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BACKGROUND: Softmagneticmaterials and
their related devices (inductors, transformers,
and electrical machines) are often overlooked;
however, they play a key role in the conversion
of energy throughout our world. Conversion of
electrical power includes the bidirectional flow
of energy between sources, storage, and the
electrical grid and is accomplished via the use
of power electronics. Electrical machines (mo-
tors and generators) transform mechanical
energy into electrical energy and vice versa.
The introduction ofwide bandgap (WBG) semi-
conductors is allowing power conversion elec-
tronics and motor controllers to operate at
much higher frequencies. This reduces the size
requirements for passive components (induc-
tors and capacitors) in power electronics and
enables more-efficient, high–rotational speed
electrical machines. However, none of the soft
magnetic materials available today are able to
unlock the full potential ofWBG-based devices.
Since the 1800s, when iron was the only

soft magnetic material available, metallurgists,
materials scientists, and others have been pe-
riodically introducing improved materials. The
invention of silicon (electrical) steel in 1900
was a notable event for soft magnetic mate-
rials. Silicon steel still dominates the global
market of soft magnets and is the material

of choice for large-scale transformers and elec-
trical machines. However, its low electrical
resistance makes it subject to large losses from
eddy currents, particularly as operating fre-
quencies are increased. This leaves the soft
magnetic community looking to other mate-
rials to meet the needs of newer high-frequency
devices.

ADVANCES: Several soft magnetic materials
show promise for high-frequency operation.
As oxides, soft ferrites stand out from other
magnetic materials because they are insulat-
ing and therefore excel at reducing losses from
eddy currents. However, soft ferrites suffer from
a saturation magnetization (Ms) that is approx-
imately one-fourth that of silicon steel. This
substantially limits the power density in de-
vices designed using soft ferrites and therefore
limits their application. The current state-of-
the-art materials are the amorphous and nano-
crystalline alloys, which were invented in 1967
and 1988, respectively. Their distinctive nano-
structures and extremely thin laminations
work together to suppress eddy current losses,
even at high frequencies. However, fabricating
parts by cutting and then stacking or winding
extremely thin and brittle laminations can be
challenging. Composites are the newest class

of soft magnetic materials, and in the field of
soft magnetics, they are referred to as powder
cores or soft magnetic composites. These
materials are composed of micrometer-sized
particles coated with an insulating binder and
consolidated at high pressures. Although their
performance is rather modest, their isotropic
nature makes them well suited for use in ro-
tating electrical machines.

OUTLOOK: The need for improved soft mag-
nets capable of efficient operation at high
frequencies is capturing the attention of a
growing number of researchers. Improvements
to existing materials are being developed by
some, whereas others are exploring radical-

ly new approaches. Even
though ferrites were in-
vented in the 1940s, grain-
boundary engineering and
new syntheses compatible
with integrated manufac-
turing are being pursued.

The nanocrystalline and amorphous materials
are constantly being improved through in-
creases in Ms and the introduction of alloys
that are more amenable to the fabrication of
large-scale parts. Powder cores have opened
the door for nanoparticle-based composites,
which can be fabricated with top-down as well
as bottom-up approaches. A well-designed
nanocomposite has the potential for negligible
losses over specific temperature and frequen-
cy ranges. In all materials, advanced charac-
terization techniques will be paramount to
understanding the relationship between nano-
structure and magnetization reversal, which
will then enable the design of improved soft
magnets.▪
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Two views of soft magnetic materials. (Left) A row of three wound toroidal inductors mounted on a printed circuit board. (Right) Magneto-
optical Kerr effect image of the magnetization pattern on the surface of an amorphous alloy soft magnet.
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Soft magnetic materials are key to the efficient operation of the next generation of power
electronics and electrical machines (motors and generators). Many new materials have been
introduced since Michael Faraday’s discovery of magnetic induction, when iron was the only
option. However, as wide bandgap semiconductor devices becomemore common in both power
electronics and motor controllers, there is an urgent need to further improve soft magnetic
materials.These improvements will be necessary to realize the full potential in efficiency, size,
weight, and power of high-frequency power electronics and high–rotational speed electrical
machines. Here we provide an introduction to the field of soft magnetic materials and their
implementation in power electronics and electrical machines. Additionally, we review the most
promising choices available today and describe emerging approaches to create even better soft
magnetic materials.

A
s we transition to both a more electrified
world and sustainable sources of energy,
efficient power conversion will take on an
increasingly important role tomanage the
bidirectional flowof power between sources

(solar arrays,wind turbines, or other powerplants),
storage, and the electrical grid. Power conversion
can also describe the transformation between
mechanical energy and electrical energy, which
is being accomplished to a greater extent with
electrical machines (bothmotors and generators).
Electrical machines are a vital part of industry
worldwide and are becoming very important to
all forms of transportation. In both cases of power
conversion described above, the advancing field
of wide bandgap (WBG) semiconductors is an
enabling technology. Their high switching speed
and increased operating temperature are driving
faster and more compact power conversion elec-
tronics and motor controls. Additionally, WGB
devices have decreased cooling requirements com-
pared with silicon electronics.
In the field of power electronics, however,

efforts to modernize the passive components
(transformers, inductors, and capacitors) have
lagged compared with the abundance of work
focusing on semiconductor switches. Here we
focus on the magnetic-based passive devices and
address the challenges facing transformers and
inductors, which both require a soft (low co-
ercivity) magnetic core to achieve high power
densities. Advances in the magnetic materials
used in transformers and inductorswill be equal-

ly beneficial to electrical machines. Thus, we will
also discuss how electrical machines could real-
ize substantial improvements in power density
and efficiency through improved soft magnetic
materials. Given all of the applications of power
electronics and electrical machines, we will see
that soft magnets are ubiquitous and that re-
search focusing on improving softmagneticmate-
rials could have a substantial impact on global
energy efficiency.

