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The temperature dependence of the hysteresis loops and susceptibility for the melt-spun ribbon and bulk
NdgoFesAl 10 and NgFeCo,Al 1 alloys were studied. The investigations were performed on as-cast and
annealed samples. Measurements of the hysteresis loops with maximum fieljHgf,=22 T were made
between 4.2 and 300 K. The temperature dependence of the coercivity follows a law that describes hard
magnetic behavior based on pinning-site inhomogeneities interacting with domain walls. A quantitative evalu-
ation of the domain-wall width, the exchange and anisotropy constants was made. The coercivity of the alloys
at room temperature depends strongly on the quenching rate and/or on the production method. The room-
temperature coercivity of the alloys shows an exponential behavior with the Curie temperature. Depending on
the quenching rate, the melt-spun Nd-Fe, Co-Al alloys form distinctly different nonequilibrium phases, indi-
cating that the magnetically hard precursor may vary mainly with quenching rate.
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[. INTRODUCTION clusters of approximate 1.2 nm diameter tentatively identi-
fied as antiferromagnetic yBe;3 Al ;. , phase.

The preparation of hard magnetic amorphous rare-earth- The coercive field of melt-spun NgFe;Al 1 increases up
transition metal alloys and the study of their magnetic propto about 4 T when the temperature decreases from Curie
erties have provided the greatest stimulus for research démperature to around 77 K and decreases quickly for tem-
permanent magnets. A number of recent stddfefiave peratures lower than this temperature. The reductioh of
demonstrated that Ne~e,Co-(Al,Si) bulk (with a maximum  below 77 K is caused by the presence of an ordered magnetic
thickness of 15 minamorphous alloys can be produced in Nd and Nd-rich phases’ Wang et al® attributed the low
the as-cast state exhibiting hard magnetic properties, devefoercivity found in rapidly quenched NgFe;oAl o ribbons,
oping a coercive fielgkgH, up to 0.38 T, at room tempera- &t Foom temperature, to the presence of nonmagnetic Nd and
ture. With annealing, no significant change of the magnetic®onuniformity of the magnetic microstructure formed by the
properties is observed and the hardness disappears when f§@°rPhous phase and other unidentified magnetic phases.
materials are completely crystallized. However in Ng- However, in our previous work, we have s_uggested that this
(Fe,Co-Al amorphous alloysH, strongly depends on the can be related to the fact that the material is close to the

. N L i magnetic ordering temperatute.
quenching ratéQR). H, decreases with increasing of QR.

Recent work performed by the present authors publisheg To explain the hard magnetic behavior of Nd-based bulk
; ) ' . morphous alloys, magnetic exchange coupling interaction
elsewheré, reports about a coercive field of 0.039 T in a b phou y gnetic ex g upiing | !

! . . " etween metastable magnetic ordered clusters with large ran-
NdsoFe30Al 10 ribbon with a thickness of 3gm. Additionally,  yom anisotropy;® or the pinning of domain walf® has

the TEM examingtion revealed thgt the. nominally amor-peen suggested. Recently, Végial1° have observed a large-
phous as-spun microstructue-ray diffraction spectrum is  gcgle magnetic domains in iFe,CoAl ;o bulk by using
typical of an amorphous materjatonsists of an amorphous magnetic-force microscopfaverage length scale of 360 nm
Nd-rich matrix with grains smaller than 10 nm of Nd for the as-cast sample and 420 nm for the sample annealed at
crystallites(cubic, space groupm3m). In the samples an- 715 K for 1800 $. The existence of the large-scale domains
nealed at 603 K for 10 min, the grain size is increased ands interpreted as a result of short-range ordering of atomic
additionally, new crystalline phasd®f the compositions clusters in the material by exchange coupling. However to
Nd(Fe _,Al,),] are formed. After annealing at 773 K for explain the invariance of the coercivity with a heat treatment,
10 min the complete crystallization occurs revealing hexagoprior to full crystallization, in addition exchange coupling
nal Nd, NdAL, and NdgFe; crystalline phases and, at between ordered clusters, Wei al. take also into account
room temperature, the alloy is paramagnetic. However, athe pinning of domain walls.

