown-Aharoni model:[10,11,12,13]

where a and N.gare microstructural parameters (« is defined in the range 0 < ¢ < 1 and depends on

defects and grain alignment, while N is the effective demagnetization factor, stemming from
macroscopic sample or the microscopic grains).

B Nucleation-type

By

Domain-wall-type

He H

FIGURE 7.3
Schematic representation of virgin curves for nucleation-type and domain-wall-type magnets

The coercivity in a permanent magnet can encompass a rich variety of magnetization reversal
processes (coherent rotation, nucleation, and domain wall pinning). However, depending on the
type of magnet and its microstructure, one of these mechanisms can dominate the process. Under
the action of an applied field, magnetization reversal can be controlled by nucleation of reverse
domains or by pinning of domain walls. In nucleation-controlled magnets, the reversal field is
controlled by the nucleation field, Hy, that is necessary to create a region of reverse polarization
within the material. In the pinning-type magnets, structural and magnetic inhomogeneities in the
microstructure impede domain wall motion. The characteristic feature that allows these two
magnetization reversal mechanisms to be distinguished is their initial magnetization curve (see Fig.
7.3):[14] while magnetic saturation can be achieved quickly at relative low fields in nucleation-type
magnets (for example, sintered Nd,Fe,4,B magnets, where nucleation occurs at defects of the grains
surface), a higher field is required to fully magnetize the material in pinning-type magnets (for
example, Cu-doped Sm,Co,; magnets) [15,16].

The art of making a high-quality permanent magnet is to engineer a microstructure where the fully-
polarized state (at saturation magnetization) is stabilized against the creation of reverse-
polarization domains: either reverse domains are difficult to nucleate, or domain walls are strongly
pinned and cannot move easily to expand areas with reversed magnetization. In both cases, control
of coercivity implies control of the microstructure at the nanoscale, and thus nanoscopic tailoring is
of paramount importance for the design of next-generation permanent magnetic materials.
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Sources of magnetic anisotropy

One aspect of magnet performance is the coercive field which is limited by the magnetocrystalline
anisotropy. Higher anisotropy is reflective of a larger energy difference between magnetization
aligned in a preferred orientation (easy axis) and the hard direction. However, it is possible to
donate anisotropy through other mechanisms, as depicted in Fig. 7.4.

Anisotropy sources

Atomic origin: crystal . Magnetocrystallmex
field + spin-orbit Magnetcocrystallme anisotropy
coupling (exchange) anisotropy )
Surface anisotropy
Modified / .
tailored Magnetoelastic
anisotropy
Nanostructure / Evch ot
i iai xchange anisotro
Microstructure origin Shape anisotropy g PY/

(dipolar)
Shape anisotropy

FIGURE 7.4
Schematic representation of the magnetic anisotropy sources and their origin

Of relevance to nanoscaled permanent magnet systems, Néel predicted that the anisotropy energy
density will be modified significantly if the dimensions of magnetic particles are comparable to the
magnetic exchange length [, in the nanometer range. Atoms residing on the surface of
nanoparticles can provide a unique contribution to the anisotropy energy since the local symmetry
of these atoms is different from that of the bulk. The lowered symmetry at the surface strongly
modifies the magnetocrystalline contribution, thereby yielding a so-called surface anisotropy, K.
This surface anisotropy is usually considered in nanoparticle and thin film systems and augments
the volume magnetocrystalline anisotropy energy K; to provide an overall anisotropy energy K as:

K ~ K, + s/, Eq. [15]

where t is the thickness of the film (or the particle dimensions).

The spin-orbit interaction, in conjunction with the overlap of wave functions between neighboring
atoms, is also responsible for the magnetoelastic anisotropy that may be induced in a strained
system. Strain effects are frequently found in intergranular or interphase interfacial regions, often
due to lattice mismatch between their constituent materials. The crystal field can be modified by
strain in a ferromagnetic material of nanoscale dimensions, resulting in alteration of the
magnetocrystalline anisotropy and of the easy axis of magnetization. The magnetoelastic
anisotropy energy K,,. may be represented as

K. = %Amacosz 0 Eq. [16]
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where o = ¢E the stress coefficient (¢ is the strain coefficient and E is the elastic modulus), A,, is the
magnetostriction constant and @ is the angle between magnetization and the direction of uniform
stress (typically parallel to the interface plane between two phases).

Another source of anisotropy that also has its origins in the nature of the interface is the exchange
anisotropy that is derived from strong exchange coupling between the magnetic moments of an
antiferromagnetic (AF) phase and those of a ferromagnetic (FM) component. The effects of
exchange anisotropy are clearly visible in the hysteresis loop as a lateral shift, or exchange bias H,
in the field axis that is manifest as in increased coercivity. Using a simple coherent reversal model
to describe the FM/AF exchange coupling at the interface, the exchange anisotropy energy K., may
be estimated as:

dependent also on the dimensions of the FM phase. While previously-described anisotropy sources
are uniaxial, i.e., feature an easy axis, exchange anisotropy is unidirectional.

These additional sources of magnetic anisotropy (magnetoelastic, surface, exchange) all intrinsically
have an atomically-localized nature, determined by crystallographic orientations or atomic-length
interfacial exchange. A rather different form of magnetic anisotropy, determined by the geometric
shape of a magnetic body, is shape anisotropy.

