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Iron-based rare-earth permanent magnets are in high demand due to a large number of their ap-
plications, including electric cars and cell phones. Alternatives to rare-earth permanent magnets are
discussed. Hard ferrites appear to be the simplest option for the replacement of rare-earth magnets due
to their easy processing and low cost. The possibilities of replacing NdPrFeB magnets are discussed on
the basis of the Bethe�Slater curve. Instead of developing alternatives to rare-earth magnets, research
should focus on cheap production of Nd and Pr.
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1. Introduction

Rare-earth permanent magnets are essential in
many applications, for example, motors of electric
cars [1], which may use 1�2 kg of NdFeB-type mag-
nets per vehicle. These magnets are described by the
stoichiometric formula RE2Fe14B, where RE (rare-
earth) element is neodymium or praseodymium,
and terbium or dysprosium can be added to increase
the operation temperature. NdFeB magnets are also
extensively used in loudspeakers of cell phones and
in hard-disk motors [2]. The large number of appli-
cations has led to a large increase in demand, which
has driven up the price of rare-earth elements Nd,
Pr, Dy, and Tb.
Reports by the U.S. government [3] and the Euro-

pean Union [4, 5] indicate that electric vehicles and
o�-shore wind turbines can signi�cantly increase the
demand for rare-earth permanent magnets in the
forthcoming years.
The present study discusses possible alternatives

to rare-earth magnets of the REFeB family. Possi-
ble ferromagnetic compounds are discussed on the
basis of the Bethe�Slater curve. From this analy-
sis, RE�Fe alloys with nitrogen or Mn-based alloys
with aluminum or bismuth appear to be good can-
didates. However, phase instability problems pre-
clude large-scale commercial utilization of SmFeN
or MnAl compounds.
SmCo-based magnets use cobalt, which is in high

demand due to a large number of applications, such
as batteries in electric cars. Therefore, cobalt-based
magnets are not an option for replacement of NdFeB
magnets due to the high price of cobalt.

The most clear alternatives for NdFeB are bar-
ium and strontium ferrite magnets, which have
the formula BaFe12O19 or SrFe12O19. These mag-
nets are oxides and have very simple processing.
Whereas ferrite magnets are in the range of 3�7
US$/kg [6, 7], NdFeB magnets are at 50 US$/kg or
more. Thus, although the maximum energy product
of ferrite magnets is 10% of NdFeB, ferrite mag-
nets are an option when there is no volume limi-
tation. As ferrites are oxides, they have low resis-
tivity and can be an interesting option in rotating
machines.
Ores containing Pr and Nd, for example, mon-

azite, are very abundant around the world. Thus,
Nd and Pr can become cheap thanks to better tech-
nologies for concentrating rare-earth elements from
ore, as well as improving rare-earth oxide separation
methods [8, 9] for magnet manufacture.

2. Rare-earth elements

Rare-earth elements are not particularly rare, but
they were �rst identi�ed in an ore from Ytterby
(Sweden) [10], which was considered rare at that
time. Earth was the name given to the calcinated
residues in the late XVIII century. Rare-earth el-
ements are not very common in Europe, but as
a phosphate monazite REPO4, they are found in
many parts of the world [11], for example, on the
shores of Brazil and the United States [12] as mon-
azite sand. Some rare-earth minerals, such as mon-
azite and xenotime, have also a signi�cant amount
of thorium and uranium. Uranium has applications
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TABLE I

Rare-earth proportion in some possible mining sites in Brazil compared with the Mountain Pass Mine in California,
USA.

CBMM Araxa

(Minas Gerais)

monazite

Morro do Ferro

Poços de Caldas

(Minas Gerais)

monazite

Serra Verde

(Goiás)

ionic clay

Pitinga

(Amazonas)

xenotime

Caldeira

Poços de Caldas

(Minas Gerais)

ionic clay

Mountain Pass

(California, USA)

