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Th e investi gati ons w ere carrie d out on Sm { Fe{ N p ermanent magnets
pro duced by reactive di˜usio n metho d. T he magnets consist of hard mag -
netic phases: Sm2 Fe1 7 N 0: 8 6 and SmFe5 and soft magnetic ˜ -Fe phase. From

the comparison of exp erimenta lly determined angular dependence of coer-
cive Ùeld with appropria te theoretical predictio ns and from the dependence of
coercive Ùeld on the external magnetic Ùeld determined from the minor hys-
teresis loops, it w as stated that magneti zation reversal pro cess in Sm{F e{N

magnets is controlled by the nucleation of reversed domains pro cess.

PACS numb ers: 75.50.{y , 75.60. {d

1. I n t rod uct io n

Sm2 Fe17N 3 i s a recentl y discovered compound wi th excel lent intri nsic m ag-
neti c properti es [1]. The materi al possessesa very large anisotro py Ùeld estim ated
to be above 20 T at room tem perature and a Curi e tem perature of 740 K [2].
The ori gin and form ati on of the m agneti c pro perti es for thi s group of magnets
have been intensi vely studi ed [3{ 6], to gether wi th micro structure [7] and dom ain
structure observati ons [6, 8, 9].
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Sati sfactory functi onal properti es of m odernl y pro duced magnets are related
to intri nsic m agneti c pro perti es of interm etal li c pha ses form ing tho se magnets
(l ike: satura ti on m agneti zati on M s , anisotro py Ùeld H a, Curi e tem perature T C ),
opti mal microstructure of the m agnet (co ercive Ùeld J H c , maxi mum energy pro d-
uct (B H ) ma x ), as wel l as the chemical com positi on. Mi cro structure param eters
m ostl y decide about magneti c reversal pro cesses tha t consi st in maki ng di £ cul t
the nucl eati on and expansion of the reversed dom ains.

It shoul d be noted tha t the form er im pro vement of the functi onal m agneti c
pro perti es has been achi eved only by means of heat trea tm ent opti m izati on and
selecti on of appro pri ate chemical com positi on, wi tho ut deep kno wl edge of m agne-
ti zati on reversal processesin tho se m ateri als.

Up to now, there is no uni form and sati sfactory m odel describing magneti -
zati on reversal process in tho se materi als. Theref ore, in thi s paper the resul ts of
analysis ta ki ng into account classical models of m agneti zati on reversal pro cesses
(Sto ner{ W ohl farth [10], Jacobs{ Bean [11] and Shtri km an À T reves [12] models), as
wel l as contem porary m odels (Kro nm �ul ler [13{ 15] and Givo rd [16, 17] models), are
presented.

In the m odel proposed by Kro nm �ul ler, the exi stence of the second m ag-
neti c phase wi th lower values of anisotro py constants, i rregular gra in surfaces,
exchange coupl ing between gra ins, as well as m isal ignm ent of m agneti c gra ins,
were ta ken into considerati on. Ho wever, in the nucl eati on expansion model pro-
posed by Givord [16, 17], the existence of reversed dom ains in the rem anent state
is assumed. In thi s case, the cri ti cal magneti c Ùeld and therm al Ûuctua ti ons of the
sam ple determ ine the sponta neous expansion of these nucl ei.

Theref ore, the m ain aim of thi s wo rk was to determ ine magneti zati on reversa l
pro cesses in a new group of Sm { Fe{ N hard m agneti c m ateri als.

2 . M at er ia l an d ex p er im ent al m et hod s

The examined sam ples of Sm{ Fe{ N m agnets were prepared by reacti ve di f-
fusi on metho d tha t consists of pressing the mixture of Sm and Fe powders under
the pressure of 100 MPa . Subsequentl y the m ateri al is annealed for 5 h at a tem -
perature of 1320 K, i .e. below the m elti ng point of the com ponents. As a result of
sol id state di ˜usi on, a relati vely isotro pic crysta l l ine structure is obta ined. Af ter
the ini ti al m i l ling for 20 m in. , the powders are ni tri ded for 3 h at a tem perature of
750 K. The Ùnal m i l ling pro cedure is used in order to achi eve the requi red grain
size. In the last stage of the pro ducti on pro cess the powders are compacted wi th
the addi ti on of therm osetti ng plasti c in externa l magneti c Ùeld, in order to obta in
the al igned m agnets wi th anisotro pic properti es.