The origin of this shape anisotropy resides in the demagnetization field that is created in the
surface poles of a magnetized material. As a first approximation, this demagnetization field can be
defined as:

—

H,=—-N,M Eq. [18]

where N, is the demagnetizing factor (tensor) in the direction of M, appropriate to the particular
shape of the body. Every axis has its own demagnetizing factor, related one each other through the
expression N, + N, + N, = 1 (=4r in the CGS). Under the situation of a fully magnetized ellipsoidal
particle with z as the long (i.e., easy) axis) and x and y dimensions defining the short axes (thus
N,=N,), the shape anisotropy energy K, can be expressed as:

K; = —%,uOMSZ[Nx — N,]cos?8 Eq. [19]

where 6 is the angle between the easy axis and the magnetization. In an acicular ellipsoid with a
very long axis (i.e. z >> x), N, > 0 whereas N, 2> 1/2. Also, in the spherical case, Ny=N,=N; = 1/3,
and no shape anisotropy will be observed.

All these anisotropies can be employed in new strategies for development of advanced permanent
magnetic materials. To this end, nanostructuring is a powerful route to engineer nanostructured
permanent magnetic materials as it allows tailoring of both the local anisotropy (the generation of
magnetoelastic, surface or exchange anisotropy contributions manifest in grain boundaries,
interphase interfaces and surfaces), and of the nanostructural configuration (for the development
and optimization of shape anisotropy, as well as for averaging of the local anisotropy terms).
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Advanced permanent magnets: nanostructuring strategy

Successful remanence and coercivity optimization in permanent magnet materials requires the
control and manipulation of magnetic anisotropy and crystallographic alignment. The magnetic
anisotropy may be developed using domain wall pinning, magnetocrystalline anisotropy, surface
and magnetoelastic anisotropies, shape anisotropy and exchange anisotropy, preferably in
combination of two or more of them, rendering a high coercivity Hc to foster a high energy product,
(BH)max-

Potential strategies to control and enhance the hard magnetic properties of a magnetic material
would comprise tailoring the composition, the crystal structure and the microstructure. By
employing composition and crystal structure optimization, intrinsic magnetic properties can be
manipulated, including pathways to control magnetization, exchange and magnetocrystalline
anisotropy. Doping compounds with magnetic 3d-atoms (to increase the magnetization) or with
heavy atoms (to increase the magnetocrystalline anisotropy) remain standard routes for
optimization of magnetic properties. [17,18]

On the other hand, control of the microstructure (grain size, texture, etc.) can allow manipulation
of extrinsic features using diverse methods to design characteristic lengths of the magnetic
phase(s). A priori, there are many advantages in nanostructuring a magnetic material.[19] While
large magnetic entities, such as micron-sized grains, tend to reverse via nucleation of reverse
magnetic regions that form domain walls, nanoparticle systems cannot tolerate the formation of
domain walls as it is a high-energy process. In this case magnetic reversal occurs through coherent
rotation of magnetic moments, with a subsequent increase of the coercivity Hc that may approach
the large values of the anisotropy field H,. The critical particle diameter that separates reversal by
domain wall nucleation from reversal by coherent rotation may be estimated by examination of the
energy increase to the system through formation of a domain wall. In the case of a spherical

. - . . M
particle of volume V.., cOmpetition between the gain of magnetostatic energy (= ”‘;25 Vsphere)

and the formation of a domain wall (energy for two hemispherical domains is = 4,/ A, K;Sspnere)
yields a critical single-domain radius, Ry, , as provided below:

Rgg~ 20 Eq. [20]
HoMg
The coercivity enhancement achieved by creating isolated magnetic domains with the critical
single-domain radius is a compelling motivation for nanostructural engineering. In fact, for selected
hard magnetic phases the critical radius Ry can be quite large (Rs; > 100 nm, Table 7.2). Extending
the idea of magnetic coupling, an active to the optimization of magnetic properties is to develop
magnetic nanocomposite materials, where two or more magnetic phases combine at the nanoscale
to create a material with magnetic properties that are superior to those of either phase alone. An
in-depth exposition of the synthesis, processing and performance of permanent magnetic
nanocomposites (also known as exchange spring or exchange bias nanostructured materials) is
provided in the next section.
An interesting route to high energy-product permanent magnets is to utilize nanostructuring to
stabilize metastable or new crystal structures. Examples of nanoparticle cobalt-based systems
(CoC,, YCos, HfCo,;) which display large values of coercivity and maximum energy product were
recently reported.[20,21,22] Another example involving the positive effects of nanostructuring on
the synthesis of hard magnetic materials was observed with the L1,-MnAl intermetallic alloy. This
tetragonal phase is typically achieved from a metastable high-temperature precursor s-MnAl after
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annealing processes at moderate temperatures (T,,, ~ 700-900 K).[23,24,25] However, significant
reduction of the phase transformation temperature (to about T ~ 550-600 K) is reported in
nanostructured MnAl,[26,27] providing an attractive low energy route for the fabrication of
permanent magnets.

The realization of bulk advanced permanent magnets obtained from non-equilibrium synthesis and
processing techniques is an extraordinarily difficult challenge, requiring dedicated and synergic
interdisciplinary research carried out by experienced teams of metallurgists, computational
experts, solid state researchers, nanoscientists and materials engineers. Rapid solidification
methods,[25,28] ball milling,[29,30] electrospinning,[31,32] cluster-gun deposition[20] and other
fabrication methods that can produce metastable phases are ideal tools to attain the desirable
high-coercivity nanocrystalline structures. In the latter part of this Chapter, a broader overview of
the fundamentals and recent investigations on magnetic nanostructured materials with permanent
magnetic properties is provided.