room temperature, the change in microstructure due to an- Our point of view, the mechanism of the coercivity in
nealing at 603 K did almost not affect the value of the coer-melt-spun Nd-Fe, Co-Al alloys is not clear until now. There-
cive field. Recently, Krameet al. suggested that as-spun fore, in this work, we extend the investigation of the tem-
Ndgo- 2/3F30- 1/3Al 10+ x (—2<x<6.5) microstructure con- perature dependence of the hysteresis loops and susceptibil-
sists of an amorphous Nd-rich, magnetically soft matrix withity for the melt-spun ribbon and bulk NgFe;Al,, and

0163-1829/2002/66)/0544418)/$20.00 66 054441-1 ©2002 The American Physical Society



R. SATO TURTELLI et al. PHYSICAL REVIEW B 66, 054441 (2002

NdggF&0C0iAl 1o alloys. Measurements of the hysteresis

loops with maximum field ojugH =22 T were performed @) NdgoFeghl,
between 4.2 and 300 K. nnealed at 773 K

r annealed at 60 |
II. EXPERIMENTAL §2)
c
S

A NdggFe,iC0o,0Al 1o bulk cylindrical sample of 3 mm di- w as-cast
ameter and 50 mm length was prepared by die casting into ¢2| X . - : - - '

copper mould under argon atmosphere starting from preal- &
loyed ingots. The structure of as-cast sample was characterg
ized by optical microscopy, x-ray diffraction, and differential &
scanning calorimeter. Details of the preparation and the mi- | .
crostructure analysis of this sample are given elsewhere. Mwm
NdgoFes0Al 10 and NgpFe,Co;0Al o ribbons (thickness 30
pm and width 2 mm were prepared by melt-spinning in
protective atmosphere. X-ray diffraction and electron mi- M I , :
croscopy(TEM) were used to study the microstructure at 20 40 2960d 80 100
room temperature. The microstructure characterizations ol (deg)
NdsoFesAl 1o as-cast and annealed samples performed by g, 1. X-ray diffraction spectra obtained on MEesAl o and
TEM method are described elsewhéréhe Curie tempera- NdgoFe,0COy0Al 10 ribbons.
ture T¢, was determined from the temperature dependence
g:. the initial ac-susceptibility;, whered’y;/dT shows a xi(T), measured on as-cast and annealed samples of
inimum. The initial susceptibility measurements were car-

. . o : NdsoFes0Al 1o are shown in Fig. 2. The measurements per-
ried out in an ac-magnetic field of 200 A/m with a frequency__.°° :
of 80 Hz between 4.2 and 300 K and for higher temperature formed on ribbon and bulk NeF€CoAlso samples are

in a field of 100 A/m with 800 Hz. Hysteresis loops Werespresented in Fig. 3. The insets of Figs. 2 and 3 shef) in

measured between 4.2 and 300 K using a pulsed-field ma%e_nlarged scales at low temperatures. As can be seen, for all
netometer with a maximum applied fielchH . up to 22 T amples, they;(T) curves present peaks close to the mag-

. " netic ordering temperatures of the Nd phase, evidencing
(maximum rate=5750 T/s). Additionally, at room tempera- tﬁen, the existence of the Nd-rich crystallites embedded in

