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Parameter s of p erma nent magnets result f rom the com bination of in-

trinsic prop erties such as saturation magneti zation , magnetic exchange, and
magneto crystall i ne energy, as w ell as microstructural parameters such as
phase structure, grain size, and orientation . Reduction of the grain size

into nano crystal li ne regime (¤ 5 0 nm) leads to the enhanced remanence
w hich deri ves from ferromagnetic exchange coupling betw een highly reÙned
grains. In this study the fundamental phenomena, quantities, and structure
parameters, w hich deÙne nanophase permanent magnets are presented and

discussed. T he theoretical consideration s are conf ronted w ith experimental
data for nano crystal li ne Sm{ Fe{ N typ e permanent magnets.

PACS numb ers: 75.50.{y , 75.60. {d, 75.75.+ a

1. I n t rod uct io n

Na nocrysta l line m ateri als are bui l t from the same ato m s as thei r m icrocrys-
ta l l ine counter parts, however the crysta l l i tes have size lesstha n 100 nm . In fact,
thi s cri ti cal size in real nanomateri als is m uch smal ler. Na nocrysta l line grains in-
tera ct wi th electri c Ùeld, domain wal ls and di slocati ons in di ˜erent way tha n large
crysta l l i tes. In thi s meaning nanocrysta l l ine m ateri a ls appear as an im porta nt class
of new materi als, whi ch may becom e an issue for the next generati ons. Very fast
devel opm ent of nanom ateri als has occurred wi thi n last 20 years. Am ong them are
new tung sten carbi de-cobal t wear resistant nanom ateri als [1], partl y crysta l l ine
soft magneti c nanom ateri als [2], m ulti layer data storage materi als [3], giant m ag-
neto resistive [4] as well as cata lyti c [5] and structura l nanom ateri als [6 ]. Since 1990
nanom ateri als have been im plem ented to the techno logy of perm anent m agnets.
Mo dern perm anent m agnets are general ly based on three systems: Nd { Fe{B [7, 8],
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Sm{ Fe{ Co [9] and Sm{ Fe{N [10]. These m agnets owe thei r excellent param eters to
the com binatio n of the intri nsic properti es such as satura ti on m agneti zati on, m ag-
neti c exchange and m agneto crysta l l ine energy of the interm etall ic phases, whi ch
form the m ateri al , and opti mised microstructure and phase consti tuti on. W hen
the gra ins are small enough the materi al atta ins som e proporti on of m agneti c
ani sotro py whi ch leads to the enhanced rem anence.

In thi s paper the basic deÙniti ons concerni ng perm anent m agnet nanom a-
teri als are presented and conf ronted wi th exp erim ental data f or nanocrysta l l ine
Sm{ Fe{ N m agnets.

2. W h y n an ocr y st al li ne st r uct ure ?

Polycrysta l l ine m ateri a ls are bui l t of gra ins (crysta ll i tes), whi ch are sepa-
rated by gra in bounda ries. Each crysta l l i te is a single crysta l , whereas the bound-
ary is a disordered area of enhanced energy. The smal ler the gra ins the greater
vo lume fracti on of m ateri al is in a form of gra in boundari es (Fi g. 1). Because the
m ateri al properti es depend on the ato m positi ons and intera cti ons between them
i t is obvi ous tha t the properti es of nanocrysta l l ine body must di ˜er substa nti al ly
from i ts micro crysta l l ine counterpa rt.

Fig. 1. Percentage of atoms in grain boundari es versus grain size. Boundary thic kness

1 nm.

The m agneti c properti es of perm anent m agnets are characteri sed by the pa-
ram eters of hysteresi s loop: coerci vi ty (Hc), rem anence (Br) and m axi mum energy
pro duct (( B H ) m ax ) (Fi g. 2). The greater the values of tho se parameters the bet-
ter the m agnet. Hi gh coercivi ty results from hi gh m agneto crysta l l ine ani sotro py
of interm etal l ic phases in the m agnet and can be f urther increased by form ati on
of a param agneti c phase in the gra in boundari es, whi ch isolate them magneti cal ly.
Mo dern perm anent m agnets general ly exhi bi t high coercivi ty , thus im pro vement
of the properti es should be m ade by enhancement of the rem anence. The usable
( B H ) ma x are always much smal ler tha t the theoreti cal value expressed by the
form ula
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Fig. 2. H ysteresis loop of a permanent magnet.
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Accordi ng to the Stoner{ W ohl fart predi cti on [11] the rem anence M r of polycrys-
ta l l ine m ateri al being a mixture of single dom ain, non-intera cti ng magneti cal ly
parti cl es is equal to the hal f of the satura ti on magneti zati on M s

M r =
M s

2
:

However, the rem anence of nanocrysta l line m agnets app ears to be substa nti al ly
enhanced above thi s value (Fi g. 3). Thi s can be achieved by pro cessing of m ag-
nets, whi ch do not have param agneti c, isolati ng pha se in grain bounda ries and
have gra in size less tha n 50 nm . The enhanced remanence is due to the stro ng
exchange coupl ing of magneti c mom ents in adj acent nanogra ins. Mi ni mizati on of
the exchange energy tends m agneti c moments in the materi al to al ign para l lel
to each other wherea s the ani sotro py energy becomes m inimum when the m ag-
neti c mom ents are para l lel to the crysta l lographi c easy magneti zati on di recti on in