Nanostructured Permanent Magnetic Materials

Pioneering efforts to develop permanent magnetic materials have focused on control and tailoring
of intrinsic and extrinsic magnetic properties, including optimization of composition, crystalline
structure and microstructure. In this section, a survey is provided of different approaches that have
been employed in the quest for advanced permanent magnets. After an introduction of various
high-coercivity magnetic phases, attention will be directed on the development of multiphase
nanocomposites that is inaugurated with a brief description of the first nanostructured permanent
magnet, the family of Alnico magnets. Finally, recent efforts to engineer superior magnetic
response in exchange-coupled nanocomposite materials will be reviewed. Promising candidates for
next-generation permanent magnets will be introduced, including exchange-bias permanent
magnets comprised of ferromagnetic and antiferromagnetic nanophases. These examples
represent promising pathways for creation of new permanent magnetic materials for an immense
variety of advanced technological applications.

High-anisotropy nanocrystalline magnets
Magnetic features of high-anisotropy magnets

The first milestone in the rational design of intrinsic properties (magnetocrystalline anisotropy) for
permanent magnet behavior was achieved in the development of the ceramic hexaferrites.[33]
These magnetic iron-oxide compounds, with composition of the type MOe6Fe,0; (MFe;,014),
where M represents the divalent metals Ba, Sr or Pb, exhibit (BH).x values of 15-65 kJ/m3 (~2-8
MGOe) and outstanding technical advantages as they are inexpensive, chemically inert and easy to
process. Moreover, these oxide magnets exhibit relatively high Curie temperatures (T, ~ 950 K),
with outstanding performance at high temperatures. It is no surprise that this family of magnets
dominate the permanent magnet market at the present, with ~80% of the total production.[14]

More than a decade after the introduction of ferrite magnets into technological application, the
discovery of rare earth — transition metal (RE-TM) intermetallic compounds represented a leap in
the magnetic performance of permanent magnets. Ferromagnetic RE-TM intermetallic phases of
the hexagonal CaCus-type crystal structure (space group P6/mmm) RE-Cos (RE =Y, Ce, Pr, Sm),
exhibited high maximum energy products close to 140 kJ/m® (18 MGOe) in part due to the
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extremely high anisotropy energy, donated by the rare-earth component.[34] Continued
exploration of the RE-TM alloys in the 1970’s and 1980’s focused on substitution of one RE atom in
Ca sites of the structure by a pair (“dumbbell”) of Co atoms, with the purpose of increasing the
total magnetization (and hence the magnetic flux) without a significant reduction of
magnetocrystalline anisotropy. In this manner the SmCo-based family of magnets was realized: the
“2-17" compound (through substitution of 1 RE element by 1 pair of Co atoms every 3 unit
formula), the “1-12” compound (through substitution of 1 RE element by 1 pair of Co atoms every 2
unit formula), the “3-29” compound (through substitution of 2 RE by transition metal pairs every 5
unit cells, or equivalently alternate stacking of “2-17” and “1-12” cells), and finally the “1-7”
compound, with variable replacement of RE atoms by dumbbell pairs of Co atoms (Co:RE
compositional range from Co:RE =5 to 8.5).[35,36]

The record (BH) .« Values displayed by the RE-TM family of magnets was obtained with discovery of
Nd,Fe 4B magnets (simultaneously developed by Sumitomo Special Metals Co., General Motors,
and the U.S. Naval Research Laboratory).[28,37] The Nd,Fe;4B compound displays a complex
tetragonal crystal structure (space group P4,/mnm) with 68 atoms and six distinct iron sites per
unit cell (see Fig. 7.4).[38] Record energy products were obtained with subsequent optimization of
composition and post-solidification processing, with values up to 400 kJ/m’ (~50 MGOe),
remanences Bg ~ 1.4 T and typical intrinsic coercivities He ~ 8000-16000 kA/m (10-20 kOe). Some
drawbacks of this intermetallic compound is its relatively low Curie temperature (T, ~ 600 K, with
operating temperatures typically restricted to 400 K), its brittleness and a large propensity for
corrosion.[38,39]

Recent developments in high-anisotropy nanocrystalline magnets

Recent efforts to optimize the microstructure and the composition of RE-TM magnets have led to
incremental advances in the performance of the “already effective” rare earth magnets. For Sm-
based magnets, incorporation of interstitial N result in the stabilization of the Sm,Fe;;N; phase,
with predicted energy products of up to 470 kJ/m® (59 MGOe),[40] although experimental values
only reach ~160 kJ/m? (~20 MGOe).[39] On the other hand, Nd-based magnets have improved their
high temperature performance with the addition of Dy traces.[39]

Creating a high-quality nanostructured hard magnetic material can be a challenge. Rapid
solidification methods, ball milling, electrospinning, and cluster-gun deposition and other
fabrication methods that can produce metastable phases are ideal tools to attain the desirable
high-coercivity nanocrystalline structures [41,42]. Co-based nanowires, synthesized using self-
assembled anodic alumina templates and displaying combined magnetocrystalline and shape
anisotropies, are being studied for potential applications as permanent magnets.[43] Rapid
solidification by melt spinning creates nanostructured flakes that can be processed into dense
magnets. The alternative method of electrospinning was recently applied to achieve SrFe;;049
ferrite nanofibersm [31,32]. Recently, researchers have tried to synthesize nanoparticles of Sm-
based and Nd-based magnets by surface-assisted ball milling [44,45] for use, in many cases, in the
synthesis of nanocomposite magnets (see Subsection 2.3). Also, when the grain size descends to
the nanoscale, quantum-mechanical exchange becomes important as spins at the peripheries of
neighboring nanograins become strongly exchange-coupled [46].

