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The recent progress on the understanding of the physical properties of nanocrystalline hard magnetic alloys, based on Rare earth-Iron
Boron (REFeB) compositions, are reviewed. The discussion includes: fundamental properties, crystal structure, coercivity mechanism,
micromagnetic studies and recent applications of these functional alloys. Prospective of future developments are also included.
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La presente revién trata sobre las propiedadédsidas y avances recientes en aleaciones Btags duras nanocristalinas, basadas en

la composicin tierra-rara-hierro-boro (TRFeB). Se incluyen en la diénusis siguientes aspectos: propiedadei&ds fundamentales,
estructura cristalina, mecanismos de coercividad, estudios de micromagnetismo y aplicaciones recientes de estas aleaciones funcionales.
menciona tamli@in hacia donde se enfoca la investigacactual en este tema.

Descriptores: Aleaciones maggticas nanocristalinas; imanes permanentes.

PACS: 75.50.Ww; 75.50.Tt

1. Introduction Following the discovery and development of Ss@md
Sm,Co,7 magnets during the late 1960’s and the 1970’s im-

Hard magnetic alloys (also known as "permanent magnets”portant further advance in RE permanent magnet research
can be defined in general as those materials able to produ#¢s made in 1984, when a new ternary hard magnetic
a coherent magnetic field without an electric current flowingcompound (NdFe;4B) was announced by two independent
through them. The main physical macroscopic properties tgroups; Croaet al. [1] at General Motors Co., USA and
be characterised in these materials are: the remanent polarawagaet al. [2] at Sumitomo Metals, Japan. Using differ-
isation, J, which indicates the surrounding magnetic field €nt techniques (melt spinning in the former case and pow-
strength; the coercivity, H which is a measure of the ma- der metallurgy in the latter), they developed: a) thin rib-
terial ability to resist demagnetisation; the maximum energy?0ns consisting of ultrafine randomly oriented grains of the
density (BH),.., Which reflects the magnetic energy stored Nd2Fe14B phase, with mean diameter typically less than 100
in the material and the Curie temperaturg or which the ~ hm, and typical magnetic properties: 30.8 T, H. = 1120
ferromagnetic- paramagnetic transition establishes the maxkA/m and (BH),,.. = 112 kd/nt and b) anisotropic magnets
mum material operating temperature. based on aligned and sintered Afh size particulate with

Permanent magnets are indispensable in modern techné[ pical magnetic properties; ¥ 1.2 T, H. = 1000 kA/m and

ogy and their influence is still growing. They can be found( H)mas = 288 kd/nt.
in many components of electromechanical and electronic de- gjnce their discovery, hard magnetic materials based on
vices. For example, an average home has more than fiffigeFep have been extensively studied [3-5]. Much of the
devices containing permanent magnets and a standard fafyprk carried out thus far has been concentrated on NdFeB al-
ily car contains at least ten. Permanent magnets are usgls put PrFeB magnets have received much attention lately
also as components in a wide range of industrial applications[e]. In both cases, it has been shown that if the,R&,B
in regulating and measuring controls and in medical equipgrain size is refined to a nanophase structure (lesstha@
ment. They also play an important role in information tech-nm) [7-10] it is possible to enhance the remanence and the
nology (prominent examples are voice coil motors in hardenergy product as a result of exchange coupling between the
discs drivers, floppy disc drivers and CD Rom’s). resultant magnetic moment in each crystallite. This grain re-
The 20th century has witnessed quite an extraordinary ddinement can be achieved by controlling the processing con-
velopment in hard magnetic materials. This development haditions and influenced in some cases by addition of grain re-
been strengthened in the last few decades, after the adventfifing elements to the base REFeB. The advantage of sub-
rare-earth (RE) permanent magnets, in particular. This typstituting Nd for Pr in the REFe 4B phase, particularly in
of magnetic material is based on intermetallic compounds o€ases such as nanocomposite alloys, where the coercivity is
a RE metal and cobalt or iron. They derive their exceptionatecreased substantially because of exchange coupling, is the
properties from the favourable combination of properties otigher coercivity shown by the Ffe 4B phase [9] than for
each RE sublattice and the 3d sublattice, the former mainlyhe Nd equivalent, due to its higher anisotropy field A1].
providing the magnetic anisotropy, the latter giving a highMoreover, the Pr-based phase shows no spin reorientation at
magnetisation and high ordering temperature. low temperature [12], unlike its Nd-based counterpart.
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2. Crystal structure of REFeB unit cell