bastnaesite

La2O3 30.6 26.6 32.1 0.5 46.8 33.79

CeO2 44.1 48.7 4.2 5.0 18.3 49.59

Pr6O11 4.6 5.0 5.9 0.7 6.5 4.12

Nd2O3 15.3 13.7 19.3 2.2 17.9 11.16

Sm2O3 1.58 1.5 3.3 1.9 2.0 0.85

Eu2O3 0.38 0.4 0.2 0.2 0.5 0.105

Gd2O3 1.28 0.9 3.2 4.0 1.4 0.21

Tb4O7 0.12 0.1 0.5 1.0 0.2 0.016

Dy2O3 0.42 0.5 3.2 8.7 0.8 0.034

Ho2O3 0.06 0.1 0.7 2.1 0.1 0.004

Er2O3 0.15 0.2 2.0 5.4 0.3 0.006

Tm2O3 0.01 � 0.3 0.9 0 0.002

Yb2O3 0.06 0.2 1.8 6.2 0.3 0.002

Lu2O3 0.01 0.02 0.3 0.4 0 < 0.01

Y2O3 1.29 2.0 23.0 60.8 4.7 < 0.13

Fig. 1. Abundance of elements in the crust of
Earth. In the red box � a lanthanide series. Ele-
ments with odd atomic numbers are less abundant,
which con�rms the Oddo�Harkinks rule.

in nuclear plants, but thorium has virtually no ap-
plications, and thorium disposal is usually a signif-
icant and expensive problem.

Figure 1 was constructed from data provided by
Lide [13]. Light rare earths (Ce, La, Pr, and Nd)
are abundant, but heavy rare-earth elements such
as Tb, Ho, and Eu are scarce. This is re�ected in the
ores, as can be seen in Table I. The data in Table I
was presented in a previous study [14], and now it
is updated with data from the Caldeira project in
Poços de Caldas (Minas Gerais, Brazil) [15]. For
comparison, data from the Mountain Pass mine
near Las Vegas in the United States [16] is also in-
cluded. After the bankruptcy of the Mountain Pass
mine in 2015 [17], many rare-earth mining projects

TABLE II

Polarization of saturation, anisotropy �eld, and Curie
temperature of 2:14:1 compounds.

Js [T] µ0HA [T] TC [◦C]
Ratio

µ0HA/Js

Y 1.41 2.0 298 1.4

Ce 1.17 2.6 150 2.2

Pr 1.56 8.7 296 5.6

Nd 1.6 7.7 312 4.8

Gd 0.89 2.5 387 2.8

Tb 0.70 22 347 31.4

Dy 0.71 15 325 21,1

Ho 0.81 7.5 300 9.3

in Brazil were either postponed or canceled. Many
projects have been announced in Brazil recently,
i.e., in 2023, aiming at the extraction of rare-earth
elements from the ionics clays. Deposits containing
ionic clays have gained much attention recently [18],
and one of the reasons is the larger amount of heavy
rare-earth elements, as can be seen in Table I. In
contrast, the Mountain Pass bastnaesite mine has
only traces of dysprosium and terbium (see Table I).
It can also be observed in Table I that most of the
ores contain Pr and Nd in an approximate propor-
tion of 1:3, con�rming the Oddo�Harkins rule [19].
Nd and Pr are not usually separated in the pro-
duction of a magnet, and this alloy is commercially
available under the name didymium. The separation
of neodymium and praseodymium is a very di�cult
task due to the chemical similarities between these
elements [20�24].
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Fig. 2. Chain e�ect. Reversal of magnetization in a given grain provokes a chain or cascade e�ect, with the
inversion of the magnetization in the neighbor grains. A high ratio µ0HA/Js avoids the chain e�ect.

TABLE III

Chemical composition of some magnets found in mo-
tors of electric vehicles, according to S. Munro [35].