Fundamentals of soft magnets

Before continuing our discussion of soft mag-
nets, it is important to describe the basic char-
acteristics of a magnetization curve and define
some key magnetic parameters. The defining
relation between the three magnetic field vec-
tors is

B = m0(H + M) = m0H + J (1)

where m0 is the magnetic permeability of vac-
uum, B is the magnetic flux density or induction,
H is the magnetic field, M is the magnetization
or volume density of the magnetic moment, and
J (m0M) is the magnetic polarization. In ma-
terials science, it is more common to represent
magnetic response in terms of M, whereas de-
vice technology most often uses J, which is
analogous to the polarization (P) in dielectric
materials. The response of magnetic materials
can be represented in terms of M(H), B(H), or
J(H). Within this magnetic response is em-
bedded a complex mix of processes that includes
domain wall motion, rotation of magnetic mo-
ments, and eddy current losses (1).
Several key parameters for a soft magnetic

material can be extracted from its magnetization
curve. The magnetic susceptibility is defined as
c = M/H and the relative magnetic permeability
is defined as mr = m/m0 = B/m0H = (1 + c). The

susceptibility (and also mr) can be measured at
any point along the magnetization curve. How-
ever, the value of c or mr is typically measured
starting at the point of zero field and reported
as the initial susceptibility or permeability (ci
or mi, respectively). Both mr and c are indica-
tions of howmuchmagnetic field is required to
change the direction of the magnetization in a
sample. Other key parameters include a sample’s
saturationmagnetization (Ms), which is the sam-
ple’s maximummagnetization, magnetic reman-
ence (Mr), ormagnetization that remains after all
external field is removed, and coercive field (Hc),
or the strength of the opposing field required to
remove a sample’s magnetization after satura-
tion. Figure 1 displays a magnetization curve,
M(H), for a soft magnetic material, withMs,Mr,
Hc, and ci labeled.
Three other properties of magnetic materials

are also important descriptors. One such prop-
erty is amagneticmaterial’s anisotropy (K), which
is the energy difference between the preferred
and nonpreferred directions of magnetization
within amaterial. Magnetocrystalline anisotropy
is an intrinsic property of a material determined
by its crystalline structure and spin-orbit cou-
pling. Although magnetocrystalline anisotropy
can be described with series expansions with
terms out to many orders, most often the first-
order constant (K1) is sufficient for calculations.
The second property is magnetostriction (l),
which is a material’s dimensional change as a
function of applied magnetic field. Magneto-
striction can be a source of loss through the un-
wanted conversion of electromagnetic energy
intomechanical energy. This effect results in the
humming sound created by the magnetic cores
of transformers. Additionally, there can be a
coupling between amaterial’s magnetization and
strain (magnetoelastic coupling). This coupling
can result in an additional anisotropy term, stress
anisotropy (Ks). Amaterial’s overall or effective
anisotropy (Keff) approximately follows a propor-
tional relation with Hc, whereas the initial sus-
ceptibility ci is inversely proportional to K (2).

RESEARCH

Silveyra et al., Science 362, eaao0195 (2018) 26 October 2018 1 of 9

1Laboratorio de Sólidos Amorfos, INTECIN, Facultad de
Ingeniería, Universidad de Buenos Aires - CONICET, Buenos
Aires, Argentina. 2Istituto Nazionale di Ricerca Metrologica
(INRIM), Torino, Italy. 3Center for Integrated Nanotechnologies,
Sandia National Laboratories, Albuquerque, NM 87185, USA.
4Sandia National Laboratories, Albuquerque, NM 87185, USA.
*Corresponding author. Email: tmonson@sandia.gov

Fig. 1. Magnetization curve for a soft magnet.
A magnetization curve, M(H), is depicted for
a soft magnetic material with Ms, Mr, Hc, and ci
labeled. Arbitrary units (a.u.) are used for both
M and H, as the intention of this plot is to clearly
illustrate the different key magnetic parameters.
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Finally, the Curie temperature (Tc) is the temper-
ature above which a material loses its magnetic
order and becomes paramagnetic. Tc is an im-
portant parameter for power electronics and
electrical machines, which often operate at high
temperatures and where space for active cooling
may not be available.
When people consider magnets, they typically

think about permanent (hard) magnets. Perma-
nent magnets have a large Hc (>1000 A/m) and
highMr that allows them to retain a large mag-
netization after being magnetized. This property
allows hard magnets to attract and repel other
magnets, as well as to magnetize other materials
(such as the steel in your refrigerator door).
However, for the inductive applications found in
power electronics and electrical machines, per-
manent magnets are not useful. Instead, these
applications require soft magnets
that have a low Hc (<1000 A/m)
and very little Mr. Inductive appli-
cations are based on the ability to
rapidly switch themagnetization of
a material with a magnetic field
created by current-carrying coils
of wire. The high mr of a softmagnet
concentrates (by orders of magni-
tude greater than that of an air
core) the magnetic field lines in-
side the windings of an inductor
or electrical machine and boosts
the performance of the inductive
device by allowing it to store more
energy in the form of magnetic flux
density. An increase in energy den-
sity is precisely what is needed for
emerging power electronics and
electrical machines for which size,
weight, and power (SWaP) are often
the most important metrics. For
this reason, increasing the Ms of
soft magnets can have a positive
impact on SWaP by increasing the maximum
field at which a magnetic device can operate.

Energy losses

The increase in energy density that soft mag-
netic core materials bring to inductive devices
does not come without a cost, as core materials
can also be a place of energy loss, particularly as
operating frequencies increase. Hysteretic losses
occur through a magnetic material’s coercivity.
Every time a magnet completes a full cycle of its
magnetization curve, the area inside the curve is
a measure of the energy lost. Thus, as operatng
frequencies increase, even magnets with low
coercivity can become quite lossy. The second
major loss mechanism for soft magnetic devices
is eddy currents, which are closed paths of elec-
trical current generated in a conductor by a time-
varying magnetic field. These current loops create
a magnetic field in opposition to the change in
magnetic flux (according to Faraday’s law of
induction). Power losses from eddy currents
roughly scale as the operating frequency squared,
so they can become the dominant source of
energy loss at high switching rates. Mitigating

both hysteretic and eddy current losses con-
sumes a large portion of the resources dedicated
toward improving soft magnetic materials.
Theoretical treatment of magnetic losses can

be quite complicated, as magnetic materials are
not continuous and instead contain magnetic
domains, domain walls, and a complex distribu-
tion of eddy currents. One of the first models
on magnetic losses was developed by Williams,
Shockley, and Kittel (3). Their model, which only
applied to 180° Bloch walls in monocrystalline
silicon steel, was broadened to describe loss be-
havior in a grain-oriented silicon steel sheet by
Pry and Bean (4). Bertotti took a statistical ap-
proach and applied the concept of loss separa-
tion in developing the statistical theory of losses
(STL) (5). According to the STL, energy loss,W( f ),
at a given magnetizing frequency f and peak

magnetic polarization Jp, is the sum of three
components: hysteresis loss (Wh), classical loss
(Wcl), and excess losses (Wexc). These terms cor-
respond, respectively, to the residual energy
dissipated in the limit f→ 0; the loss component
calculated by Maxwell’s equations, assuming the
material ismagnetically homogeneous (absent of
domains); and the energy loss associated with
the large-scale motion of the domain walls (5)

W( f ) = Wh + Wcl( f ) + Wexc( f ) (2)

Although all three components, at their root
cause, are the result of eddy current mecha-
nisms (only at different space-time scales) (1),
the classical loss is the term most closely as-
sociated with eddy current losses and can be
written as

Wcl ¼ ðp2=6Þ � sd2Jp f ð3Þ

where s is the conductivity of the material
and d is the lamination thickness (assuming
that d is greater than the skin depth, which

may not be the case at high frequencies). The
squared dependence on d is the reason many
soft magnetic materials—in particular, steels,
amorphous alloys, and nanocrystalline alloys—
are fabricated into parts as wound tape or
stacked laminations. Excess loss, which is asso-
ciated with large-scale domain wall motion, is
described in more detail elsewhere but increases
as a function of f

1
2= (6–8). Because a substantial

portion of losses arises from domain wall mo-
tion, developing finer control over the micro-
and nanostructure of magnetic materials can
reduce impediments to domain wall motion and
overall losses. Figure 2 demonstrates an exam-
ple of an impediment to domain wall motion,
capturing two different pinning sites via the
use of magneto-optical Kerr effect (MOKE)
imaging.