Price volatility of rare-earth elements is promoting reinvigorated research on rare-earth-free
permanent magnetic materials. In many cases, potential hard magnetic candidates with high
magnetocrystalline anisotropy were already known, and are being revisited in efforts to tailor their
magnetic properties with increased accuracy and efficiency. The current list of alternatives
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materials systems to rare-earth magnets comprises uniaxial intermetallic compounds (mainly with
tetragonal and hexagonal crystal structures) such as L1, magnetic compounds [47] (L1o-FeNi, L1o-
MnAI; also L1y-CoPt and L1y-FePt, but for cost reasons these compounds are disregarded for
fabrication of bulk magnets), the ordered interstitially-modified compound «a’-Fe;gN, and MnBi
[29,48]. Promising developments have been reported in the last few years, and precise tailoring of
their magnetic features are pursued following both atomic-scale (intrinsic) and nanoscale (extrinsic)
synthesis and processing strategies.

Alnico: the first nanostructured permanent magnet
Magnetic features of Alnico magnets

The development of Alnico magnets may be considered as the first example of tailoring extrinsic
magnetic properties through manipulation of the microstructure. This family of magnets
constitutes an important milestone in the trajectory of technologically-important magnetic
materials that occurred simultaneously with the beginnings of materials science as an established
field of study. Study of the optimization history of these pioneering magnetic alloys provides
illumination concerning current and future pathways to realize new permanent magnetic materials,
in particular with realization and optimization of nanocomposite magnets.

Iron and its ferromagnetic alloys are ideal starting materials for advanced permanent magnets: the
Fe-Co alloys possess the largest magnetic moment (~ 2.5 pg/atom) among the transition metal
alloys, also exhibiting high Curie temperatures (T ~ 1200 K).[7] However, the high-symmetry body-
centered cubic (bcc) crystal structure of a-FeCo results in an intrinsically low magnetocrystalline
anisotropy energy, with a measured coercivity of only a few oersteds. Larger coercivities can be
generated in iron-based alloys by the introduction of non-magnetic inclusions (inclusion-hardened
magnet steels) to pin magnetic domain walls in the material, displaying maximum coercivities in the
range of a few hundred Oersteds.[49]

Building on this information, composite Alnico magnets were developed with Fe, Co, Ni and Al as
the main constituents. Alnico magnets were once the most widely-used family of permanent
magnet materials, following the discovery by Mishima in Japan (1931)[50] that an alloy containing
58 wt.% Fe, 30% Ni and 12% Al had a coercivity of 400 Oe, nearly double that of the best magnetic
steel.[7] Several decades later the Alnico family was largely replaced by hard magnetic hexaferrites
and rare earth-transition metal alloys, with major applications confined to beam focusing, sensors,
speakers and pick-ups.[51] However, Alnico magnets still play an important role in the pool of
permanent magnetic materials, thanks to their large saturation magnetization in the range of 2 T.
Moreover, due to current strategic materials supply issues,[52] this family of magnets have
received renewed attention.[53]

Analogue to the Fe-Ni-Al ternary phase diagram,[54] the Alnico system displays a miscibility gap in
the solid state; below a critical temperature in the vicinity of 1140 K (~865 °C, Fig. 7.5) a
homogeneous bcc Fe-Co-Ni-Al parent phase spinodally decomposes into two phases: a
ferromagnetic FeCo-rich phase and a weakly-magnetic NiAl-rich phase. These two phases both
possess a bcc crystal structure with slight differences in the cubic lattice parameter. The phase
decomposition occurs readily at elevated temperature and the resultant microstructure develops
by a gradual fluctuation and periodicity in composition that is different from typical nucleation and
growth processes.[55]

Alnico magnets tend to be hard and brittle and are manufactured by a cast or sintering process.[56]
The cast alloys have very coarse grains, of the order of 1 mm, while the sintered alloys are finer
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grained and mechanically stronger, with better surface finish, but somewhat inferior properties.
Since the permanent magnetic properties of as-cast and as-sintered Alnico are poor, a special
three-stage heat treatment is necessary to produce the target nanocomposite structure with
optimized magnetic properties (see Figure 7.5):[57,58,59]

1. Heating to ~1550 K for homogenization.

2. Slow cooling ( ~ 1-5 K/s) with or without an aligning magnetic field to about 800-1100
K

3. Tempering-ageing at ~900 K for several hours to develop the desired microstructure.
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FIGURE 7.5

Schematic phase diagram depiction showing the spinodal decomposition of Alnico alloys (the two bcc phases
a1 and a,, FeCo-rich and NiAl-rich, respectively, stem from the parent bcc phase, a. Electron micrographs of
Alnico 8 specimens annealed under an applied field at several temperatures (from Ref. [57]). Reprinted with
permission from The Japan Institute of Metals and Materials).The upper and lower rows correspond to the
surface parallel and perpendicular to the field, respectively

The magnetic characteristics of a selection of grades of cast Alnico magnets are summarized in
Table 7.3. The application of a magnetic field (250 — 1500 Oe) during the annealing process
produces an anisotropic nanostructure containing elongated FeCo precipitates aligned parallel to
the direction of the magnetic field.[57,60] Application of stronger magnetic fields cause the rods to
form preferentially along the (100) direction,[60] introducing an important shape anisotropy that
raises the maximum coercivity to ~ 2 kOe and providing an enhanced remanence to yield an
improved maximum energy product to the range of 40-80 kl/m’ (~ 5-10 MGOe).[61]
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TABLE 7.4
Magnetic properties of some representative cast Alnico alloys (from Refs. 55, 62 and 63)