The exact stoichiometry and crystal structure of,Rel 4B
were first established by neutron powder diffraction analysis CD

[13]. Figure 1 shows the NdFe 4B unit cell, which corre- I~
sponds to the space groupAam tetragonal symmetry. The e
unit cell contains 68 atoms and consists of four formula units. - RN -
There are six crystallographically different iron sites, two dif- ®/ \@
ferent rare-earth positions and one boron site. All the Nd and

B atoms with four Fe(c) atoms of a total of 56, reside in the
z=0 and z=1/2 mirror planes.

(DNdf &SNd g
(OFee ®Fek,
®Bg
DO Nat FIGURE 2. Trigonal prism containing a boron atom in the
© Ndg Nd,Fe 4B structure.
@ Fec
O Fee There are only two other known families of REM 4B
© Fei, -type compounds in which Fe or B is totally replaced by an-
® Fei other element: RECo,,B and REFe ,C. Partial substitu-
. kz tions of RE, Fe or B, in which the RfFe 4B structure is pre-
O Fek served, are possible with many other elements, including the
@ Fek, interstitial hydride series RiFe 4BH, and RECo,4BH,..
® Bg
3. Intrinsic magnetic properties of RE;Fe 4B

compounds

Table | shows the intrinsic magnetic properties (Curie
temperature), J(saturation polarization), K K, (anisotropy
constants) and Hl (anisotropy field) at room temperature for
FIGURE 1. Tetragonal unit cell of NgFe;4B. the different REFe 4B compounds. Those with RE cor-
responding to light rare-earths (La-Sm) have significantly
The boron coordination in this compound shows interesthigher values of saturation polarisation than those based
ing characteristics: each boron occupies the centre of a trig2h the heavy RE metals, due to the ferromagnetic RE-TM
onal prism, Fig. 2, formed by the three nearest iron atomghagnetic coupling in the former case, and to the antiferro-
above and the three below the basal plane. These prisms linRagnetic RE-TM magnetic coupling in the latter [3]. The
Fe layers above and below the planes containing Nd and Bhisotropy fields H corresponding to these compounds are
and contribute in this way to the stability of the structure.high, with maximum values at RE = Pr, Nd, Sm, Tb and
Such prisms have been observed in other transition metaPy. This excellent H facilitates high coercivities values.
metalloid Systems (E,)B, F%C, F%P) and are fundamental An important drawback are the rather low Curie tempera-
for the formation of such phases [14]. tures, which do not overcome 38D. Nd,Fe 4B shows spin
reorientation at 135 K at which the easy direction becomes
The REFe4B structure forms for all the RE elements, canteq at an increasing anglgbetween the easy direction

except europium and promethium. As the atomic number Z,4 e ¢ axis) with decreasing temperature, up to a maxi-
increases in the RiFe 4B compound series, the c lattice pa- mum ofd = 30° close to 0 K [3]. PsFey4B on the other hand,

rameter for the REFe,4B phase decreases as a consequencgy, s no spin reorientation, being, for this reason, more suit-

of the progressive decrease in ,t,he radius of the trl\_/ale”nt REple for low temperature applications than its Nd counterpart.
ion, an effect which is known as "lanthanide contraction”. ONThis spin reorientation is a phenomenon reflecting a temper-

the other hand, the a lattice parameter decreases more slowdy,, e dependent competition between the different RE site
with Z, which suggests that the basal-plane dimension is 'nénisotropies in the REEe, 4B crystal structure [12].