The STL complies, in general,
with experiments up to frequencies
atwhichmagnetic shielding strongly
enters into play. Beyond this limit
(>1 MHz), more complex formula-
tions, exploiting hysteresismodeling
(such as the dynamic Preisachmod-
el), and numerical calculations are
usually employed (9–12). Measure-
ments can consistently proceed up
to radio frequencies, starting from
quasi-static characterization, and
the theoretical approach can be
fully applied under a quasi-linear
constitutive magnetic equation,
which implies low or very low Jp
(within the Rayleigh region).

Power electronics

Power electronics enable the effi-
cient conversion, control, and con-
ditioning of electric energy between
the source and a load (13). The ben-
efits of power electronics include

improved power quality, voltage regulation, im-
proved response to fault conditions, increased
operational flexibility, and reduced interconnec-
tion costs (14). The improved efficiency ofmodern
power electronics, if implementedworldwide, has
the potential to reduce global energy consump-
tion by as much as 20% (15). Power electronics
can be found almost everywhere: Buildings and
lighting, the electrical grid, drives for electric
motors and generators, and power supplies for
consumer and industrial appliances are just a
few of themost likely applications. The invention
of the mercury-arc valve in 1901 was the begin-
ning of power electronics, and with the inven-
tion of silicon-based diodes in the late 1940s
the field entered the semiconductor age (16).
Power electronics then became much more
widespread after the invention of silicon-based
metal oxide semiconductor field-effect transistors
and insulated-gate bipolar transistors.
Increased demand for efficiency and the need

to withstand harsher operating environments
led to the investigation of semiconductor ma-
terials beyond silicon—in particular, the WBG
materials SiC and GaN. Stronger atomic bonds
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Fig. 2. Pinned domain wall. A pinned domain wall in an amorphous alloy
ribbon is marked by arrows in both the left and right Kerr microscopy
images. The position of the pinned wall remains fixed, whereas the surrounding
domain structure changes from left to right. [Reproduced from (94)]
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in these compounds result in wider energy gaps
(3.2 to 3.4 eV versus 1.1 eV for Si) and breakdown
fields 10 times as high as those of silicon (17).
Thus, WBG devices have “on” resistances and
related losses that are 1/10 the amount in Si-based
devices (18). These properties also allow smaller
device areas, which reduces both the capacitance
and the resistor-capacitor time constant. The re-
sult is lower losses per switching cycle, which in
turn enables operation at higher frequencies.
Additionally, WBG devices can operate at tem-
peratures well above 300°C, twice as high as the
maximum operating temperature for silicon (17).
A key benefit of the higher operating fre-

quencies enabled by WBG semiconductors is a
decrease in the inductive and capacitive require-
ments for a given circuit. As an example, the
undesired alternating voltage component, or
ripple voltage (Vripple), in a step-down (buck) dc-
to-dc converter is given by

Vripple

Vout
¼ 1� D

8LCf 2
ð4Þ

where Vout is the converter output
voltage, D is the duty cycle, L is the
circuit inductance, and C is the ca-
pacitance. The size of the inductor and
capacitor can be reduced substan-
tially while keeping the ripple voltage
constant by increasing the operating
frequency. Similar reductions in the
footprint of passive devices can be
realized in almost all power electron-
ics circuitry.
Advances in power electronics are

also enabling the development of in-
telligent and agile solid-state trans-
formers, which operate at a much
higher frequency (>1 kHz) and shrink
the size of the conventional 60-Hz
transformer by a factor of 10 ormore
(19, 20). Although WBG semiconductors enable
the reduction of softmagnetic components, none
of the magnetic materials available today can
fully unlock the potential of WBG devices (21).

Electrical machines

Electric motor–driven systems are the single
largest consumer of electricity, accounting for
more than 40% of the electrical energy gen-
erated globally (22). Even small efficiency im-
provements in electric machines will have a
large impact on energy savings. According to
the International Energy Agency, if by 2030
all industries adopted the already available
high-efficiency technologies for their electric
motor–driven systems, energy savings would
exceed 300 billion kWh, thus helping to re-
duce CO2 emissions by 200 billion kg per year
(22). There would also be financial benefits from
more efficient motors, because energy consump-
tion is typically responsible for more than 90%
of the overall cost of a motor (22, 23). Electric
cars, aircraft, and spacecraft need higher effi-
ciencies and power densities because energy
storage is limited and volume and weight are
also crucial.

As electric machines get smaller, design
engineers are facing the growing challenge of
keeping the components cool. Overheating
deteriorates the properties of most materials
(such as insulators, coils, and permanent mag-
nets) and reduces the service life of the device.
Fewer losses would reduce cooling loads, permit
the use of a smaller fan at the end of the rotor,
and further decrease the size of the machine.
In the conversion between electrical energy

and mechanical energy, electrical machines ex-
perience several loss mechanisms, including
mechanical, winding or coil (also referred to as
copper), and core (also referred to as iron). Core
losses, which are due to ferromagnetic hyster-
esis and eddy currents in the stator and rotor,
are independent of load. They depend on the
properties of the magnetic material, the flux
density, and the rate of change of the flux den-

sity (i.e., switching frequency). Core losses have
typically been estimated to account for 15 to
25% of the total loss (24). However, this per-
centage increases substantially as machines are
operated at higher speeds. For example, core
losses account for 59% of the total loss in a
110-kW machine operating at 51,000 revolutions
per minute (rpm) (25).
Operation at much higher speeds, which is

enabled by advanced motor controls driven by
new WBG semiconductors, is another approach
to increasing power. The mechanical power of a
motor is defined as the rotational speed mul-
tiplied by the torque, or w · T. By increasing
rotational speed, either the power density can
be increased or the size of the motor can be
decreased, which leads to a reduction of the
critical rare-earth elements in permanent mag-
net motors (26). Additionally, gearboxes can be
eliminated in various applications that require
high rotational speeds. A major problem with
using high speeds is that core losses increase as
a function of the switching frequency, which is
where advances in soft magnetic materials
can influence performance improvements in
electrical machines.