Tesla Model 3

magnet

�standard automotive

magnet�

Dy 1.19 3.47

Nd 23.01 19.90

Pr 7.70 6.67

Sm 1.42 0.86

Fe 57.38 62.51

Co 1.72 1.79

Cu 2.11 1.10

Al 0.96 1.37

O 4.50 2.33

Table II was compiled on the basis of several
sources [25�30]. The three most relevant intrinsic
properties are TC � Curie temperature, Js � po-
larization of saturation, HA � anisotropy �eld, and
Ms � magnetization of saturation. Dy, Ho, and
Gd are commercially available as ferroalloys, and
the only explanation for this is that they are used
as alloying elements in NdPrFeB magnets. Alloy-
ing iron reduces the melting temperature, making
it easier to obtain Fe�Dy, Fe�Gd, and Fe�Ho rather
than the pure metals Dy, Ho, and Gd. Dysprosium
and terbium are essential for increasing the oper-
ation temperature in NdPrFeB magnets. Holmium
is a cheap alternative to dysprosium. Gd increases
the Curie temperature, as can be seen in Table II,
but it signi�cantly reduces the anisotropy �eld, and
thus, the Gd addition is used in the cheaper grades.
The addition of cerium has some signi�cant prob-
lems as it reduces both TC and HA, i.e., Ce reduces
the operation temperature and coercivity. Also, be-
cause Ce has a lower magnetization of saturation,
it �dilutes� the magnetic moment, and this im-
plies a larger volume of the magnet. In conclusion,
cerium-based magnets cannot compete with barium
or strontium magnets because they would be very
expensive given the similar properties of ferrites at
room temperature.

TABLE IV

Magnet mass per motor of electric vehicle.

Vehicle Magnet mass [kg]

Honda Accord M 0.755

Honda Accord G 1.24

Nissan Leaf 1.895

Toyota Prius 2010 0.768

Toyota Prius 2004 1.232

Lexus LS 600h 1.349

Toyota Camry 0.928

Toyota Prius 2017 0.544

BMW i3 2016 2

Tesla Model 3 1.783

Jaguar I-PACE 1.85

Volkswagen ID.3 2.5

Chevrolet Volt 1.57

The non-written rule is that the anisotropy �eld
should be well above saturation to avoid a chain ef-
fect. For example, the ratio µ0HA/Js for Nd2Fe14B
is 4.8 (see Table II). It is very di�cult to �nd
phases with such high ratios. One of them are the
BaFe12O19 ferrites, with HA = 16 kOe [31] and
Ms = 4.8 kG [32], where such ratio is 3.3 and also
TC = 450◦C. In addition to the chain e�ect [33]
exempli�ed in Fig. 2, grain size is another very rel-
evant variable. The grain should be the size of a
single domain. Thus, melt-spinning is a common
practice used for hard magnetic materials to ob-
tain nanocrystalline magnets. Another possibility is
shape anisotropy [34], which allows the use of even
very soft phases as hard magnetic materials.
Munro [35] mentioned the chemical composition

of magnets used in electric vehicles. It is observed
in Table III that such a magnet has a 1:3 Pr/Nd
proportion and contains some dysprosium (and not
Ho, Gd, or Ce). Table IV is an update of the ta-
ble of a previously presented study [36]. Table IV
shows that the electric vehicle industry has a clear
preference for motors with magnets in the rotor.
This saves energy and increases motor e�ciency,
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resulting in increased autonomy of the electric car.
However, high-e�ciency motors without magnets
are possible, as in the old Tesla Model S and
Audi e-tron [37]. General Motors Company (GM)
tried a motor with ferrite in the 2015 Chevro-
let Volt [38], but gave preference for NdFeB-type
in later versions†1. Motors with ferrite-based ro-
tors are less e�cient than those with NdFeB-based
rotors [39, 40].
In many designs, the magnets are inserted in the

rotor following a �double V� topology [41], which
allows for a reduction of the cogging torque [42], a
typical problem at low speeds. Tesla made a signi�-
cant innovation with the carbon-wrapped rotor [43],
enabling the elimination of the radial and tangen-
tial iron ribs of the rotor, thus avoiding problems of
magnetic �ux leakage [44, 45]. These high-e�ciency
designs in general request NdFeB-type magnets, us-
ing 0.5�2.5 kg of magnets per motor, as can be seen
in Table IV.
Also, wind turbines request NdFeB-type mag-

nets, especially for giant o�-shore turbines [46, 47].
Thus, the question is about the possibility of replac-
ing rare-earth magnets with other types of magnets.
Although some elements are truly scarce, such as
terbium and dysprosium, light rare-earth elements
such as Nd and Pr are very common, and monazite,
for example, is a very common ore, found in almost
the entire world. Thus, research should be directed
towards cheaper production methods for Nd and
Pr, as well as avoiding Tb and Dy, and this can be
obtained with better designs that allow lower oper-
ation temperatures.