fluenced more by the stability of the Fe-B prisms than by the
size of the RE ions.
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with domain wall pinning playing a minor role. Domain
TABLE |. Magnetic properties of REFe; 4B compounds at room  observations show that, in the thermally demagnetised state,

temperature. each NdFe 4B grain has a multidomain structure and that

Compound E(°C) J(T) Ky Ko HA(T) domain walls inside each grain move very easily in small ap-
(10°J/m?)  (10°JinT) plied fields. An analysis of the temperature dependence also

LagFe B 243 1.27 20 suggest a nucleation controlling mechanism for sintered Nd-
CeFe,B 149 117 1.44 3.0 FeB magnets [17]. According to thisldan be written as
Pr.Fe 4B 292 156 5.5 8.7
Nd:Fe 4B 312 1.61 4.3 0.65 6.7 )
SmFesB 339 152  -12 029 15 (plane) poHe = poac HN™ — NeggJs, )
GdkFe4sB 386 0.89 0.9 2.5

where Ny is an average effective demagnetisation factor,

ThyFesB 347  0.66 59 22 . . - . .
28 describing the internal stray fields acting on the grains and
Dy:Fe,B 319 0.71 4.0 15 < deal ; o
Hpm = agHYG* is the nucleation field for the most un-
Ho.Fe,B 300 0.80 4.8 75 favourably aligned grains having a misalignment angle of
Er,Fe 4B 278 0.89 -0.03 0.8 (pl . ;
f2reis (plane) g according to the Stoner- Wohlfarth [18] model. i
TmyFesB 267  0.92 -0.03 0.8 (plane) . X . . . -
is the theoretical nucleation field for perfectly oriented parti-
YbeFe,B 250 - 1.20 cles and is given b
LuFe B 262  1.18 2.6 given by
YoFe B 298 141 11 2.0 ppideat _ 2K1
ThyFesB 208 1.41 2.6 N J

for vanishing higher order anisotropy constante.y de-
scribes the reduction of the nucleation field due to the misori-
magnets entation of the grains and is related to the reduced surface

The origin of coercivity in rare-earth permanent magnets isanisotropy of nonperfect grains.
9 y P g When the second order anisotropy constant i& no

the_un|.aX|.aI magnet.ocrystalllne gnlsot_ropy. Coercivity is notIonger negligible 7 becomes [19]
an intrinsic magnetic property, since it depends not only on
the chemical compositions, the temperature and the magnetic

4. The origin of coercivity in REFeB permanent

anisotropy, but also strongly on the microstructure of the ma- ..., 1 K.

terials. Py gy N = \/ijsﬂo [Kl + TZ(W—Kle-i-?))]
Nucleation models of coercivity are based on the assump-

tion that, at large fields, all domain walls are removed. A K, K% 2K,

single phase uniaxial magnet with anisotragy(K > M?2) X\/W(KQ +1) - (E Ky +3, )

will thus behave as a large single domain particle. The mag-

netisation of this particle can be reversed at a fielddgiven ~ where

by H. = H;, = (2K)/M,. This equation predicts Hval-

ues ranging a factor 3-5 times larger than those realised in 7

practice. This important discrepancy is known as Brown's 1V = (71 + 1)2 +8 forK,>0andK; > —2K,
paradox because, from a theoretical point of view, such re- Le

duction of Hy is not expected. To explain this discrepancy, it or

was assumed that nucleation takes place at secondary phases

with lower K and/or at grains with large demagnetising fac-

tors N (grains with sharp corners) where the nucleation fields 7 — _ (ﬁ + 1)2 +8 for Ky < 0andKk; > 0.
Hyx are smaller, and given by [15]: Ky

For small K; (0 < K3 < 0.5K;), an approximate expression

Hy = Hx — NM.. 1) for HR'™ can be derived from Eqg. (3):