Lusrii, S;?]“gx?ésgﬁéisﬁgoggtsoﬁlglr Zirzglti?nvgézi ?es;ﬂg e amorphous matrix. These results agree with TEM inves-
9 9 9 fgations. Nd has a double hexagonal crystiicp structure,

with a maximum external field of 8.5 T. The mvestlgatlonsWith two inequivalent lattice sites of approximately cubic
were performed on as-cast and annealed samples. The id hexagonal symmetries. The magnetic order in Nd is

nealing was carried out in NgFe;Al 1o at 603 K for 10 min - :
) . multi-gq at low temperatures. The fcc allotrope of Nd is fer-
and in bulk NggFe,Co10Al 10, at 773 K for also 10 min. romagnetic with alc of 29 K Neutron-diffraction mea-

surements have shown two antiferromagnetic ordering tem-
lll. EXPERIMENTAL RESULTS peratures, one at 19.9 fthe onset of ordering on hexagonal
siteg and the other at 7.5 Kthe onset of ordering on the

Ndg,Fe,,Co,,Al,

annealed at 773 K

as-cast

The x-ray diffraction patterns of ribbons and bulk materi-
als in the as-cast state are always indicative for an amor-
phous structure. The EDX measurements at several layers ¢

T T T T T T T T T
as-cast

NdgoFes0Al 1o ribbon showed that the sample is very homo- NdFeAl, . nealed at603 K

geneous with average composition of gb;Al3 4Sisg. 3F 7
The presence of Si atoms is due to the alloy being fused in ¢ | o

quartz crucible. Figures(d) and ib) show the x-ray diffrac- g’ annealed

tion spectra of as-cast and annealed ribbons g Al 1 Cc 2+
and NggFe Co0Al g, respectively. No crystalline diffrac- ¥,
tion peaks are visible for the as-cast samples. However, from =
the TEM investigations, as reported in our previous wbak, R 4L
precipitation of small crystallites of cubic Nd of a grain

size<10 nm are always present. For the alloys annealed a
603 K, a mixture of amorphous and crystalline Nd-rich —
phases are more obvious indicated by well defined peak ! ,

O'm

1 L I L ] 2 1

together with the amorphous hump. In this sample the grain 0 100 200 300 400

size becomes larger than 10 nm. The samples heat treated

773 K, are completely crystallized exhibiting Nd particles

with cubic and hexagonal structures, JRé; and FIG. 2. Temperature dependence of the susceptibility of

Nd(Fe _,Al,), phases® NdgoFes0Al 1o ribbons. In inset shows the enlarged scale at low tem-
The temperature dependencies of the initial susceptibilityperatures for the annealed sample at 603 K for 10 min.

Temperature (K)
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" Pk (a's_cast)' " Nd_Fe Co. Al T TABLE I. Values of the coercivity(measured by means of a
r bulk (annealed at 773 K) Bo" 207 1000 7 PPMS and the Curie temperature obtained for Nd-Fe, Co-Al al-
—o—ribbon (as-cast) [ ons.
- moHe  Tc
2 ] Sample m K
E NdgoFesAl 19 ribbon as-cast 0.038 401
= NdgoFe30Al 19 ribbon annealed at 603 K 0.035 404
= ] NdgoFe,dC0o,0Alp  ribbon as-cast 0.0083 375
NdgoFe,C0i0Al 1o bulk as-cast 0.33 448
NdgoFe,C0;0Al 1o bulk  annealed at 773 K  0.34 450

400

200 300
Temperature (K)

0 100 amorphous materials. In the Ref. 13, Croat showed that Cu-
rie temperatures of amorphous NgFe, alloys with 0.4

FIG. 3. Temperature dependence of the susceptibilty of<x< 0.8 are much smaller in evaporated film than those of
NdsoFe,0C0,0Al 10 Samples. In inset shows the enlarged scale at 'OWEeigtz?gr;sibzb;on ';gﬁﬁ??ﬁ::’;g d%ﬁ%‘g’ }Ehfi rctl;]l;ent]irl?_
temperatures. spinning ribbon. Therefore, in this work, because QR
cubic siteg, but electrical resistivity measurements have(ribbon)>QR (bulk), we have attributed to the loW of the
shown changes in slope at 6, 8, and 18'Kn this work,  ribbon due to the high quenching rate.