Allo Approximate composition B, (T) H, (BH) max Packing
Desiy nation of alloy [I\R/IR/M ] (kA/m) (k.l/m3) T.(°C) fraction
& (Balance Fe for all alloys) ' [Oe] [MGOe] (p)
. . R 0.71 38 11.1
Alnico 1 Co(5%)Ni(20%)Al(12%) [0.69] [480] [1.4] 760 0.48
46
o . Co(13%)Ni(17- 0.71-0.78 135 800-
L - .51
g | Alnico2 199%)AI(10%)Cu(3-6%) [0.70] [55;3%? [1.7] g5 O
°
8 . o v 2o 0.63-0.70 45 10.7 740-
Alnico 3 Ni(25%)Al(12%)Cu(0-3%) [0.47] [570] [1.4] 760 0.47
. e . R 0.52-055 57 111
Alnico 4 Co(S%INI(27-28%)AI(12%) | "Co (720] 1.4 760  0.41
. Co(24%)Ni(14%)AI(8%)Cu(3 51 43.8
. .57
Alnico 5 %) 1.28 [640] [5.5] 890 0.5
o, i o, 0, » 53
Alnico 5 DG ;?(24A)N|(14A)A|(SA)CU(3 [1(.)2984]1.33 [575- ?6757] 860 0.57
) ' 640] '
. Co(24%)Ni(14%)AI(8%)Cu(3  1.35 59 59.7
'E_ Alnico 5-7 %) [0.97] [740] [7.5] 890 0.60
° .
3 . Co(24%)Ni(16%)AI(8%)Cu(3  1.05 62 31.0
§ | Alnico6 %)Ti(1%) [0.89] [780]  [3.9] 860 0.0
= .
& . Co(35%)Ni(15%)Al(7%)Cu(4 148 42.2
Alnico 8 %)Ti(5%) 0.82 [1860] [5.3] 860 0.30
. Co(35%)Ni(15%)Al(7%)Cu(4 119 71.6-73.6
Alnico 9 %)Ti(5%) 1.06 [1500] 9.0-9.2] 860 0.50
Columax  Co(25%Ni(13%)AI8%)Cu(3  1.35 Dno. 6060 o oo
(Nb 1%) 9%)Nb(1%) 09751 gy [7.5-8.6] :

Recent Alnico developments

Over the course of their development, refinement of the nanostructure and composition have been
pursued to enhance the magnetic performance of the Alnico alloys. For instance, it is known that
cobalt and copper additions lower the transformation temperature.[7] Cobalt also increases the
Curie temperature, facilitating also the field-assisted texture development during aging. The
relative volume of the FeCo-rich precipitates in the alloy is a key parameter that provides a
remanence enrichment at the expense of coercivity reduction; a balance of these two effects yields
an optimized FeCo nanoprecipitate volume fraction that is around 50-60% of the total volume.[62]

Recent investigations in the Alnico family of alloys have employed modern tools such as high-
resolution electron microscopy to characterize nanoscale and interphase interfacial properties;
apart from quantitative correlations between the elongated microstructure and crystallographic
orientation, high-resolution composition characterization has revealed that fluctuations in Co
content in the final product are less abrupt compared with the spinodal compositional oscillations
of Fe.[64] Magnetic microprobe techniques have confirmed the existence of a complex magnetic
structure in anisotropic Alnico magnet and provided new insights into aspects of domain wall
pinning.[65] Other studies highlighted promising positive correlations between the elongated
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spinodal structure dimensions and the resultant coercivity, opening the door for future
optimization of Alnico properties.[66]

Current theoretical studies that focus on understanding the micromagnetic character of the
reversal processes in elongated nanoparticles, such as those found in Alnico, reveal an evolution of
nucleation and coercive fields with the variation of the precipitate aspect ratio and with the degree
of precipitate smoothness,[67] as well as the effect of packing fraction on the maximum energy
product.[68]

Exchange-spring Magnets
Magnetic features of exchange-spring magnets

Following a similar materials design strategy employed for the Alnico magnets in the 20" century
but using 21°-century tools and new understanding to engineer magnetism at the nanoscale,
research on magnetic nanocomposites represents one of the most promising pathways for
realization of next-generation permanent magnets.

As previously stated, the largest possible maximum energy product of a given magnetic material
with large coercivity (Hc > Ms/2) is determined by the intrinsic saturation magnetization:

1
(BH)max < 7 HoM5 Eq. [21]

However, most high-coercivity permanent magnetic materials typically do not show very large
saturation magnetization values (typically around Ms ~ 1.0-1.5 T). In the early 1990’s, Kneller and
Hawig,[69] and subsequently Skomski and Coey,[40] revisited early experimental work by Coehorn
et al.[70] to indicate that combination, at the nanoscale, of high-magnetization soft ferromagnetic
phase with a high-coercivity hard ferromagnetic phase to create a magnetic composite material
could result in a much improved (BH),..x- This nanocomposite magnet is also known as “exchange-
spring” magnet due to the largely reversible —“springy” — magnetic interaction that takes place
between the magnetic components under the application and removal of an applied magnetic field.
In the ideal case, the major demagnetization curve of an exchange spring magnet is characteristic
of a single magnetic phase, despite the existence of two phases with very different magnetic
features (Fig. 7.6). The interphase magnetic exchange coupling yields a composite system that
benefits from the best attributes of the constituent phases: the magnetically hard phase furnishes
high anisotropy and accompanying high coercive fields, while the magnetically soft phase donates a
large saturation magnetization.