Brief history of soft magnetic materials
Since Michael Faraday demonstrated electro-
magnetic induction in 1831, soft magnetic ma-
terials have continued to evolve. Faraday’s natural
choice of core material was iron, which has the
highest room temperature Ms of any element,
in addition to a large mr and fairly low Hc. How-
ever, there was room for considerable improve-
ment, even in a simple material composed of a
single element. It was discovered that annealing
iron not only improved its mechanical proper-
ties but also decreased its coercivity through
stress relief, making it better suited for use in
inductive applications.
Seeking even better performance, scientists

and engineers looked for ways to improve upon
the properties of soft iron. In 1900, Robert
Hadfield, a metallurgist from England, invented
nonoriented silicon steel by adding up to 3%

silicon to iron and increasing its elec-
trical resistivity (r) while also increasing
mr (27). American metallurgist Norman
Goss invented grain-oriented silicon
steel in 1933 by promoting grain growth
along a crystalline direction of low an-
isotropy, increasing mr even further (27).
Even today, silicon (or electrical) steels
account for a major share of the global
soft-magnet market because of their
highMs and relatively low cost (1). The
most common applications for silicon
steel are large-scale transformers (grain-
oriented silicon steel) and electrical
machines (isotropic nonoriented silicon
steel is preferred for rotatingmachines),
for which its economical price is a huge
benefit. However, a low r (~0.5 micro-
ohm·m) (28) makes silicon steels lossy
at high frequency. Recently, electrical
steel manufacturers have developed a
path to increase the silicon content of

their steel to 6.5% by using a chemical vapor de-
position process (29). This approach increases r
to 0.82 microohm·m but still leaves other ma-
terials as better choices for high-frequency power
electronics and high–rotational speed electrical
machines.
In the 1910s, Gustav Elmen at Bell Laborato-

ries experimented with nickel-iron alloys and
discovered the nickel-rich (78%) permalloy com-
position (30). Amajor advantage of permalloy is
its high mr (up to 100,000). Nickel-iron alloys are
still used in some specialty inductive applica-
tions today but are not common in power elec-
tronics and electrical machines because they
have high eddy current losses, and the addition
of nickel decreases Ms. With the addition of a
small amount ofmolybdenum (2%) to permalloy,
molypermalloy powder (MPP) can be produced
(31). MPP is used to fabricate the lowest-loss
powder cores (31, 32), which will be discussed in
more detail below.
In the late 1940s, magnetically soft ferrites

were invented by J. L. Snoek (33). Thesematerials
are competitive because of their very high elec-
trical resistivities (10 to 108 microohm·m), which
make them effective at suppressing eddy current

Silveyra et al., Science 362, eaao0195 (2018) 26 October 2018 3 of 9

Fig. 3. A brief history of soft magnetic materials. A synopsis of
the progression of soft magnetic materials is shown. This chart is by
no means exhaustive. [Modified from (96), with permission]
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losses. Additionally, because they are produced
with ceramic processing techniques and abun-
dant materials, ferrite parts can be produced at a
very low cost. The high r and affordability of soft
ferrites keeps thesematerials in high demand for
inductive applications, including those at high
frequency. In fact, their share of the global mar-
ket in soft magnets is second only to silicon steel
(1). They do suffer from a relatively low Ms

(nearly a quarter of that of silicon steel), which
limits the energy density of inductive elements
containing a ferrite core.
In 1967, a new class of materials, amorphous

alloys, was invented (34). By the mid-1970s, in-
terest in iron- and cobalt-based amorphous alloys
was surging, and these materials began finding
their way into applications. Through the elimina-
tion of any long-range order, coercivity is substan-
tially reduced in these alloys. In 1988, researchers
at Hitachi included Nb and Cu additives and
added an annealing step to the production of
amorphous alloys to produce small and closely
spaced crystallites of iron or cobalt (on the order
of 10 nm in diameter) within a matrix of amor-
phous material (35). This was the inception of
the nanocrystalline soft magnetic alloys. The
formation of isolated transitionmetal crystallites
reduced the eddy current losses of these ma-
terials in comparison with amorphous alloys.
Both amorphous and nanocrystalline alloys are
gaining market share in high-frequency power
electronics and electrical machines today be-
cause of their low losses and competitive Ms.
Despite a higher initial cost than silicon steel,
these advanced alloys can reduce the total life-
time costs of power electronics and electrical
machines, on account of reduced losses.
In the early 1990s, powder cores (also known

as soft magnetic composites or SMCs) gained
acceptance in some soft magnetic applications
(1, 36). These materials combine magnetic par-
ticles, anywhere between ~1 to 500 mm in diam-
eter, and either coat or mix them with an
insulating material before consolidating with
high pressures (megapascal to even gigapascal
pressures). Heat can also be applied either dur-
ing or after densification to improve magnetic
properties. Themagnetic particles aremost often
Fe powders but can also consist of alloys such as
MPP (mentioned earlier), Fe-P, Fe-Si, or Fe-Co.
Because of the insulating and nonmagneticmatrix
phase, thesematerials have a distributed air gap
that limits their mr to a range of 100 to 500.
However, the insulating matrix also boosts their
r (10−3 to 10−1 microohm·m), reducing eddy cur-
rent losses. SMCs can also be pressed into more
complex final geometries without the need of
any machining (net-shaping), which can sub-
stantially reduce manufacturing costs. Their iso-
tropic nature, low cost, and ability to net-shape
complex parts have made SMCs fairly successful
in rotating electrical machines (37, 38).
The brief history of soft magnetic materials

described above (which is summarized graph-
ically in Fig. 3) is by no means exhaustive. In-
stead, our intent is to focus on materials that
have been and will continue to be competitive

for the fabrication of soft magnetic components
in high-frequency power electronics and electrical
machines. Performance metrics such asMs and
core loss are extremely important. However, be-
cause soft magnetic parts will need to be used
in large quantities, the importance of cost can-
not be neglected. For this reason, soft ferrites
still remain a competitive core material at high
frequency. Because of their excellent performance
at high frequency, the amorphous and nano-
crystalline alloys will certainly continue to be
key materials. Although silicon steels still make
up a majority of the global market for soft mag-
netic materials, their primary applications are
in large transformers operating at 50 or 60 Hz
and slow–rotational speed electrical machines.
Thus, we will not discuss silicon steel further.
We will, however, consider the development of
new soft magnetic materials, including both top-
down and bottom-up approaches that could
build on a foundation of work established in
the area of SMCs.