susceptibility measurements showed similar results like Figures 4a) and 4b) show the upper part of hysteresis
those of resistivity measurements for the annealed ribbofbops measured in a pulsed field at various temperatures on
NdsoFes0Al 1 (see the inset in Fig.)XShowing peaks at 6.5, as-cast and annealed MNBEe;Al,o samples. Magnetization

8, and 28 K, thery;(T) decreases gradually up to 75 K. For curves of NggFe, Coj0Al;, ribbon and of as-cast bulk
as-cast NghFesoAl 1o and NggFeCo;0Al o ribbons, a broad  Ndg Fe,Co,0Alo are shown in Figs. @) and 3b), respec-
peak occurs at 16.5 K, while for the bulk samples, a hump afively. For all samples, when a maximum field of 22 T is
11.3 K was found, the(T) decreases slowly up to 50 K. applied, the saturated state of the magnetization was not
The broad magnetic transitions indicate the formation of dif-reached due to the noncollinear sperimagnetic structure in
ferent magnetic phases and many inequivalent local suthese material®® However, the maximum coercive field,
rounding. namely, the coercivity, is obtained.

It is worth mentioning that thg,;(T) measurements show Our data show that the hysteresis loops of the bulk
an additional peak afp (see Figs. 2 and)3bove 75 K and
before the Curie temperatur@ §) of the amorphous matrix,
but only for the ribbons. This peak moves to higher tempera-
tures when the sample is heat treated. In a previous Work,
we had already mentioned that the appearance of this peak 80 (a): as-cast
can be related to the nonuniformity of quenching rates along
the ribbons forming distinctly different nonequilibrium
phases with different microstructures or compositions. Both
effects originate different magnetic ordering tempera-
tures!?~2* As will be reported later, they are identified as a
metastable ferromagnetic Fe-Al phase. This metastable phase
was not observed in the bulk material, which indicates more
uniformity of quenching ratéQR) in whole sample.

Curie temperatures of the amorphous mafrixobtained
from the minimum ofd’ x;/dT are shown in Table I. The
Curie temperature of the ribbon is much smaller than that of
the bulk samples andl: increases slightly with heat treat-
ment. The increase dfc with an annealing can arise from 57
the structural relaxation and the decrease of the Nd content in I ]
the amorphous matrix. On the other hand, the magnetic or- /

Nd, Fe, Al 4K 1

40

80 g

Magnetization (Am%/kg)
-
~

dering temperature of the ribbon being smaller than that of
the bulk can be related to the different quenching rates,
where QR(ribbon>QR (bulk). Croat®® has reported that
magnetic propertiegssuch as coercivity and Curie tempera-
ture) of melt-spun Nd_,Fe, alloys change strongly with

£ 296 K
7 YA 1

0 10
Field uH (T)

20

FIG. 4. Hystereis loops of NgFe;eAl o ribbons measured at

guenching rates and also with production method of thalifferent temperaturesa) as-cast sample ar@) annealed sample.

054441-3



R. SATO TURTELLI et al. PHYSICAL REVIEW B 66, 054441 (2002

T ) T 47 v T T T T
80 (@) NdGDFeZOComAIm

i

ribbon (as-cast) -
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<
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(r:j‘ g0 | ﬁ (b) NdFe, Co, Al
._g (b) \ —A— bulk (as-cast)
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FIG. 6. Temperature dependence of the coercivity obtained on:

FIG. 5. Hysteresis loops of NgFe;iCo10Al 1o Samples measured  (g) NdgFeyAl ;o samples andb) NdggFe,,CoiAl 1o samples.

at different temperature$a) as-cast ribbon an¢b) as-cast bulk.
occur atTp much higher~210 K). Therefore the maximum