The proposed models for an ideal exchange-spring magnet microstructure employ the critical
dimensions of the constituent phases to achieve the most effective coupling. In particular, the
nanoscopic dimensions of the soft phase, d},,,, should be on the order of twice the estimated
domain wall thickness of the hard magnetic phase, 6Bh, ie., dS. < 28E.[71] In this manner,
nucleation of reversed domains and domain wall formation in the soft regions of the magnet are
impeded, preserving a high coercivity. Thus the characteristic magnetic correlation length controls
the magnetic behavior in nanocomposite magnets.
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FIGURE 7.6

Schematic configuration of two hard-soft magnetic composites, with variable dimensions of the soft
inclusions, (a) dfax < 28h and (b) dS,.x > 268, respectively. lllustration describing magnetization loops for
exchange coupled and exchange decoupled hard-soft magnetic phases

Theoretical considerations of the nanocomposite ideal structure to realize strong interphase
exchange coupling in exchange-spring magnets describe a microstructure consisting of a large
quantity of well-separated soft inclusions[71,72] embedded in a hard matrix to provide high
remanent magnetization values. From these studies, a refined expression of the maximum energy
product that may be obtained in idealized exchange-coupled magnets is provided below:

1 1 po(Mg—Mp)Ms
(BH)max = Z#OMS? [1 - Euo—h] Eq. [22]

Kn

where M, and M, are the magnetization values for the soft and hard phase, respectively, and K, is
the anisotropy constant of the hard phase. In this configuration, an estimated nucleation field Hy,
defined as the reversed applied field that causes the domain wall enters the hard phase thus
initiating magnetic reversal, is given by:

2(fsKs+frnKn)
— 2UsKsH/nKn) Eq. [23
N wo(fsMs+faMp) a- [23]
where f; and f,, are the fraction volumes of the soft and hard phases, respectively, and K; is the
anisotropy constant of the soft phase (the rest of parameters where defined previously). Within
this scenario, with optimized proportions, arrangements and dimensions of the hard and soft
phases, the energy product of these exchange-coupled nanocomposites could surpass those of
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single-phase magnets.[40] However, the technical magnetic properties of bulk nanocomposites are
not yet close to their theoretical predictions due to unresolved technical issues of phase purity,
interphase interfacial condition, uniformity and crystallographic alignment.

Recent exchange-spring magnet developments

In addition to their projected superior technical magnetic performance, exchange-coupled
nanocomposite magnets also represent a viable strategy to create high energy-product magnets
with reduced rare-earth content. Realization of idealized Nd,Fe;,B/a-Fe exchange-spring magnets,
with a high degree of crystallographic alighnment, would achieve maximum energy products up to
three times that of commercial Neo magnets, with a better corrosion resistance and a lower
cost.[2] Investigations on multicomponent model-system thin films and multilayers have provided
much insight and benchmarking for the relevant parameters and phase dimensions necessary for
robust exchange coupling.[73] Bulk synthesis of high-performing idealized nanocomposite magnets
consisting of a rare-earth-based hard magnetic phase and soft a-Fe requires homogeneous
dispersion of Fe clusters with a uniform grain size scale below 10 nm embedded in a RE-TM hard
magnetic matrix for successful realization of a hard-soft composite magnet.[74] Isotropic bulk
magnets can be achieved;[75,76] the challenge is making anisotropic and aligned nanocomposite,
to increase Bg.

Some recent investigations have been carried on thin films and multilayers, an ideal playground for
nanoscopic manipulation of the microstructure and basic research testing.[77] As an example,
promising results with extraordinary values of maximum energy product close to 500 ki/m? (around
~60 MGOe), were obtained in NdFeB/FeCo composite multilayer films, in which a Ta spacer (1-2
nm) between the hard and soft phases was utilized in order to prevent from alloying between the
hard and the soft phases.[78]

The implicit requirement of creating a bulk nanostructured material demands non-equilibrium
synthesis techniques such as melt-spinning or mechanical alloying,[15] although it is typically
challenging to control the phase proportions and microstructure to the nanoscale.[79] One of the
first examples of successful fabrication of an exchange spring permanent magnet was achieved in
the FePt system via the creation of an exchange-coupled nanocomposite consisting of equiatomic
FePt and Fe;Pt that was fabricated using self-assembly of nanoparticles.[80] Very large (BH)ax
values in the range of 160 ki/m> (20 MGOe) were obtained in this manner, a 50% increase of the
maximum energy product characteristic of the FePt hard magnet. Successful achievement of the
appropriate exchange-spring microstructure will likely require the development of novel synthesis
and processing routes; one recent example is an exchange-coupled a-Fe/Sm,(Fe,Si)1;C,
nanocomposite, with grain sizes below 10 nm, that was synthesized using high pressure annealing
procedures.[81]