In thi s work the sampl es compacted just after ni tri ding pro cess, as well as
after di ˜erent Ùnal m i ll ing ti mes: 2 h, 6 h, 12 h, 24 h, and 48 h, were exam ined.
The related gra in diam eters of the powders are: 8 : 6 ñ m , 6 :6 ñ m, 3 : 3 ñ m , 2 : 2 ñ m,
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1 : 6 ñ m , and 0 : 9 7 ñ m, respectivel y. D uri ng the producti on pro cedure the chemical
compositi on of pure Sm and Fepowders wa s closeto the stoichi ometri c consti tuti on
of Sm2 Fe1 7 phase, i .e. 25 wt. % of Sm and 75 wt. % of Fe.

Using an X- ray m icro analyser, as wel l as an X-ray spectrom eter wi th Co K ˜

radi ati on, the qual i tati ve analysis of phase structure was perf orm ed. Furtherm ore,
usi ng a M�ossbauer spectro meter wi th 5 7 Co isoto pe in rho dium matri x, the quanti -
ta ti ve analysis of exam ined sampl es was carri ed out. Measurements of M�ossbauer
spectra were perform ed at room temperature.

It was shown tha t the exam ined sam ples consist of two hard magneti c phases:
Sm2 Fe17N 0 :86 and SmFe5 and soft m agneti c ˜ -Fe phase. Furtherm ore, the volume
fracti on of hard m agneti c phase Sm 2Fe17N 0 :86 decreases wi th decreasing the grain
size (f rom 61.88% for a 8 : 6 ñ m grain di ameter sam pleto 30.00% for a : ñ m grain
di ameter sam ple), wherea s the increase in SmFe phase vo lume fracti on (f rom 9.00
to 59.75%) is observed. Furtherm ore, a decrease in ˜ -Fe vo lum e fracti on f rom
29.12% for a gra in diam eter of : ñ m to 10.25% for a gra in di ameter of : ñ m
wa s evi denced. Addi ti onal inf orm ati on concerni ng phase structure exam inatio n,
perform ed by X- ray di ˜ra cti on, as wel l as volume fracti on analysis usi ng M�ossbauer
spectroscopy, were presented in [6].

Furtherm ore, the investigati ons of m agneti c pro perti es in high externa l m ag-
neti c Ùelds were carri ed out using a superconduc ti ng magneto meter (SQUID m ag-
neto m eter).

3.1. Magnet i c proper ti es of exami ned magnets

In Fi g. 1 the ini ti al magneti zati on curve, as well as the hysteresi s loop of
ani sotro pi c Sm{ Fe{N m agnet wi th a gra in di ameter of : ñ m , pro duced by reac-
ti ve di ˜usi on m etho d and compacted in externa l m agneti c Ùeld wi th an addi ti on
of therm osetti ng plasti c, were presented. The m easurem ents were carri ed out us-
ing a SQUID m agneto meter in the m agneti c Ùeld up to 4 MA/ m . The exam ined
sam ples were previ ously demagneti zed in reversed al terna ti ng externa l m agneti c
Ùeld.

The ini ti al m agneti zati on curve exhi bi ts inÛection point corresp ondi ng to
externa l m agneti c Ùeld 800 kA/ m . For com pari son in Fi g. 2 the ini ti al m agne-
ti zati on curve and hysteresi s loop for Sm{ Fe{N ani sotro pi c magnet wi th a grain
di ameter of : ñ m , are presented. In thi s case, the shape of ini ti al m agneti zati on
curve is regular and typi cal of the m agnets wi th the reversa l m agneti zati on pro cess
governed by the domain nucl eati on [10].

