
Iron filings dropped on a sheet of paper and 
given a good shake move about haphazardly 
without settling into any particular arrange
ment. If this process is repeated with a bar 
magnet placed underneath the paper, the 
filings arrange themselves into elliptical 
patterns, revealing the otherwise invisible 
magnetic lines of force. The filings behave 
in this way because iron is a ‘soft’ magnetic 
material: it is easily magnetized when a weak 
magnetic field is applied, and easily demag
netized when the field is removed or reversed 
slightly1,2.

Soft magnetic materials are used in a range 
of everyday applications, including transform
ers, generators and motors3. A key property 
of these materials is coercivity, which quanti
fies the strength of the reverse magnetic field 
needed for complete demagnetization — the 
coercivity must be low to reduce energy loss 
in applications4. For certain applications, 
soft magnetic materials must also be strong, 
malleable and tough. However, mechani
cal and soft magnetic properties are often 
inversely correlated5, so that a compromise 
must be reached between low coercivity 
and high mechanical strength. On page 310, 
Han  et  al.6 report a remarkable alloy that 
avoids this compromise.

Strength is the ability of a material to resist 
permanent deformation, which in crystalline 
metals occurs by the motion of defects called 
dislocations. Obstacles that ‘pin’ dislocations 
by impeding their motion therefore enhance 
strength. Among the most effective of obsta
cles are precipitates — particles of a new 
phase that form within the solid solution (the 
matrix) of an alloy when the solubility limit 
of some of the constituent elements of the 
matrix is exceeded. Precipitates that are hard, 
closely spaced and occupy a large fraction of 
the alloy’s volume are especially good at pin
ning7. Unfortunately, precipitates also tend 
to pin the walls between magnetic domains8 
— regions in which the magnetic moments 
of neighbouring atoms have a preferred 
alignment, which causes the magnetization 

within a domain to be uniform in magnitude 
and direction.

Soft magnetic materials contain many 
magnetic domains. When a material is in 
the demagnetized state, the alignment of 
the magnetic moments varies from one 
domain to the next. But, on magnetiza
tion, the magnetic moments of all domains 
align along the externally applied magnetic 
field. This occurs mainly through the 
movement of domain walls, which allows 
favourably oriented domains to grow and 
unfavourably oriented ones to shrink.

If strengthenhancing precipitates interfere 
with domainwall motion, then high applied 
fields are needed to reach the maximum possi
ble (saturation) magnetization of the material, 
and high reverse fields are needed to demag
netize it completely. This results in energy 

losses during magnetization–demagnetization 
cycles owing to hysteresis — a phenomenon 
in which the variation of the magnetization of 
the material with respect to the applied field 
strength differs during magnetization and 
demagnetization.

Han et al. now show that it is possible to 
decouple the opposing effects of precipi
tates in a multicomponent alloy so that the 
benefits for strength do not come at the 
expense of coercivity. The alloy’s matrix 
has a cubic lattice containing mostly iron, 
cobalt and nickel atoms, with small amounts 
of aluminium and tantalum. By heating this 
material to 1,173 kelvin, the authors produced 
precipitates that have a different lattice struc
ture to the matrix and that occupy 55% of the 
total volume of the alloy. The precipitates are 
enriched in nickel, tantalum and aluminium 
compared with the matrix, but are depleted 
in iron and cobalt, which makes them para
magnetic — they do not support a magnetic 
state. By varying the heating time, the authors 
altered the size of the precipitated particles 
from small (24  nanometres), to medium 
(91 nm) and large (255 nm). The mediumsized 
precipitates produce the best combination of 
high strength, high ductility (and therefore 
toughness) and low coercivity.

The authors’ alloy is tougher than many 
other reported multicomponent alloys. 
Further more, its coercivity is comparable to 
those of the most widely used silicon steels 
(which are specifically processed to have low 
coercivities), and it is significantly tougher 
than many other soft magnetic materials 
(Fig. 1). It also has a higher electrical resistivity 
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Soft magnetic materials can be magnetized and demagnetized 
by weak magnetic fields, but lack the strength, toughness and 
malleability needed for many applications. An alloy that solves 
this problem has now been developed. See p.310

Figure 1 | Comparison of the properties of soft magnetic materials (SMMs). Materials that can be 
magnetized and demagnetized by weak magnetic fields are said to exhibit soft magnetism. Coercivity 
quantifies the strength of the reverse magnetic field needed to completely demagnetize an SMM. Certain 
applications require tough SMMs that have low coercivity, but such materials have been lacking. Han et al.6 
report an alloy that has comparable coercivity to that of other types of lowcoercivity SMM, but is much 
tougher. Here, the metric of toughness (reported in units of gigapascal%) is the product of two other 
material properties: roomtemperature ultimate tensile strength (σUTS) and elongation at fracture (εf); 
coercivity is shown in units of kiloamperes per metre. The SMM types are: iron (Fe); amorphous alloys based 
on cobalt or iron (am Cobased and am Febased, respectively); crystalline alloys containing pairs of the 
elements iron, cobalt, nickel (Ni) and silicon (Si); and multicomponent alloys, which contain combinations 
of three or more elements. (Adapted from Fig. 4a of ref. 6.)
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than commercially available soft magnetic 
materials. This is desirable because it lowers 
the electrical ‘eddy’ currents that form in 
conductors placed in a changing magnetic 
field (as in transformer cores, for instance), 
and that are the dominant cause of energy 
losses when the field switches back and forth 
at high frequencies3.