It is possible to synthesize hard-soft magnetic nanocomposites that employ rare-earth-free and
platinum-free compounds as the hard magnetic phase. Potential use of small nanoparticles as
building blocks for the controlled fabrication of hard nanocomposite magnets, is under exploration,
with the aim of ensuring a more effective exchange coupling, alighment of the particle easy axes,
etc... As a recent example, large energy products, up to (BH) =132 kJ/m3 (16.6 MGOe), have been
obtained in aligned Zr,Coi; nanoparticles, prepared by cluster gun magnetron sputtering, with
increasing values of maximum energy product when implemented into Zr,Co,;;/FeCo
nanocomposites ((BH)n.x =156 kJ/m3 ,J.e. 19.5 MGOe).[82] Promising results have also been
recently reported through the synthesis of hybrid ferrite (hard) — metal (soft) composites with
relatively homogeneously distributed nanoparticles. Hexaferrites possess large values of exchange
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length and domain-wall width that are well suited for exchange-coupled magnets that rely upon
larger dimensions of soft phase inclusions. The main challenges present in this specific system are
associated with the particle size control, crystallographic alignment and phase purity.[83] Another
promising rare-earth-free system that may be a candidate for an exchange-spring magnet is the
exchange-coupled Lly-type MnAI(C)/ a-FeCo nanocomposite magnet. It is anticipated that in its
optimized state, this proposed rare-earth-free exchange spring magnetic system will exhibit a Curie
temperature in the vicinity of 550 K, preserving good magnetic performance to 400 K, with an
appreciable coercivity of H, ~ 200-300 kA/m. Future efforts directed towards improving both of
these candidate systems may facilitate the successful creation of a nanocomposite that can replace
the lower-end rare-earth-based permanent magnets that exhibit maximum energy products (BH) ax
~ 80-120 kJ/m* (10-15 MGOe) at room temperature.[84]

Exchange-biased Magnets
Magnetic features of exchange-biased magnets

An alternative strategy to realize hard magnetic nanocomposites comprised of two exchange-
interacting magnetic phases is the creation of “exchange-bias” magnets. Exchange bias, whereby a
ferromagnetic (FM) material is exchange-coupled to an antiferromagnetic (AF) material at the
interface, produces a displacement in the hysteresis loop along the field axis. This phenomenon is
attributed to the exchange interaction at the FM/AF interface that pins FM moments during the
reversal process, causing an increase of Hc and Mg and providing an enhanced (BH),..x (see Fig. 7.7).
Because the magnetic exchange interaction is active over very short (Angstrom-level) dimensions,
the physical proximity and condition of the antiferromagnetic and the ferromagnetic phases are
important. These requirements are met by the creation of a nanostructured composite system of
phases featuring large surface-to-volume phase ratios. [85]

Exchange anisotropy was first reported by Meiklejohn and Bean in 1956 for Co/CoO core-shell
particles.[86] In fact, they were the first to propose the utilization of this new source of anisotropy
as a tool to enhance (BH),.x to obtain a superior permanent magnet. [87] However, to date,
applications of exchange anisotropy have been typically confined to the thin film form for the
design of magnetic recording and magnetoresistive devices for information technologies.

The interphase exchange coupling present in the AF/FM exchange-bias systems may be analyzed
for potential permanent magnetic response in a manner analogous to that applied to exchange
spring systems.[88] These analogies start in the reversal process, recorded in the demagnetization
curves. In a model bilayer exchange-spring system (FM/FM), the magnitude of the critical applied
field Hy that nucleates a reverse domain in the soft phase component is approximately equal to the
realized exchange field H,, and is provided below:

2Kptp
HoMsts

H,, = Hy~ Eq. [24]

In this expression, Kj, is the anisotropy constant of the hard FM phase (much larger than that of the
soft FM phase, K; < K}), t, is the thickness of the hard phase (Kjt, in J/m?), t, is the thickness of
the soft phase, and Ms is the saturation magnetization of the soft phase (that we assume larger
than magnetization of the hard phase, M}, < M,).[89] As appropriate to the analogous exchange-
biased bilayer system (FM/AF), the exchange field at the interface, H.,, may be expressed ideally
as:[90]
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H,, ~ 200 Eq. [25]
ex ™~ HoMEMEFM a
where AcEM=4F (in J/m’) is the interfacial energy density, My, is the saturation magnetization of

the ferromagnetic phase and try is the thickness of the FM film. The condition for exchange bias
observation is K,pt,r = AcEM~4F, where Kur is the exchange anisotropy of the AF phase;
otherwise, only coercivity enhancement, without an asymmetric field axis shift, would be observed.
This provides a condition for the establishment of exchange bias and sets a minimum value for the
anisotropy of the AF phase:[91]

t
Kar 2 HexMpy (%) Eq. [26]
Exchange-spring magnet Exchange-biased magnet

B

(BH)max ? [

e

~ " hard (h)

FIGURE 7.7

Illustrative picture of the effects o hard-soft magnetic exchange coupling and FM/AF exchange coupling on the
maximum energy product of a magnetic nanocomposite material [reprinted with permission from Ref. 2.
Copyright 2013 Springer].

Optimization of the exchange-bias system conditions and geometry (the morphology, interfacial
conditions, relative crystallographic alignment and volume contributions of FM and the AF phases)
may be determined from knowledge of the critical dimensions of the AF phase. As an example,
work by Mauri confirms that the exchange bias field H,, characterizing a FM/AF bilayer film system,
with FeMn as the AF phase, does not increase when the AF layer exceeds a certain critical
thickness, t., (in this case, for FeMn t., = 5 nm).[91] In general, the exact value of the critical AF
phase dimension t, depends on the specifics of the given FM/AF system; factors such as
microstructure, interfacial disorder, and the transition temperature Ty (specifically, the magnetic
blocking temperature of the AF phase) all influence the response.[90] This central idea of a critical
phase dimension may also be applied to design of bulk exchange-biased nanocomposite systems. In
all these cases it is desirable to employ theoretical approaches to provide insight into optimized
geometrical parameters. All these issues evidence the importance of understanding structure-
magnetic property relationships at the atomic scale and the nanoscale, engineering exchange
interaction for technological use.
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Recent exchange-biased magnet developments