Fig. 3. (a) Parts of the hysteresis loops for micro crystall ine and nano crystal li ne mag-

nets. (b) Remanence of nano crystal li ne magnets versus N d content.
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each gra in. W hen gra ins are smal l enough the exchange length L from crysta l l i tes,
ori ented favoura bly wi th thei r easy m agneti zati on axes to the externa l m agneti c
Ùeld, covers substanti al parts of the neighbouri ng gra ins. The exchange length is
pro porti onal to the exchange constant A and reversibl y proporti onal to average
ani sotro py constant h K i :

l =

˚
A

h K i

Ç 1

2

; h K i =
K 4

1
d 6

z

A 3
:

The latter coe£ cient stro ngly depends on the gra in size d z . Thus, in nanocrys-
ta l l ine m agnets the exchange length covers substa nti al volum e of neighbouri ng
crysta l l i tes. As a result the m ateri al gains some pro porti on of m agneti c ani sotro py
in a crysta l lographi cal ly isotro pic state (Fi g. 4).

Fig. 4. Scheme of the magnetic exchange interactions in nano crystall in e N d{F e{B mag-

nets.

The remanence can be further increased when the m ateri al conta ins some
pro porti on of i ron. Usual ly, in micro crysta l l ine m ateri al , soft m agneti c phase acts
as a m icrostructura l defect, whi ch is a source of demagneti zing Ùeld. The hysteresi s
loop of such a m ateri al has poor squareness and thus low ( B H ) ma x (Fi g. 5). How-
ever, a nanocrysta l l ine m agnet, whi ch conta ins som e proporti on of nanocrysta l l ine
i ron, gains m acroscopical ly m agneti c pro perti es characteri sti c of a sing le-phase
m agnet. Such m agnets are cal led magneti c nanocomposites. They com bine high
uni axi al m agneto crysta l l ine anisotro py of hard magneti c phases, Nd Fe B or
Sm2 Fe17N 3, wi th high satura ti on magneti zati on of i ron (Nd Fe B | M s = 1:6 T ;
Fe | M s = 2:2 T). The magneti c m oments of Fe fol low the moments of the hard
m agneti c phase and the rem anence is a com bina ti on of the enhancement resulti ng
from the nanocrysta ll ine structure and high magneti c mom ent of Fe. Sum maris-
ing thi s paragraph we can di stinguish: (i ) micro crysta l l ine high coerci vi ty and low
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Fig. 5. Schematic hysteresis loops for the hard magnetic material, soft magnetic mate-

rial, micro crystal li ne mixture of hard and soft materials and a nano comp osite magnet.

Fig. 6. Scheme of the: high coercivity , two- phase magnet ; single phase, exchange cou-

pled, nano crystal li ne magnet; exchange coupled nano comp osite magnet.

rem anence m agnets, havi ng large grains, whi ch are separated m agneti cal ly by a
paramagneti c phase (typi cal of sintered Nd{ Fe{ B m agnets), (i i) nanocrysta l l ine,
sing le phase m agnets wi th enhanced rem anence, whi ch often are cal led \ spri ng
m agnets" because the m agneti c mom ents tend to be al igned para l lel as they were
connected m echani cally by spri ngs and (i i i ) nanocom posite tw o-phase magnets
(Fi g. 6).

3 . For m at io n of nan ost r u ctu r e in Sm { Fe{ N m agnet s

Na nocrysta l line and nanocom posite m agnets are genera lly processed using
ei ther rapid solidi Ùcati on (RS) or mechanical al loying (MA). W hereas in the form er
m etho d the m ateri al is obta ined di rectl y from m elt, for the latter the hard m ag-
neti c phase is form ed in the course of anneal ing. The e˜ects of anneal ing strongly
depend on the structure of the as-mi l led powder. Mecha nical al loyi ng is based on
hi gh-energy bal l m i ll ing of elementa ry powders (Fi g. 7). In the course of extensi ve
m i l ling powder parti cles are repeata bly crushed and cold-wel ded. Fi nal ly, depend-
ing on the energeti cal relati ons between di ˜erent phases, either nanocrysta l l ine or
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Fig. 7. Scheme of mechanical alloying.

am orpho us structure is form ed. The fol lowing anneal ing results in crysta ll izati on
of the am orpho us phase and form ati on of the nanocrysta l line structure.

In thi s study nanocrysta l l ine Sm{ Fe powders were pro cessedwi th the use of
m echani cal al loying of elementary Sm and Fepowders. The mi l l ing was fol lowed by
di ˜usi on anneal ing at tem peratures 650À 8 0 0 £ C wi thi n 1 hour. Annea led powders
were subsequentl y ni tri ded in pure ni tro gen gas at a tem perature 4 6 0 £ C wi thi n 3 h.