Crystalline materials are composed of 
grains, and the coercivity of crystalline soft 
magnetic materials decreases with the sixth 
power of the grain size, for grains smaller than 
about 0.5 micrometres (ref. 4). Therefore, 
the usual way to achieve low coercivity is to 
use nanocrystalline materials that have tiny 
grain sizes (less than 15 nm) or amorphous 
materials — which can be thought of as 
having even smaller ‘grain sizes’ of approxi
mately atomic distances, because they lack 
the longrange order of crystalline materials 
and possess only shortrange order. However, 
nano crystalline and amorphous materials are 
brittle and difficult to shape because of their 
poor malleability.

Han et al. took a contrarian approach. 
They started from a soft matrix alloy that has 
a coarse grain size of 85 µm, to ensure that 
coercivity is influenced by features within the 
grains, rather than by the grain boundaries. 
They then formed precipitates to strengthen 
the alloy. To reduce the problem of precipitates 
pinning the domain walls, the authors carefully 
controlled the chemistry and microstructure 
of their material, and adjusted the size of the 
precipitates to be smaller than the nanoscale 
domainwall thickness. For the same purpose, 
they also optimized the ratio of surface area 
to volume for the precipitates, and the strain 
caused by mismatch of the crystal lattices of 
the precipitates and the matrix. They were 
thus able to achieve low coercivity and high 
toughness, a previously elusive combination.

An important reason for Han and 
coworkers’ success is that the many con
stituent elements in multicomponent alloys 
allow different, often conflicting, properties 
to be optimized individually — which is diffi
cult, if not impossible, in alloys consisting of 
just one or two principal elements9. One can 
therefore envisage that alloys with even better 
mechanical and soft magnetic properties than 
those of the currently reported material will 
be developed, guided by Han and colleagues’ 
approach.

For example, applications such as high
speed rotors might require much higher 
strengths to prevent permanent deforma
tion occurring under high centrifugal forces. 
Applications that operate at elevated temper
atures will require materials that have a high 
Curie point (the temperature above which the 
material becomes paramagnetic). And still 
other applications will require much stiffer 
materials, to limit reversible (elastic) defor
mations of interacting moving parts that are 

tightly constrained. A drawback of the current 
alloy is that its saturation magnetization is 
lower than those of the best available soft 
magnetic materials, so changes in alloy com
position will be needed for applications that 
require such high magnetizations. Finally, 3D 
printing of soft magnetic materials10,11 offers 
opportunities for local tailoring of the compo
sition and microstructure of multicomponent 
alloys, as well as for optimizing the topology 
of components made from soft magnetic 
materials.

Overall, I am optimistic that Han and 
coworkers’ findings will lead to further 
improvements in the properties of soft mag
netic materials. Such enhancements could 
support efforts to miniaturize and improve 
the efficiency of electrical machines and 
electronic devices. This, in turn, could help 
society to achieve its goals for the sustainable 
development of new technology.
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Ketamine is increasingly being used as a 
fastacting antidepressant in research and in 
certain clinical settings1. But there are con
cerns around its therapeutic use, because it is 
classified as having low to moderate potential 
for physical or psychological dependence2. 
Substances are considered addictive if they 
lead to compulsive use despite negative 
con sequences. On page 368, Simmler et al.3 
investigate whether ketamine causes the 
behavioural and neuronal changes typically 
seen with highly addictive substances. They 
report that ketamine fails to establish key 
addictionlike behaviours in mice, and does 
not produce changes in the brain’s reward 
system that are linked to drug craving. 

The authors began by comparing the behav
ioural effects of ketamine with those of a highly 
addictive substance, cocaine. Mice voluntarily 
took similar amounts of ketamine and cocaine, 
suggesting that ketamine is both rewarding and 
reinforcing (the latter meaning that a positive 
response to taking it once increases the incli
nation to take it again4). 

These processes are controlled by the neuro
transmitter dopamine, which is produced 

in the brain’s ventral tegmental area (VTA) 
— a region involved in reward processing5. 
During rewarding experiences, dopamine is 
released from the VTA and activates another 
brain region involved in reward, the nucleus 
accumbens (NAc)5. Simmler et al. therefore 
examined how ketamine alters dopamine 
levels in the NAc. They found that, although 
both ketamine and cocaine enhanced the 
release of dopamine from the VTA into the 
NAc, the rise in dopamine persisted for 
longer following cocaine exposure than with 
ketamine. The authors hypothesized that the 
mechanisms that drive these divergent dopa
mine responses might mean that ketamine has 
a reduced potential to be addictive.

To understand why ketamine causes a short 
burst of dopamine in the NAc, the research
ers examined ketamine’s effects on the VTA 
by implanting sensors in this region in mice, 
to measure changes in neuronal activity. They 
found that ketamine, but not cocaine, reduced 
the activity of neurons that release the inhib
itory neurotransmitter GABA in the VTA. 
Because these ‘GABAergic’ neurons inhibit 
the VTA neurons that release dopamine, the 
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An analysis of ketamine and cocaine use in mice reveals that 
the drugs trigger release of the neurotransmitter dopamine 
through different mechanisms, and indicates that the risk of 
addiction to ketamine is low. See p.368 

Nature | Vol 608 | 11 August 2022 | 271

©
 
2022

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved. ©

 
2022

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved.