According to the nucleation model, coercivity should in- . 1 1Ky 1/Ky\2
crease with decreasing density of defects. HP™" ~ 7 (K1 + Ky (1 + 5K 3 <K> >) 4
On the other hand, in domain wall pinning models, the in- s ! 1
homoge_neities pr_esent in the magnet can prevent free_doma"fbr vanishing K values, B is simply
wall motion, leading to higher H Therefore, H should in-
crease with increasing density of defects.
For sintered magnetshe prevailing view is that, at room Hmm = 1 ideal _ K (5)
temperature, they are nucleation-controlled systems [16], 2 Js

Rev. Mex. 5. 48 (4) (2002) 283289
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As a consequence of the research on coercivity mecha- 2000 1.1
nisms, important suggestions for the improvement of sintered 1750
magnets are to achieve: a) small &g, 4B grains in order to -1.0
reduce the volume affected by reverse domain nucleation al— 15004 B o
a defect, b) grain boundaries as smooth as possible to limit £ 1250 L0.9
the deleterious effects of local demagnetising fields at sharpi p—  x —_
_edges, and c) ath|_n, smpoth, defect-free grain bogndary Iaye|I° a ——  |log =
in order to magnetically isolate the RIEe; 4B crystallites and 7504 o
provide a barrier to demagnetisation of neighbouring grains. 500

For melt spun materialghere is no an unanimous agree- -0.7
ment about the origin of coercivity. Lorentz microscopy in- 2507
vestigations show that domain walls tend to be pinned at grain 0 ———T T 0.6

0 10 20 30 40 50 60 70 80 90 100

boundaries in ribbons having optimum properties [20, 21].
Some authors [22, 23] reported good agreement betweer
their measured values of coercivity with the domain wall pin-

ning model of Gaunt [24], in which His given by: FIGURE 3. Dependence of remanence and coercivity H on
grain size for melt spun kg sNd;3.2B¢Sii 2 [8]

Mean grain size [nm]
xJ, oHc

H. 1/2 75kpT 2/3 2/14/1 grain and becomes progressively more significant as

(Ho> - ( 4bf ) ’ ) d, is decreased into the nanocrystalline range. This results
in a increasingly enhanced remanence and energy product.
where H, is the critical field in the absence of thermal acti- This effect was clearly demonstrated in ref [8]: as the mean
vation, 4b is the range of the interaction between the domaigrain size is refined below 40nm, the remanence is progres-
wall and the pinning centre, fis the maximum restoring forcesjvely enhanced and the coercivity is correspondingly re-
per pinning centre and kB is the Boltzmann constant. duced, Fig. 3.
However, some other authors [16, 25-28] obtained good

agreement between the measuredas a function of temper-
ature) data for melt spun alloys and those predicted by Eq. (2()5 .
with v anda values ranging from 0.58 to 1 and 0.42 to 6. EXchange spring magnets

0.87, respectively, They thus concluded that melt-spun rib-
bons are nucleation-controlled systems fer520 K. A second class of remanence enhanced nanostructures are

the exchange springystems (or nanocomposites), so de-

5. Effect of grain size on the magnetic proper- scribed in 1991 by Kneller and Hawig [29]. They investi-
ties gated the combined effect of two suitably dispersed and mu-

tually exchange-coupled phases (or exchange coupled com-

Stoner and Wohlfarth [18] developed a theory for a materiaposite material). The first of these phases (h) is a magneti-

based on non-interacting uniaxial magnetic particles whictcally hard material, with large anisotropy constan, ioro-

are uniformly magnetised along their easy axis of magnetisaviding high coercivity. The second one (s) is magnetically

tion. They predicted that.JBhould have half the value of J  soft, with a higher magnetic ordering temperature, and there-

for a material with randomly oriented crystallitéss., J./J,  fore, higher exchange constanf.AThis s phase also lead to

= 0.5. For conventional microcrystalline melt spun NdFeBbetter remanence values due to its higher saturation polariza-

alloys (mean grain size,of 60-100 nm) having a stoichio- tion.