Ko bayashi et al . [18] have observed a sim i lar inÛection of the ini ti al magneti -
zati on curve for single phase Sm Fe N m agnets, wi th a gra in diam eter of : ñ m.
Tho se autho rs associate such shape of the ini ti al m agneti zati on curve wi th several
m agneti zati on pro cesses, in parti cul ar: dom ain wal ls m oti on in low magneti c Ùelds,
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Fig. 1. Initial magnetizatio n curve and hysteresis loop for anisotropic Sm{F e{N perma-

nent magnet w ith a 0 :9 7 ñ m grain diameter, pro duced by the reactive di˜usi on metho d.

Fig. 2. Initial magnetizatio n curve and hysteresis loop for anisotropic Sm{F e{N perma-

nent magnet w ith a 8 : 6 ñ m grain diameter, pro duced by the reactive di˜usion metho d.

m agneti zati on reversal of sing le dom ain parti cles in m edium magneti c Ùelds and
rota ti on of m agneti c m oments in high m agneti c Ùelds. On the other hand, Kou
et al . [19] observed a sim i lar course of the ini ti al magneti zati on curve in Tb 2 Fe1 7

m onocrysta ls at a temperature of 4.2 K. In order to expl ain the course of thi s
curve, the autho rs assumed the coexi stence of the rhom bohedra l and hexa gonal
crysta l l ine structure in the elementa ry cell o f the Tb 2 Fe1 7 compound.

Ho wever, in thi s work the inÛection on the ini ti al magneti zati on curve (Fi g. 1)
wa s associated wi th changes of hard magneti c phase contents | parti cularl y wi th
a decrease in Sm2Fe17N 0 :86 phase content wi th decreasing the gra in size (f rom
61.88% for a 8 m grain diam eter to 30.00% for a m gra in diam eter), an
increase in Sm Fe phase content (f rom 9.00% to 59.75%) and a decrease in -Fe
soft m agneti c phase content (from 29.12% to 10.25%). Furtherm ore, the charac-
teri sti c contra cti on of the hysteresi s loop for the magnets wi th a m grain
di ameter was observed, whi ch is correl ated wi th an earl ier m agneti zati on rever-
sal of the phase wi th the lowest coercive Ùeld. For tho se magnets, the satura ti on
m agneti zati on s 0 696 T was determ ined using extra polati on to the inÙni te
externa l Ùeld the dependence of magneti zati on on the second power
of recipro cal externa l magneti c Ùeld

On the basis of the obta ined resul ts and in parti cul ar from the com pari son of
ini ti al m agneti zati on curve courses (Fi gs. 1, 2) wi th the theo reti cal predi cti ons [20],
we can state tha t the magneti zati on reversal pro cesses in the studi ed magnet
consist in the nucl eati on of new reversed domains. For a further conÙrm ati on of
thi s concl usion, the dependence of coercive Ùeld on the anglebetween easy di recti on
of m agneti zati on and externa l m agneti c Ùeld, as wel l as the coercivi ty J c changes
determ ined from the m inor hysteresi s loops for di ˜erent m aximum externa l Ùelds,
were m easured.
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3.2. Coerci ve Ùeld J H c dependence on the angle È between external magnet i c
Ùeld and easy di rect ion of magnet izat ion in Sm{ Fe{N permanent magnets

In modern hard magneti c m ateri als, the dom inating m agneti zati on reversa l
pro cess is pinni ng of domain wal ls or nucl eati on of reversed dom ains. Cha nges
of the coerci ve Ùeld as a functi on of angle È between m agneti c Ùeld H di recti on
and easy axi s of m agneti zati on are often used as a test of m agneti zati on reversa l
pro cess, as was done e.g. f or Nd{ Fe{B [21] and Fe{ Al { C [22] m agnets.