Soft ferrites

Ferrites are distinctive softmagneticmaterials in
that they are ionic compounds. They are also
ferrimagnetic, whereas all of the other soft mag-
netic materials discussed are ferromagnetic.
J. L. Snoek and co-workers developed ferrites
between 1933 and 1945 at the Philips Research
Laboratories in Eindhoven, Netherlands, where
commercial cores were required for Pupin coils
in telephone cables and loudspeakers (33). They
investigated the properties of magnetic oxides
of the chemical formula MO·Fe2O3, where M is
a divalent ion (such as Fe2+, Mn2+, Ni2+, Zn2+, or
Mg2+) known to occupy two different kinds of
crystallographic positions (A and B sites) within
the oxide cell. L. Néel made the basic assumption
that the exchange force acting between ions on
the A and B sites was negative, providing the
theoretical key to an understanding of the
phenomena of ferrimagnetism and antiferro-
magnetism in ferrites, where magnetization is
caused by the magnetic moments of the metal

ions, but not according to the conventional
ferromagnetic exchange interaction (39).
The commercial production of these metal

oxides is typically achievedwith ceramic process-
ing, starting with the calcination of either iron
salts, base oxides, or metal carbonates. The start-
ing reagents are thoroughly mixed by prolonged
wet grinding until a homogeneous fine powder is
obtained with granule dimensions in the micro-
meter range. Additional calcining and grinding
steps may be applied at this point. Finally, the
powders aremixedwith a binder, pressed at high
pressures, and then sintered at temperatures up
to 1400°C in a controlled atmosphere. The final
product, hard and brittle, is a semiconductor with
an electrical resistivity six orders of magnitude
higher than in Fe-based metallic alloys. Thus,
even when a rapidly changing magnetic field is
applied, eddy currents and energy loss are con-
tained. This property makes ferrites suitable
for high-frequency applications, and they are
currently the most extensively used magnetic
material up to frequencies of a few hundred
megahertz. A collection of toroidal ferrite cores
is displayed in Fig. 4.
Figure 5 shows one-eighth of single unit of the

cubic spinel (named after the mineral spinel,
MgO·Al2O3) ferrite structure: Themetallic cations
are separated by the oxygen anions (O2−) ar-
ranged in a face-centered cubic (fcc) structure;
the small metal ions occupy interstitial positions,
at either tetrahedral (A) or octahedral (B) sites,
surrounded by four or six oxygen ions, respec-
tively. Direct exchange interaction between the
3d electron spins of the metallic cations is
negligible, whereas an indirect coupling mecha-
nism, superexchange, occurs. The superexchange
interaction is stronger when a straight line con-
nects the cations through the O2− ion (40). The
A-B coupling, which is associated with an A-O-B
angle around 125°, is much stronger than the A-A
and B-B couplings through oxygen, whose angles
are 90° and 80°, respectively. It involves the spins
of the two extra 2p electrons in O2−, which in-
teract with the 3d spins of the two neighboring
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Fig. 4. Toroidal ferrite magnetic cores. Shown are insulated commercial Mn-Zn ferrites (blue
toroids) and Ni-Zn ferrites (pink, white) along with uncoated ferrites (black) of both types.
Two insulated Ni-Zn toroids and one uncoated Mn-Zn toroid are prepared with primary (inner)
and secondary (outer) windings for fluxmetric measurements.
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metal cations. The mediating effect of the op-
positely directed oxygen spins is such that the
A and B ions’ total magnetic moments are
bound, according to Hund’s rule, to antiparallel
directions.
Ferrites have an antiferromagnetic configura-

tion of the two sublattices corresponding with A
ions spontaneously magnetized in one direction
and B ions magnetized in the opposite direction.
When the magnitudes of A and B spins are not
equal, the material becomes a ferrimagnet and a
net spontaneous magnetization results. The dis-
tribution of the divalent ions on A and B sites
(and thus the magnetic properties) can be fur-
ther modified by heat treatment, although this
may depend onwhether thematerial is quenched
from a high temperature or slowly cooled. The
ferrimagnetic nature of ferrites results in a rel-
atively low Ms, typically 0.4 MA/m or less at
room temperature. In addition,Ms in ferrites is
more temperature sensitive than in ferromag-
netic materials (1, 2, 27).
Ferrites can contain two or more different

divalent ions, producing a mixed ferrite. The
most common commercial soft ferrites have
mixed cations, (Ni, Zn)O·Fe2O3, and (Mn, Zn)
O·Fe2O3, but suppliers do not typically share
the exact composition of their ferrites and in-
stead provide performance specifications. In an
interesting interplay between the ions within the
spinel structure, the addition of nonmagnetic
(41) ZnO·Fe2O3 to mixed ferrites actually in-
creases their Ms. The presence of two or more
metal ions M2+ provides great versatility of the
magnetic properties. By making suitable addi-
tions and thermal treatments, material tailoring
to specific applications can be achieved. For
example, the mixed ferrites display a cubic
symmetrywith a negative value of the anisotropy
constant, K. By adjusting composition and pro-

cessing, very low anisotropy (and therefore low
Hc) can be obtained over a range of temperatures
suitable for many applications (20 to 100°C).
Additionally, the temperature stability of mr can
also be controlled by the addition of M2+ ions,
such as Fe2+ or Co2+. The highest mr of ferrospinels
are found in the Mn-Zn ferrites, whereas Ni-Zn
ferrites have a much higher r, depending on the
amount of doping with Fe2+ (42).
The near-insulating character of ferrites is

conducive to a nearly constant value of mr over
many frequency decades, typically up to the
megahertz region in Mn-Zn ferrites (r = 10 to
104 microohm·m) and the 10-MHz region in
Ni-Zn ferrites (r as high as 108 microohm·m).
This is illustrated in Fig. 6A, where the behavior
versus frequency of the real component (m′) of
the relative initial permeability is presented for a
commercial Mn-Zn ferrite at a peak polarization,
Jp, ranging between 2 and 300 mT. The rather
sudden drop in m′ is brought on by the onset of
electron spin resonance and is matched by a
prominent peak in the imaginary permeability
(m′′). See Fig. 6B for a plot of m′′ for values of Jp
ranging between 2 and 300 mT. This response
cannot be observed in other soft magnets be-
cause of their much lower r.
For application in the microwave region ( f =

0.5 to 100 GHz), larger magnetic anisotropies are
required. In this high-f range, a technical limita-
tion was stated by Snoek (43) in 1948. Snoek
observed that the product of dc initial suscepti-
bility, ci, and resonance frequency, f0, is a con-
stant value related to spin precession and, thus,
the magnetocrystalline anisotropy, K. In a bulk
polycrystallinematerial, Snoek’s law is written as

ci f0 ¼ ð1=2pÞgm0Ms ð5Þ
where g is the gyromagnetic ratio. Experimen-
tally, the critical frequency may be taken as
that at which the imaginary susceptibility c′′
peaks (Fig. 6B).