metric or near stoichiometric composition, i found to be The critical dimension for the s phase = its domain
0.5J [1, 7] which means that they obey the Stoner-Wohlfarthwall width 6,) depends on the magnetic coupling strength of
model. These materials were single phasefég,B. the soft phase Aand the magnetic anisotropy of the hard

However, it is possible to enhance the remanence abovghase K, according to the relation
the limit of 0.5J imposed by the Stoner-Wohlfarth model by
means of the exchange coupling interaction. This exchange
. . . . . 1/2
interaction in a polycrystalline REFeB aggregate is always b As
present provided that grains are not decoupled by intergranu- s= 7 <2Kh) ’
lar RE-rich phase but, it is not significant foy &40-50 nm,
since the total exchange volume is a very small fraction of théJsing representative values of A-10~'* J/m, and K, ~10°
total grain volume. The exchange coupling effect is exerted/m® results in a value of h~5 nm, which is about the same
at a characteristic length scale called exchange length, whiamagnitude asfy i.e. by ~ by,. It was proposed that the ideal
is of the same order of magnitude as the domain wall width oficrostructure should be the result of homogeneous precipi-
the hard NdFe 4B phase £4 nm). Thereby, this exchange tation of a h-phase in an s-phase, and not vice versa, giving a
coupling is considered to occur in the outer 4 nm of eactcrystallographically coherent structure.

(1

Rev. Mex. Fs. 48 (4) (2002) 283-289
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The first experimental observation of the exchange spring For single phase magnets in a regular grain arrangement
effect was by Coehooret al. [30], in melt spun Nd poor (i.e. directly contacted grains), it has been confirmed [33]
NdsFe;sBs alloys, in which the hard phase ek 4B con-  that for d, below ~40 nm, enhancement of the remanence
tained only~ 15 % of the Fe atoms and the soft phasesabove 0.5]) becomes progressively larger (with decreasing
mainly FeB with a small amount ofv- Fe, were predomi- d,), while the coercivity decreases, fact that is consistent
nant. Similarly, increased remanence enhancement was resth earlier experimental observations [8]. In the same study,
ported in the melt spun sub-stoichiometricdR¥es;Bg alloys  results for nanocomposite magnets are also included. Fur-
[31]. In these, the major phase wasJ¥e; 4B with o-Fe be-  ther remanence enhancement is achieved with increasing soft
ing the minority soft phase. This has the advantage over thphase volume fraction, with the consequent deleterious effect
NdsFe;sB1s alloy in thata-Fe has a larger,than FgB and  on the coercivity, again consistent with experimental obser-
that H. is larger because of the larger volume fraction of hardvation [39]. However, the maximum energy product shows
phase in the alloy. Further microstructural investigations orhigher values with increasing soft phase volume fraction.
this system [32] confirmed that the nanoscale structure conFhis numerical investigation suggests an optimal microstruc-
sisted of NdFe 4B as the main phase, with mean grain di- ture consisting of small soft magnetic grains (main grain di-
ameter of~30 nm, and smallen-Fe (~15 nm) crystallites ameter~10 nm, volume fraction of- 40%) embedded be-
of a second phase located as isolated particles intersperstleen hard magnetic grains with a mean grain diameter of
throughout the microstructure. about 20 nm. Additionally, a microstructure with regular

shaped grains improves the magnetic properties.

7. Micromagnetic simulations

During the last few years, computer simulations of the mag-8' Applications

netisation reversal behaviour based on finite element Calcu'?\?lost of the nanocrvstalline REFeB-based maanets produc-
tions of realistic microstructures, have become an important Y g P

tool for studying microstructural effects in both stoichiomet- tion goes to the computer industry (mainly hard disk drives)

o : atnd for novel actuators and motors, in which a reduction

ric single phase nanostructures and nanocomposite magnets . . ) )

[33-38] in both weight and number of parts is desirable in order
' .__.. 1o achieve energy savings and improved reliability. Among