Systems exhibiting exchange bias have been studied extensively in recent years, particularly in thin
film form where the interface between the two phases is easier to control and characterize.
Additionally, exchange bias phenomena are increasingly incorporated into technological
applications. However, to date exchange anisotropy has not been widely investigated in magnetic
materials in bulk form. A few authors in the present century have reported on exchange-bias
mechanism as an underlying source of coercivity and remanence enhancement for nanocomposite
magnetic materials.[92,93] Several FM/AF composite systems of FM phases combined with a
variety of AF materials (NiO, MnO, CoO, FeS) synthesized by ball milling were studied; these
systems were reported to display enhanced coercivity and squareness ratio at room temperature.
[94,95]

However, the potential of these systems as commercial exchange-biased magnets is limited due to
the significant reduction of magnetization due to the AF phase inclusion. Additionally, there are not
many suitable antiferromagnetic materials that possess Néel temperatures, Ty, above room
temperature as well as a sufficiently large magnetocrystalline anisotropy K- to effectively stabilize
the spins in the ferromagnetic phase against magnetic reversal. The IrMn compound is one of the
few high-Ty AF materials that exhibit large magnetocrystalline anisotropy at room temperature, by
virtue of a large spin-orbit coupling contribution. However, while the properties of IrMn in an
exchange-biased system are indeed favorable, the high cost of utilizing iridium as major constituent
makes this compound unsuitable for development of bulk permanent magnets.

Nevertheless, other antiferromagnetic Mn-based alloys may be potential components of exchange-
biased magnets. One advantage of these Mn-based alloys is that it is possible to tune the
antiferromagnetic characteristics, such as the antiferromagnetic anisotropy constant K,r or the
Néel temperature Ty, through modification of the Mn concentration.[96,97] The existence of room-
temperature exchange anisotropy, manifested as displaced hysteresis loops that provide enhanced
coercivity, has been detected in systems containing antiferromagnetic alloys with Néel
temperatures Ty = 300 K, such as Cu-Mn (Ty € [250, 400] K for Mn content > 70 at.%), or Fe-Mn (Ty
€ [250, 500] K, variable with Mn content).[97] Weak exchange bias was obtained in a rapidly-
solidified (FegsCoas)100.x(AUMN), composite.[98] Non-equilibrium processing, such as melt-spinning
or mechanical milling, is necessary for preparation of exchange-biased bulk nanocomposite
systems, with capability to yield metastable phases and alloys containing increased concentrations
of Mn.
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(a) SR Fe-CoMn

NiAl-rich Haon FeCo-rich ¥-Mn-rich Hae FeCo-rich
(AF) (FM)

FIGURE 7.8
Tentative illustrations describing the microstructure of (a) anisotropic Alnico; (b) FM/AF hard magnetic Fe-Co-
Mn nanocomposite [reprinted with permission from Ref. [100]. (Copyright 2014 AIP Publishing LLC.)

Future efforts to combine nanoscaled antiferromagnetic phases with ferromagnetic phases such as
Fe or FeCo are anticipated to exhibit an enhanced energy product to yield exchange-biased
permanent magnets. Very recently, it has been proposed that utilization of AF cap layers can
provide magnetic hardening of FM nanorods (Fe, Co) for hard magnetic applications, aimed to
preserve the high saturation and remanence of the FM rods while attaining also large coercivities.
Theoretical results suggest that the main contribution to the higher coercivity in FM nanorods with
AF caps is the suppression of nucleation centers at the tips.[99] Another recent proof-of-concept
example is found in Mn-based AF/FM nanocomposite formed from a rapidly-solidified
nanostructured Fe-Co-Mn precursor alloy that consists of phase-separated a-FeCo (FM)/ y-Mn-rich
(AF) components.[100] This two-phase architecture was inspired by the microstructure of Alnico,
which is comprised of FM FeCo-rich clusters in non-magnetic NiAl-rich matrix formed by spinodal
decomposition through carefully controlled annealing. In the exchange-biased configuration, the
non-magnetic NiAl layers separating the FeCo precipitates can be replaced by an antiferromagnetic
Mn-rich phase (Figure 7.8). In this manner the AF phase will provide an additional source of
anisotropy (exchange anisotropy) to enhance the coercivity and improve the permanent magnetic
properties. Preliminary experimental results obtained from nanostructured Fe-Co-Mn alloy confirm
the existence of exchange coupling at low temperature, as well as an supplemented room-
temperature coercivity (Hc = 350 Oe) that is significantly larger than coercivity attributed to solely
to the a-FeCo phase. Elongation of the FM precipitates by field-assisted annealing is anticipated to
enhance shape anisotropy (as it does in Alnico) and provide for an appreciable energy product.

Concluding remarks

This chapter has presented an overview of existing and new pathways explored for development of
the next generation of permanent magnets. Through directed design and exploitation of the
fundamental properties of magnetic materials (i.e. intrinsic properties such as magnetization,
exchange and anisotropy, and extrinsic properties such as remanence, coercivity and maximum
energy product), promising results are widening the list of materials that might be included in the
“magnet pool” for advanced application. In many cases, control and tailoring of the magnetic
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performance is achieved through nanostructuring and control of the structural and compositional
attributes at the nanoscale. These achievements are facilitated by new tools and techniques for
fabrication and analysis that now available to researchers.
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