Sm{ Fe{ N typ e perm anent m agnets have been extensi vely studi ed since thei r
di scovery by Coey and Sun in 1990 [12]. The coerci vi ty , remanence and maxi mum
energy product depend on the microstructure, whi ch is form ed in the course of the
pro cessing. The m agnets can be either sing le pha se (Sm 2Fe17N 3 often wi th some
excess of Sm ) or two phase nanocomposite (Sm 2Fe17N 3 | ˜ -Fe). Reducti on of the
gra in size into nanocrysta l l ine regime ( ¤ 5 0 nm ) leads to the enhanced rem anence
whi ch deri ves from ferromagneti c exchange coupl ing between highl y reÙned gra ins
and from the presence of the ˜ -Fe. The pro cessing of Sm{ Fe{ N magnets com pri ses
m echani cal al loying, di ˜usi on annealing and ni tri di ng. Mecha nical al loying led to
the form ati on of m icrostructure, whi ch consisted of nanoscale ˜ -Fe crysta ls, whi ch
were embedded in am orpho us Sm -ri ch matri x. The m inimum m il li ng ti m e whi ch
al lowed produci ng hard m agneti c pro perti es was 50 h in our experim ent (Fi g. 8a).
Further extensi on of m i ll ing ti me did not a˜ect the properti es.

D i ˜usi on anneal ing pro duced nanocrysta l l ine m ateri al (m ean crysta l l i te size
| 50 nm ) whi ch, depending on the compositi on, consi sted of the com binati on of
the fol lowing phases: Sm2 Fe1 7 , ˜ -Fe and Sm. The opti m al anneal ing tem perature
depended on the al loy com positi on and wa s hi gher for al loys, whi ch conta ined
m ore sam ari um (Fi g. 8b). In the course of anneal ing, crysta l l izati on and grain
growth of the Sm2 Fe1 7 phase occurs. Ma xi mum properti es were obta ined af ter
about 20{ 30 min anneal ing. Further extensi on of the anneal ing ti m e led to deteri -
orati on of J H c , whi ch was accompanied by som e increase in J r .
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Fig. 8. (a) E˜ect of millin g time on the coercivity of Sm{F e alloy (af ter complete

pro cessing) and (b) of annealing temp erature on the maximum energy pro duct of Sm{F e

alloys having di˜erent comp ositions (af ter complete pro cessing).

Ni tri di ng leads to the form ati on of a sol id soluti on of ni tro gen on a basis
of the Sm 2 Fe1 7 interm etal l ic phase. The powders were ni tri ded at 4 6 0 £ C f or 3 h.
The ni tri ding dra mati cal ly changes the m agneti c properti es (Fi g. 9). The m agneti c
ani sotro py grows from 2.5 T (pl anar) to 14 T (axi al ), satura ti on m agneti zati on
grows f rom 1 T to 1.54 T and Curi e tem perature from 1 2 0 £ C to 4 7 0 £ C.

Fig. 9. H ysteresis loops for Sm{F e{N alloy before and af ter nitridin g.

The m agneti c pro perti es for al loys havi ng di ˜erent Sm contents after com -
pl ete pro cessing are shown in Fi g. 10. The highest coercivi ty of 2008 kA / m was
achi eved for ni tri ded Sm1 6 ; 7 Fe8 3 ; 3 alloy. increa sed wi th increasing Fe content.
It is interesti ng to note tha t the sto ichi ometri c al loy (10.5% Sm) had = 0 9 T
whi ch wa s higher tha n the expected for non- intera cti ng parti cles value of 0.75 T
and resulted from nanocrysta l l ine structure. The highest ( ) of 175 k J/ m
wa s achieved for the al loy havi ng 7 at% Sm.

Increa se in the Sm concentra ti on resul ted in a change of phase consti tuti on
and thus the magneti c pro perti es of m agnets. The diagram showi ng phasestructure
versus com positi on for Sm { Fe{ N m agnets and i ts e˜ect on the m agneti c pro perti es
is schemati cal ly shown in Fi g. 11.
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Fig. 10. E˜ect of Sm content on the magnetic prop erties of nitrided Sm x Fe1 À x alloys,

and comparison of the exp erimental and calculated values of the J r .

Fig. 11. Phase structure versus comp ositi on for Sm{F e{N magnets and its e˜ect on

the magnetic prop erties.

4. F ur th er devel opm ent s

Further developm ents of nanocrysta ll ine magnets should consider pro cessing
of anisotro pic com posite m agnets. Such a structure would com pri se hard m ag-
neti c uni axi al nanocrysta ll ine m atri x, whi ch woul d conta in smal l incl usions of
i ron or i ron{ cobal t (Fi g. 12). Ana lyti cal calcul ati ons of the ( B H ) ma x for such
an ani sotro pi c m agnet, com posed f rom 2.5 nm crysta ll i tes of Sm2 Fe17N3 phase
and 9 nm crysta l l i tes of Fe6 5 Co3 5 woul d give theo reti cal ( B H ) ma x = 1 MJ/ m
[13]. Currentl y best anisotro pic magnets exhi bi t ( B H )ma x = 0 : 4 MJ/ m .

Fig. 12. Mo del of anisotropi c nano comp osite magnet.
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