"he remaining applications are: magnetic resonance imag-

processes in ferromagnetic materials is the continuum theor% . ; o .
: . : . : . g, acoustics, high efficiency rare-earth magnet electric ma-
of micromagnetism. The aim of micromagnetic calculations

is to derive the basic magnetic properties from the intrinsicChmeS’ novel digital signal processors, new power electronic

material parameters and from the microstructure. components as shown in Fig. 4 [40,41]. All these applica-

The method consist of minimisation of the total magnetictlons benefits industrial, automotive, consumer white goods

Gibbs free energy in an applied field, with respect to the mag‘—”lnd office eauioment industries.

netic polarisatiold,, subject to the constraint thgk;| is con-
stant, which leads to a stable equilibrium state of a magnetic
structure. The magnetic Gibbs free enefigyof a ferromag-
netic specimen in an applied magnetic field is the sum of sev-
eral energy terms:

Acoustics

Hard Disk
¢)t:¢H+q>S+(Del+(bK (8) . = . Drl;le
.~ Motors 57%
The energy terms can be characterised by their effects or .

the magnetic polarisatiody. The magnetostatic energyy;,

tries to rotatel; parallel to the external field. The stray field
energy,®g , favours the existence of magnetic domains. The
exchange energyb..., aligns the magnetic moments paral-
lel to each other. The magnetocrystalline anisotropy energy,
oy, causes), to be preferably oriented along certain easy Ficure 4. Applications for Nd-Fe-B magnets.

crystalline directions.

Calculations for both, single phase stoichiometric  The specific application of nanocrystalline REFeB-based
nanocrystalline NgFe 4B magnets and nanocomposite  magnets in hard disk drives is the linear electromagnetic ac-
Fe/Nd,Fe 4B have been reported [33]. Both studies havetuator which positions the read/write head [40]. This is com-
confirmed that the magnetic properties of isotropic nanosmonly called a "voice coil motor” (or VCM). As the storage
tructured magnets are extremely sensitive to the microstruaapacity of disk drives has risen, so too has the demand for
tural features such as grain size, particle shape, intergranulfaster data access times, and to achieve this the VCM needs to
layers and the volume fraction of the soft magnetic phase. operate at the highest possible level of magnetic flux density.

Rev. Mex. 5. 48 (4) (2002) 283-289
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rapidly growing market for fully dense Nd-Fe-B magnets.
The importance of this market is driven by the fact that a
single MRI scanner that is designed to accomodate and scgh Concluding remarks
a whole human body, typically require about 1000 kg of Nd-

Fe-B magnets. This in order to achieve the suitable magnetic

fields for the scanning process [40].

a magnetic levitation system with YB@u;O; superconduc-

Magnetic resonance imaging (MRI) is a more recent andequires high efficient dc RE magnet motors.

Nanocrystalline REFeB-based magnets have attracted much

Rare-earth magnets are also useful for levitation systemgttention since their discovery in 1984. Their outstanding
combination of magnetic properties (very high &hd J to-

tors and Nd-Fe-B magnets has been recently reported [42]. Aether with excellent (BH),. density values) enables them
stable levitation of the superconductor above magnets is po$or an ample range of applications. Current research ef-
sible without any regulation and feedback circuit. The systenforts are focused on novel compositions and processing tech-
consists of an engine with two YBCO disks, 25 mm diame-hiques, addressed to achieve further enhancement of mag-
ter, which are cooled with liquid nitrogen and a magnetic railnetic properties, since the theoretically predicted maximum
made of Nd-Fe-B magnets. The engine levitates 5 mm abovénergy density (around 1000 kJjrhas not been attained

the magnetic rail.

yet. Micromagnetic simulations have played a central role
An emerging market is the electric vehicle industry, es-in understanding the correlation between physical intrinsic

pecially the hybrid electric car. A typical hybrid car contains Properties and macroscopic parameters which, in addition,

1-2 kg of Nd-Fe-B magnets [41E.g. the air conditioning

system and the navigation system on the car, among other@pplications.
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