For the m agnets wi th m agneti zati on reversa l process governed by nucl eati on
of reversal dom ains, the angular dependence of coerci ve Ùeld J H c ( È ) should cor-
respond to the theo ry of coherent rota ti on of m agneti zati on vecto r [10]. Ho wever,
for m agnets contro l led by the dom ain wal l pinni ng m echani sm, coercivi ty J H c ( È )

changes should correspond to Ko ndorsky ' s relati on [23] J H c (È ) = J H c (0 ) = cos È

for 0 ç È ç ¤ = :

In Fi g. 3 the experim enta l ly determ ined angular dependence of norm al ized
coercivi ty J H c È = J H c 0 for Sm { Fe{ N m agnets wi th a gra in diam eter of : ñ m,
is presented (deno ted as curve a). For compari son in thi s Ùgure the theo reti cal an-
gul ar dependence of coerci ve Ùeld related to the domain wal l pinni ng mechanism |
Ko ndorsky' s rel ati on [23] (curve d) and thi s relati on modiÙedby Suponev et al . [24]
by consi dering the dom ain wal l m oti on and coherent ro ta ti ons of m agneti zati on
vecto r accordi ng to the f orm ula (curve e):

H c È H c
cosÈ D a D x

D z sin È D a D x cos È
; (1)

are pl otted, where D z and D x D y | dem agneti zati on coe£ cients for the sampl e
in the shape of ell ipsoid of revo luti on; D a H a=M s | the coe£ cient related to
m agneto crysta l l ine anisotro py. Furtherm ore, the angular dependence of coercive
Ùeld was calcul ated accordi ng to the Stoner{ W ohl farth model [10] (curve c), and
the m odel of dom ain nucl eati on wi th reversed m agneti zati on vector [25] (curve b).

Accordi ng to the Sto ner{ Wohl farth theo ry [10], the norm alized coerci vi ty
decreases from 1 to 1/ 2, and then again increases to the ini ti al value (curve c in
Fi g. 3). As a resul t from Fi g. 3, the experim ental angular dependence of coer-
ci ve Ùeld up to well corresponds to the nucl eati on m odel . Parti cul arl y, wi th
decreasing the È angle, the coercivi ty ini ti al ly decreases to the m ini mum value
(equal to the reduced coercive Ùeld J H c È = J H c 0 0:73), corresp ondi ng to
È . Subsequentl y, the coercive Ùeld increaseswi th increasing the È angle up
to the maxi mum value ( J H c È = J H c 0 0:95) for È , and then decreases
to the minimum value ( J H c È = J H c 0 0:48) for È :

The results obta ined in thi s work cannot be expl ained on the basis of Ko n-
dorsky theo ry [23], where the domain wal l pinni ng is responsible for demagneti -
zati on processes, as wel l as the modi Ùed Ko ndorsky m odel proposed by Suponev
et al . [24], where the dom ain wal l m oti on (m ore pro babl e f or smal l angle È ) and
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Fig. 3. T he angular dependence of reduced coercive Ùeld J H c ( È ) =J H c ( È = 0) for

Sm{F e{N magnet with a grain diameter of 0: 97 ñ m: a) exp erimental curve, b) the curve

corresp ondi ng to the nucleation reversal pro cess for 2 K 2 =K 1 [25], c) the curve

corresp ondi ng to the model of coherent rotation of magnetization vector [10] , d) the

curve corresp ondin g to K ondors ky relation = cos È [23] , e) according to the modiÙed

K ondorsky relation [24].

coherent rota ti on of m agneti zati on vecto r (cha racteri stic for hi gher values of È

angle) are considered.
On the other hand, the com pari son of the curves a) and b) presented in Fi g. 3,

reveals tha t for a range of È angle from 0 to , good agreement between the
exp erimenta l data and predi cti ons of the nucl eati on m odel proposed by Kro nm �ul ler
and SchreÛ [25] is obta ined. Accordi ng to thi s m odel , the changes of coerci vi ty on
È angle are described by the fol lowing rela ti on:

H È
K

ñ M cos È sin È

K

K

ta n È

tan È

D D M ; (2)

where D and D are dem agneti zati on coe£ cients.
Ho wever, for a range of È from to , the di ˜erences between exp eriment

and theo reti cal predi cti ons are evi denced. Accordi ng to Suponev et al . [24] in or-
der to expl ain the di ˜erences in the equati on describing the angular dependence of
coercivi ty , the dom ain wal l moti on and coherent ro ta ti on of m agneti zati on vecto r
should be consi dered. Furtherm ore, to expl ain the course of coerci ve Ùeld depen-
dence on the angle È , the existence of di ˜erent m agneti c phasesin the exam ined
m agnets should be considered, in parti cul ar soft m agneti c ˜ -Fe phase, for whi ch
the dom ain wal l moti on is responsibl e for the m agneti zati on reversal process.

The com pari son of the coercive Ùeld dependence on the angle È wi th the
theo reti cal predi cti ons for Sm{ Fe{ N m agnets al lows assuming tha t for the range
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of È angle between 0 and 7 0 £ , the m agneti zati on reversal process is correl ated
to the nucl eati on mechani sm of reversed dom ains. For hi gher values of È angle,
the m agneti zati on reversal pro cess is m ore com plex tha n the one predi cted by the
theo reti cal models.

3. 3. C oercive Ùeld J H c changes on the external magnet ic Ùeld, determi ned from
t he mi nor hysteresis loops

D ependence of coercive Ùeld J H c on the externa l m agneti c Ùeld H , deter-
m ined from the m inor hysteresis loops, is another exam inati on metho d tha t al lows
us to determ ine the m agneti zati on reversa l process. For the pi nni ng contro lled co-
erci vi ty m echanism of the m agnets, the dom ain wal ls canno t easily move thro ugh
the sam ple and the perm eabi l i ty for such m agnets is smal l unti l the externa l Ùeld
gain the coerci ve Ùeld value. Furtherm ore, the dra stic change of coercivi ty in ex-
terna l m agneti c Ùeld equal to the coercive Ùeld, is observed as i t was shown, e.g.
for Fe{Al { C m agnets [22]. However, for the m agnets in whi ch magneti zati on rever-
sal pro cess is correl ated wi th nucl eati on of reversed dom ains, the existi ng dom ain
wa lls can m ove easily and the ini ti al perm eabi li t y has a hi gh value. In thi s case,
alm ost l inear increase in coercive Ùeld wi th increasing externa l m agneti c Ùeld up
to the maximum value is observed [9].

Fig. 4. T he coercive Ùeld J H c dependence on the maximum external magnetic Ùeld H ,

determined from minor hysteresis loops for Sm{F e{N magnets w ith di˜erent grain sizes.

Tha t relati on is presented in Fi g. 4, for Sm{ Fe{ N magnets wi th gra in diam -
eters of 8 : 6 ñ m, 1 : ñ m , and : ñ m . The l inear increase in coercive Ùeld J H c

wi th increasing externa l m agneti c Ùeld is observed for low values of the m agneti c
Ùeld. It indi cates tha t the coerci ve Ùeld in Sm{ Fe{N magnets is associ ated wi th
the mechani sm of the reversed domain nucl eati on.
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4. Co n cl usion s

The comparison of experim enta l ly determ ined angular dependence of coer-
ci ve Ùeld wi th theo reti cal relati ons, pro ved tha t for È angles between 0 and 7 0 £

the magneti zati on reversa l pro cess is correl ated wi th the nucl eati on of reversed
dom ains. Ano ther conÙrm ati on of thi s concl usion was pro vi ded by the course of
the J H c ( H ) curves determ ined f rom the m inor hysteresis loops for di ˜erent values
of the externa l Ùeld. The shape of tho se curves is typi cal of the m agnets wi th the
m agneti zati on reversa l process contro l led by the nucl eati on of reversed dom ains.
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