Some ferrites, such as Ba M-type (BaM) fer-
rites, having the same hexagonal structure of
magnetoplumbite BaO(Fe2O6)3, consist of spinel
blocks rotated 180° with respect to one another
and separated by an atomic plane containing the
Ba atoms. This plane breaks the crystal sym-
metry and results in a hexagonal structure with a
high K, thus shifting Snoek’s limit up to 36 GHz.
The large K of BaM ferrites can be combined
with growth on substrates that introduce a high
degree of crystal texture, such as MgO layers
deposited on single-crystalline SiC (44), allow-
ing the use of hexagonal ferrites in a variety of
microwave devices.
With their high r, constant mr that extends

well into the megahertz frequency range, and
low cost, ferrites will continue to play a role in
applications for which only low values of Jp
(and low energy density) are required. Although
ferrites have been around for a long time, strat-
egies to improve their performance, including
grain-boundary engineering (45) and embedding
them in substrate materials (46), are being
considered.

Amorphous and nanocrystalline alloys

In 1967, Duwez and Lin reported the first amor-
phous soft magnetic alloy in the form of small
disk-shaped samples. They used a rapid solidifi-
cation technique called splat cooling for the Fe-P-C
system (34). Alloy composition engineering and
the development of planar flow casting led to the
production of amorphous ribbons from 5 to
50 mm in thickness and up to 25.4 cm in width
(Fig. 7). Rapid cooling rates of 106°C/s freeze
the alloy into an amorphous structure. As re-
ported by Yoshizawa et al. in 1988, optimized
compositions allow partial devitrification of
the metallic glass during a controlled heat treat-
ment. This process results in a nanocrystalline
soft magnetic material that consists of ~10-nm
diameter ferromagnetic nanograins embedded
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Fig. 5. One-eighth portion of the unit cell
of a cubic spinel ferrite (ferrospinel).
The O2− ions (blue) are arranged in a fcc lattice.
The metal ions (red) are arranged in either
tetrahedral (A) or octahedral (B) interstitial
sites, having ferrimagnetic (unbalanced
antiferromagnetic) spin. The A-B coupling
mediated by the oxygen ion leads to antiparallel
configuration of metallic spins in tetrahedral
and octahedral sites. [Modified from (1),
with permission]

Fig. 6. Soft ferrite permeability response. (A and B) Measurements of (A) the real part (m′) and
(B) the imaginary part (m″) of permeability versus frequency for a commercial (N87) Mn-Zn ferrite at
peak magnetic polarizations, Jp, ranging from 2 to 300 mT. Permeability curves tend to coalesce
above f ~ 1 MHz, where relaxation of the domain wall displacements is completed and only spin
rotation processes survive. [Courtesy of F. Fiorillo, C. Beatrice, and S. Dobák]
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in an amorphous matrix (i.e., glass ceramic)
(35). Alben et al. explained that when the mag-
netic correlation length is longer than the
structural correlation length, as in amorphous
ferromagnetic materials, the effective magneto-
crystalline anisotropy becomes negligible (47).
This random anisotropy model was later ex-
tended to nanocrystalline materials by Herzer
(48, 49): Ferromagnetic nanocrystals are mag-
netically coupled through the ferromagnetic
amorphous matrix, making the effective an-
isotropy very small (Fig. 8). Given the relatively
high r of both amorphous and nanocrystalline
alloys relative to crystalline materials and their
very thin laminations, eddy current losses in
these materials are very low, and they can oper-
ate safely into the tens-of-kilohertz frequency
range (50). It should be noted that multiphase
resistivity models are necessary to understand
the compositional dependence on the r in nano-
crystalline materials (51).
FINEMET was the first family of nanocrystal-

line alloys to be commercialized. Its most com-
mon composition is Fe73.5Si13.5B9Nb3Cu1 (35),
which is based on the amorphous Fe-Si-B system,
where Si and B enhance glass formation. During
the devitrification process (typically a 1-hour an-
nealing at ~540°C) (52), Cu favors the nucleation
of segregated Fe-Si crystals, whereas the large
Nb atoms control grain growth and prevent the
crystallization of anisotropic boride phases. The
composite structure of FINEMET-type alloys has
another strength: Fe-Si nanocrystals have a
negative magnetostriction that balances the
positive magnetostriction of the amorphous
matrix, diminishing stress anisotropy (Ks). The
combination of vanishing magnetocrystalline
and stress anisotropies results in a very low Hc

(<10 A/m) and a very high initial mr (10
4 to 106).

Ms ranges from ~0.9 to 1.0MA/m. Yet instead of
being a prejudicial factor, properly controlled
magnetic anisotropies can be a powerful tool for
tuning mr according to the application require-
ments. To this end, field annealing can be used to
achieve uniform uniaxial anisotropies: Magnetic
field annealing induces anisotropy by directional
atomic ordering, whereas stress field annealing
causes a plastic deformation of the material (49).
Nevertheless, nanocrystalline Fe-based alloys
are extremely brittle. Thus, theymust be annealed
in the final core geometry andmust be handled
carefully.
Because of their attractive characteristics,

amorphous and nanocrystalline soft magnetic
materials became a research focus in the years
following their invention (53). The addition of Co
to develop FeCo-based alloys (54) served two
purposes. First, it increasesMs to 1.0 to 1.2MA/m.
Second, Co increases the Curie temperature of
the amorphous and crystalline phases and allows
higher operating temperatures. However, the in-
creased magnetostriction of FeCo-based alloys
makes them sensitive to manufacturing pro-
cesses such as impregnation and cutting. When
the iron is removed, pure Co-based alloys exhibit
reduced Ms (0.6 to 0.8 MA/m) but are also suit-
able for high-temperature applications. Their

composition can be tuned to exhibit near-zero
magnetostriction or to enhance responses to
anisotropic magnetic and stress fields during
annealing, achieving mr values from 10 to 104 as
needed for a given application (55). These cobalt-
rich alloys can also have a markedly improved
ductility, even in the nanocrystalline state. FeNi-
based nanocrystalline alloys share many of the
benefits of FeCo- and Co-based alloys: saturation
inductions and Curie temperatures suitable for
power applications, low losses at high switching
frequencies, tunable permeability, and improved
ductility (56). Yet because Ni is cheaper than Co,
FeNi-based alloys have attracted recent efforts
to explore their application in electric machines
(57). Additionally, the modification of glass-
former content in amorphous and nanocrystal-
line alloys has led to the optimization of other
characteristics such as corrosion (58, 59) and
oxidation resistance (60), raw materials costs
(61), and Ms [up to 1.5 MA/m (62, 63)].
All families of amorphous and nanocrystalline

materials have a common disadvantage: They
aremechanically very hard (typically 800 to 1000
Vickers hardness), thus making machining a
difficult and expensive task. If a conventional
stamping process were used, dies would wear
out quickly. These fabrication issues have held
back their application in complex geometries for
electric machines.
The first attempts to use amorphous ma-