3. Alternatives for rare-earth

permanent magnets

Before discussing possible phases, it is worth
adding that a relevant hint can be given by the
Stoner�Wohlfarth (SW) model [48]. The energy E
is here

E = −HMs cos(θ−α) +K1 sin
2(θ), (1)

where K1 is the magnetocrystalline anisotropy. The
angle between the external �eld H and the crystal
easy axis is α. The angle between Ms and the easy
axis is θ. By making dE/dθ = 0 and d2E/dθ2 = 0,
the critical �eld hc for irreversible rotation is ob-
tained as

hc =
(1− t2 + t4)1/2

1 + t2
, (2)

and it is a function of t, where t relates to α by [49]

t = (tan(α))1/3. (3)

�1Chevrolet gave similar names for di�erent vehicles;
Chevrolet Volt is a hybrid, whereas Bolt is a full battery
car.

Fig. 3. Reduced �eld hc as a function of angle α.
According to the Stoner�Wohlfarth (SW) model,
there are regions of reversible and irreversible rota-
tion. For −0.5 ≤ hc ≤ 0.5, there is always reversible
rotation.

TABLE V

Polarization of saturation and anisotropy �eld for
hard ferrites, Mn-based compounds, and nitrogen-
related compounds.

Reference Js [T] µ0HA [T]
Ratio

µ0HA/Js

MnAl [50] 0.62 4.0 6.4

MnBi [50] 0.78 3.7 4.7

BaFe12O19 [50, 51] 0.48 1.6 3.4

SrFe12O19 [50, 51] 0.46 1.95 4.3

α′′-Fe16N2 [52] 2.68 1.7 0.6

Sm2Fe17N3 [53] 1.54 14 9.1

According to Fig. 3, a useful criterion is that
the suitable phases for permanent magnets should
ful�ll µ0HA/Js > 2 to avoid the chain e�ect.
This limits considerably the possible candidate
phases.
Table V was constructed mainly based on

data from Luborsky [50], and the anisotropy val-
ues for Ba and Sr ferrites were recently deter-
mined [51] to be very close to the values reported by
Luborsky [50]. Also, data for nitrogen compounds
α′′-Fe16N2 [52] and Sm2Fe17N3 [53] are also in-
cluded in Table V. It is observed in Table V that
the manganese compounds MnAl and MnBi are ap-
pearing as possibilities for replacing hard ferrites.
Thus, among other possible candidates to replace
NdFeB and ferrites, the main other families are [54]
Fe16N2, MnAl and MnBi, and Sm2Fe17Nx mag-
nets, because a high anisotropy �eld is an essen-
tial condition. Again, it is worth recalling the cri-
terion µ0HA/Js > 2, and this criterion is satis�ed
by Sm2Fe17Nx, MnBi, and MnAl. The permanent
magnet market in 2022 [55] shown in Table VI, in
addition to ferrites and NdFeB, only mentions Al-
nico and SmCo.
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Fig. 4. The Bethe�Slater curve. Scheme based on
Hosford [58].

TABLE VI

Percentage of the 23 US$ billion world permanent
magnet market in 2022 [55].

Type of magnet % of the market

sintered NdFeB 58%

bonded NdFeB 6%

sintered ferrite 26%

�exible ferrite 4%

injection molded ferrite 3%

SmCo 1%

Alnico 1%

others 1%

According to data in Table VI, only NdFeB and
ferrites are disputing the market. The reason is sim-
ple, namely ferrite is very cheap, and other ma-
terials can not compete in terms of cost. Alnico
has some niche applications, essentially sensors, and
SmCo 2:17 has some high-temperature applications.
SmCo5 has been almost completely replaced by
SmCo 2:17, i.e., SmCoFeCuZr. The �uctuation of
cobalt price also precludes a larger usage of Co-
based magnets such as SmCo 2:17, SmCo5, and Al-
nico. In SmCo5 magnets, 2/3 of the weight is cobalt.
As can be seen in Table VI, Alnico is the only com-
mercial magnet with a coercivity mechanism due to
shape anisotropy [56, 57].
Figure 4 is based on the Hosford version [58] of