terials for electric motors date back to 1981,
just after the 1970s energy crisis. Mischler et al.
demonstrated the low loss potential of the
amorphous stator, but the fabrication technique
required improvement (64). Since then, research-
ers in industry and academia have devoted their
efforts to improving the fabrication of electric
motors using amorphous and nanocrystalline
soft magnetic materials. Given that either stack-
ing or winding amorphous ribbons yield sim-
ilar losses (65), researchers have applied both
approaches in combination with cutting and
machining. Additional methods used to cut
mechanically hard amorphous sheets include
chemical etching (66), wire electric discharge
machining (EDM), and laser cutting (67). Laser
cutting, however, has been shown to overheat
and deteriorate the edges of Fe-rich amorphous
materials (68). Grinding, EDM (69, 70), or water-
jet cutting (71) have also been used to machine
already-assembled ribbons into the final core
geometry, speeding up the manufacturing process.
When manufacturing challenges can be over-

come, losses can be substantially reduced. Figure 9
shows an example inwhich finite-element analysis
was used to calculate the distribution of losses
in motor stators fabricated with silicon steel and
Co-rich amorphous alloy. Axial motors can be
particularly suited for amorphous laminations,
as demonstrated by Hitachi with a 11-kW pro-
totype motor that achieved an efficiency greater
than that of the IE5 efficiency class for induction
motors (72). Recently, some groups have also
demonstrated the feasibility of constructing highly
efficient electric motors with nanocrystalline
cores (73, 74).

Amorphous core transformers have been com-
mercially available since the 1980s. A decade
later, 6 to 8% of the distribution transformers
bought in the United States were built with
amorphous cores (75). Withmanufacturing plants
in Japan and the United States, Hitachi Metals
currently has a global production capacity of
100 million kg per year and dominates this
market. The U.S. Department of Energy re-
vealed that in the long term, amorphous cores
are likely to predominate in the transformer
market because of their higher efficiency (76).
Asia, for example, has widely adopted amorphous
core distribution transformers for the reduction
of electrical grid losses. By the end of 2010, the
total capacity of these transformers had reached
70 million kVA in China and 35 million kVA in
India (77). Meanwhile, the worldwide production
rate of nanocrystalline materials has exceeded
1 million kg per year and continues to increase
(53). Researchers are also continually working
to improve the performance of both amorphous
and nanocrystalline alloys, seeking to boostMs in
particular (78).

Silveyra et al., Science 362, eaao0195 (2018) 26 October 2018 6 of 9

Fig. 7. Ribbon of amorphous soft magnetic
alloy. Thin (5 to 50 mm) ribbons of amorphous
alloys are produced by planar flow casting.

Fig. 8. Random anisotropy model for nano-
crystalline materials. Double arrows indicate
the randomly oriented anisotropy (K1 is the first-
order anisotropy constant) within the structural
correlation length (grain size, D). The long arrow
indicates the orientation of the magnetization
(m) within the magnetic correlation length (L).
[Reproduced from (53)]
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Soft magnetic composites
During the past three decades, most of the effort
in magnetic composites has focused on the de-
velopment of powder cores, also known as SMCs.
SMCs have been constructed ofmicrometer-scale
particles (most often Fe but sometimes alloys
such as MPP, Fe-P, Fe-Si, or Fe-Co), although
only very recently have magnetic composite
researchers begun taking advantage of nano-
particles. To date, there are no commercially
available soft magnetic cores made up of nano-
particles. However, the previous work in SMCs
has paved the way for the introduction of
nanoparticle-based magnetic composites.
The advantages of composite magnetic cores

generally take the form of reduced energy losses
during magnetic cycling, which can be strongly
affected by composite structure (36). By embed-
ding the conductive magnetic particles in an
insulating matrix, composites increase r (10−3

to 10−1 microohm·m) and reduce eddy current
losses (79), although magnetic hysteresis losses
systematically increase (80). This increase in
Hc is caused by the retention of mechanical
stresses in bothmechanically milled and chem-
ically synthesized particles (36). Although a high-
temperature anneal could relieve many of these
stresses, it would lead to decomposition of the
organic binder. This is one areawhere transition-
ing to nanometer-sized particles could benefit
composites, as it is much easier to anneal away
defects and stresses in nanoparticles (81).
Magnetic composites also yield an opportunity

to tune the mr and, in turn, the saturation be-
havior of the material. In almost all cases, sat-
uration of the magnetic core during operation is
highly undesirable. Traditional designs avoid
saturation by limiting the applied current, re-
ducing the number of windings, increasing the
core size, or introducing an air gap in the mag-
netic core to reduce mr. Similar to gapped cores,
spacings of nonmagnetic material in the direc-
tion of magnetization can be considered a dis-
tributed air gap. A distributed gap avoids the

magnetic flux leakage that occurs in a core with a
discrete air gap. The gaps in a composite ma-
terial are exceedingly small because of their large
number, and so only a negligible magnetic flux
extends beyond the core. A composite (micro-
meter or nanoscale)magnetic core can be viewed
as a distributed air gap inductor with 10 to 108

air gaps/cm, depending on the dimensions of
the magnetic particulate. In addition to increas-
ing the saturation field, a distributed air gap
promotes soft saturation. This condition leads
to a slow decrease in mr as saturation is ap-
proached, making for a less precipitous and dis-
ruptive saturation.
Some additional advantages of composite

magnetic materials come from added flexibility
in manufacturing. Composite materials can be
formed with the application of relatively mild
forces and low temperatures. For example, an
iron powder SMC core is typically made with
mild compaction and moderate heating: gen-
erally less than 200°C for organic matrices (82)
and around 500°C for inorganic matrices (79).
This processing is also amenable to net-shaping,
allowing for complex shapes to be produced
directly during the compaction stage and with-
out the need for additional machining. Compo-
sites also suppress eddy currents isotropically in
all directions, leading to additional freedom in
the design of systems (36).
There is an opportunity to further increase the

performance of magnetic composites by transi-
tioning to nanoparticle-basedmagnetic materials.
However, at this point, there have been very few
published reports in this area. Transitioning from
micro- to nanoscale particles can leverage decades
of continuous study of isolated magnetic nano-
particles (83). Figure 10 illustrates some of the
differences between composites fabricated using
micrometer-sized particles and nanoparticles. In
some respects, nanocomposites are a continua-
tion of trends noted for larger-scale materials.
For example, through the reduction of particle
size, eddy current losses can be reduced to the

point of being negligible. However, the reduc-
tion of particle size also introduces new physics.
Hysteresis losses have a complex relation to

particle size. At bulk sizes, soft magnetic ma-
terials have modest hysteretic losses, but as their
size decreases, the stresses and surface defects
present in micrometer-scale materials enhance
the hysteresis. Further decreases in scale that
approach the characteristic magnetic domain
size of a magnetic material lead to a maximum
in hysteresis (84). Single-domain particles do
not reverse their magnetization by domain wall
motion but rather through rotation of the mag-
netic moments within each particle. The energy
required for this rotation in the largest single-
domain particles is very high. However, this
energy decreases linearly with the number of
electron spins and, therefore, as r3 (where r is the
particle radius). When the nanoparticles reach a
critical size, generally in the tens of nanometers,
the thermal energy present in a system provides
enough energy to freely reorient the magnetiza-
tion direction of the particle (85). The temperature
above which this is true is the superparamagnetic
blocking temperature (TB). These particles no
longer exhibit magnetic hysteresis and are re-
ferred to as superparamagnetic, as the equations
that govern paramagnetism can also be applied,
albeit with a much larger number of electron
spins (86). The elimination of Hc is coupled with
the ability to achieve very high values of mr.
The weakness of superparamagnetic nano-

composites is the appreciable volume that must
be dedicated to the nonmagneticmatrix isolating
the individual nanoparticles. If magnetic nano-
particles come into close contact, the particles
can magnetically couple and form ferromagnetic
domains, leading to domain walls and magnetic
hysteresis. Although SMCs withmicrometer-sized
particles can have very high volumetric loading
of magnetic material, it is hard to conceive of a
superparamagnetic nanocomposite with much
higher than 50% magnetic material.
Although the details of optimization will be

complex, by controlling nanoparticle size and
spacing, a superparamagnetic nanocomposite
can be optimized for use at a specific temperature
and frequency. The result would be a material
of extremely low loss, with a magnetization that,
although lower than that of othermagnetic com-
posites, is optimum for a nanocomposite. Be-
cause of the complexity of this approach, optimized
systems have not been reported to date, though
some experiments are beginning to approach this
level of control (87), and at least one optimization
system has been proposed (88).

Outlook

Soft magnetic materials have been advancing
since the days of Faraday, although more in a
series of bursts as opposed to a steady progres-
sion. The introduction of WBG semiconductors
and new power electronics leveraging them has
presented the magnetic materials community
with a daunting challenge. WBG devices are also
finding their way into faster controllers for elec-
tric machines, setting the stage for high rotational
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Fig. 9. Motor stator power loss. Distribution of power loss (P) in a motor stator fabricated
using silicon steel (left) and Co-rich amorphous alloy (right). The motor speed was 18,000 rpm
(f = 2.1 kHz). [Reproduced from (68)]
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speeds and increased efficiency if the devel-
opment of advanced, high-performance soft
magnets can keep up. Many in the research
community are now awakening to the need to
push research in soft magnetic materials onward
with greater urgency.
There are promising magnetic materials that

can work at the higher frequencies required in
modern power electronics and electrical machines
that have been covered in this Review. As men-
tioned earlier, our coverage was not exhaustive
but intended to highlight the most-promising
materials for a majority of the high-frequency
applications. There is no single soft magnetic
material that can satisfy the needs of all power
electronic and electrical machine applications.
Instead, designerswill need to choose judiciously
from the available materials, with cost being
weighed alongside performance metrics.
Despite being relatively old, soft ferrites con-

tinue to be an excellent choice in applications
where high power densities are not required. As
insulators, they are one of the best materials for
mitigating losses, and they are extremely afford-
able. Even though ferrites have been around
since the 1940s, there are still opportunities for
improvement through grain-boundary engineer-
ing and new processing approaches. Today, amor-
phous and nanocrystalline alloys are the current
state-of-the-art materials. Their distinctive nano-
structure coupled with extremely thin lamina-
tions keep losses very low while still preserving
respectable values ofMs. Additionally, researchers
are continuing to steadily improve the Ms of
nanocrystalline and amorphous alloys even fur-
ther. However, the specialized processing re-
quired to produce tapes of these materials keeps
their cost high. The thin, brittle laminations can
also make fabrication of parts challenging.
Technical issues are not the only barrier lim-

iting the adoption of amorphous and nanocrystal-
line materials to high-end niche applications.
Many large and costly electrical machines and
transformers still have a long remaining lifetime.
Higher up-front costs raise the ratio of capital
expenditures to operating expenses, and status
quo bias and lack of information affect decision-
making. SMCs are proving useful as a relatively
low-cost material in rotating electrical machines,
due to their isotropic nature. There is hope for
much higher performance SMCs, making eddy
current and hysteresis losses negligible, by transi-
tioning from micrometer- to nanometer-sized

particles. Nanocomposites could also open the
door for three-dimensional printing and micro-
fabrication of inductive components, but work
on magnetic nanocomposites is only in its initial
stages.
The development of entirely new materials

and composites is certainly a possibility, and some
activity is already occurring in the scientific com-
munity (89). To lessen barriers to magnetization
reversal, it will be necessary to improve control
over the nanostructure of both existing and
emerging materials. Nanostructure optimiza-
tion and grain-boundary engineering can also
further mitigate eddy current losses. Optimiza-
tion of the structure within magnetic materials
will require increased use of advanced charac-
terization tools. These methodologies will in-
clude techniques applied to almost all materials,
such as electron microscopy and x-ray (includ-
ing synchrotron-based) characterization. Tech-
niques specific to imaging magnetic domain
structure—such as Lorentz microscopy (90),
electron holography (91), magnetic forcemicros-
copy (92), x-ray magnetic circular dichroism
spectroscopy (93), and imaging based onMOKE
(94, 95)—will be particularly helpful. It is now
up to the community of materials scientists,
physicists, chemists, and others to apply these
techniques and our knowledge of magnetic ma-
terials to meet the demands of the next genera-
tion of power electronics and electricalmachines.
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Fig. 10. Magnetic composites. (A) Micrometer-
scale composites are highly compressed to
yield a dense material, typically with irregularly
shaped particles. Increasing the particle effective
diameter (D) tends to increase Ms and c while
also increasing eddy current losses. As the
thickness (T) of the dielectric layer increases,
eddy current losses tend to decrease, as do Ms and c. (B) Nanocomposites tend to retain their
initial particle shapes and have few defects or residual stress. The interplay between particle
diameter (D), spacing (T), Ms, and c is more complex than in micrometer-scale composites
(see discussion in text) but offers the opportunity for more precise tuning of magnetic response.
Eddy current losses can become negligible in a well-designed nanocomposite because of the
small size of the electrically isolated particles.
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alloys, and powder cores or soft magnetic composites.
performance in high-frequency operation. Materials being explored include soft ferrites, amorphous and nanocrystalline 

 review the development of current soft magnetic materials and opportunities for improving theiret al.Silveyra 
frequencies.motor controllers to operate more efficiently, but soft magnets must be developed that can respond at higher 

used. In electronics, wide bandgap semiconductors such as silicon carbide will allow power conversion electronics and
in transformers and motors, soft magnets that can rapidly switch their magnetization in response to a magnetic field are 

The most familiar magnets are permanent magnets like the ones on a refrigerator door. However, for applications
Faster switching for soft magnets
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