the Bethe�Slater curve. It is semi-empirical, but it is
still used for the interpretation of experimental re-
sults [59]. The Bethe�Slater curve is considered to
be able to explain why stainless steels are not fer-
romagnetic. For example, the interatomic distance
in FCC iron is smaller: for BCC iron � PF = 0.68,
for FCC iron � PF = 0.74, where PF = packing
factor. It follows that stainless steel 304 with 18%
Cr and 8% Ni is not ferromagnetic.
Essentially, it is suggested in Fig. 4 that in-

creasing the separation between Fe atoms and be-
tween Mn atoms can make them ferromagnetic. In

manganese-based alloys, this is achieved by alloy-
ing Mn with large atoms: Bi, Al, and Ga. For iron-
based alloys, this is achieved by using interstitial
elements, such as boron or nitrogen. Thus, all sug-
gestions by the Bether-Slater curve were already ex-
ploited experimentally. Heusler alloys are ferromag-
netic, but their alloying elements were diamagnetic
or paramagnetic, as can be seen in the classi-
cal Cu2MnAl composition [60]. The Bether�Slater
curve also suggests rare-earth compounds, as can be
noted from the presence of gadolinium in Fig. 4.
However, to be permanent magnet, the candi-

date phase needs to have high magnetocrystalline
anisotropy in addition to ferromagnetism itself.
Besides, the phase diagram is decisive, and so
metastable phases are usually not suitable for com-
mercial application due to lack of reproducibility.
The commercial production of Mn-based alloys

has several problems: corrosion [61], metastable
phases [62], and di�cult processing. In 1980,
MnAlC was commercially available from Mat-
sushita, but its properties were hardly comparable
with Alnico magnets and had the drawback of ex-
pensive processing [63]. The recoil curves presented
by Abdelnour et al. [63] are similar to others found
in SmCo 2:17 magnets [64], SmCoCu [65], and bar-
ium ferrites [31] � and this implies that all of
them are the single domain size. This characteris-
tic is essential and explains why many studies em-
ploy melt-spinning. The reason is obtaining single-
domain particle size because this is a condition that
allows to maximize the coercivity.
Approximately 60 years ago, the Phillips Com-

pany did intense research to develop commercial
MnAl and MnBi magnets [62], reporting for MnAl
coercivity up to 6 kOe. However, in MnAl alloys,
the magnetic phase is metastable, and manganese
alloys oxidize easily, making the production of mag-
nets very di�cult.
Lodex was a material that used the principle of

shape anisotropy [32]. It was commercially available
but had a coercivity of only ∼ 1 kOe [66]. Daido
Steel has a bonded magnet made with melt-spun
Sm2Fe17Nx alloy in the catalog. A typical problem
in nitrogen-based alloys is the lack of reproducibil-
ity. The nitrogen expands the lattice. To reduce
internal stresses, the nitrogen atoms are expelled.
Thus, phase instability is a signi�cant issue in ni-
trogen magnetic alloys.
As almost all the possibilities given by the Bethe�

Slater curve [67�69] were already tested, replacing
NdFeB or barium and strontium ferrites is indeed a
very di�cult task.

4. Conclusions

It is di�cult to �nd permanent magnetic mate-
rials that can compete with ferrites (cost) or Nd-
FeB (performance). SmCo and Alnico still have
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some niche applications. These are the principal
4 families of commercial permanent magnets. The
other main candidates are or were commercially
available.

Lodex and MnAlC were manufactured commer-
cially. SmFeN is also manufactured commercially.
However, these alternatives have problems com-
peting with traditional materials: Alnico, SmCo,
and especially ferrites and NdFeB. For a rare-earth
free phase to be able to compete with ferrites,
it is necessary that it has at least 50% higher
HA and 50% Ms than Sr and Ba ferrites. Ex-
cept for MnBi and MnAl, such materials do not
exist.

The Bether�Slater curve provides suggestions for
phases that can be used as permanent magnets. But
these suggestions were also exhausted.

Instead of researching new materials to replace
NdPrFeB magnets, research should focus on cheap
production of Nd and Pr. There are immense de-
posits of monazite in the world, containing signi�-
cant amounts of Nd and Pr. Terbium and dyspro-
sium, on the other hand, will always be scarce and
expensive.

The ratio µ0HA/Js is suggested as a tool to
evaluate the possibility of a given phase to be a
candidate for a permanent magnet. The criterion
is µ0HA/Js > 2 to avoid the chain or cascade
e�ect.
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