NdggFe,Co;0Al 1o measured abov&>50 K are rectangular, occurs at ordering temperature of the Nd-rich particles. The
while below 50 K, the loops are typical of supposing two temperatureT =75 K confers the Curie temperature of
phases. However, the hysteresis loops of ribb@sscast and  NdAl,.° This phase can be present in ribbons investigated
annealegshow a kink atH=0 for temperatures below room here, because the initial conditions for the formation of
temperature. Belowp, it is clear that the metastable ferro- NdAl, are favorable due to the melting point of Al is the
magnetic Fe-Al phase can cause a kink close to the originpwest of the other constituents. Therefore as the temperature
but this kink exists also fom>Tp. Nevertheless the soft is raised molten Al surrounds solid Nd, Fe, and Co. Since
ferromagnetic phase really responsible for the kink could notliffusion in the liquid is much more rapid than diffusion in
be identified. As in the bulk, folf <50 K the influence of the solid, the phases formed between Nd and Al approach
magnetically ordered Nd-rich phase appears on the hysterediom the Al-rich side during the melting process, thus the
loops of ribbons. initial conditions are favorable for the formation of NGAI

The temperature dependencies of the coercivity ofThe increase oH. observed at 7.5 K can be related to the
NdgoFes0Al 10 and NggFe,gCo0Al 1o are shown in Figs. @) change of the ordering from the hexagonal site to the cubic
and 8b), respectively. It is worth to mention that these alloys site of Nd.
exhibit a time dependence of the magnetization, therefore the At room temperature, the coercivity of the ribbons is
coercive field measured in pulsed fields is larger than thatmuch smaller than those of the bulk samples and, the coer-
measured with static field$. civity of the NdygFe;0Al 1o ribbon is much larger than that of

When the temperature decreases, the coercivity increaséils Fe,Co;0Al 1, ribbon (see Table)l These results may be
showing a maximum at temperaturg,,, around 50, 75, and related to the samples exhibiting different QR’s. Croat has
100 K for the bulk, annealed ribbon and as-cast ribbon, refound in melt-spun Nd-Fe alloys, the almost linear increase
spectively, then decreases up to 7.5 K and increases again. coercivity with decreasing QR. Croat has suggested that
The temperature where the maximum occurs is related to thgne dependence of the coercivity on quenching rate can be
precursor from distinctly different magnetic phases wereelated to the formation of some type of semicrystalline
formed depending on the quenching rate used to prepare tlsructure in which the degree of disorder and associated an-
alloy. For the bulk, the magnetic transition at low tempera-isotropy varies with quenching rate On the other hand, a
tures takes place rather gradual up to 50 K. In the as-caglegree of disordefa degree of orientations of Fe moments
ribbon, the maximum happens @ where the magnetic with nearly randomly oriented Nd moments results in a mo-
transition of the metastable Fe-Al occurs redudiyg after-  lecular field direction at Nd sitgsmay also explain the
wards stronger reduction of the coercivity is followed by strong influence of the preparation conditions on the Curie
subsequent magnetic ordering of the precipitated particlesemperature. The Curie temperature of the ribbon is close to
For the annealed ribbon, the reduction of the coercivity dugoom temperature. Therefore, we ascribe the low room-
to the magnetic ordering of the metastable phase starts temperature coercivity to the low Curie temperature. As can
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FIG. 7. Logarithm of the coercivity of different samples as func- 0r " Nd,Fe,Co,AlL, |
tion of the Curie temperature. L L 1
-1 0 1 2
be seen in Table T can vary from 375 to 450 K. Conse- Field u,H (T)

quently, it is expected that the room-temperature coercivity is

dependent of the Curie temperature of the alloy. In fact, the FIG. 8. Virgin curves of the magnetization measured on the
room-temperature coercivity increases exponentially with thes-cast samples ¢&) NdggFe;pAl 10 and (b) NdggFe,Co10Al 10-

Curie temperature following the exponential law found by

fitting wo(He)s00k=Ce"%*¥c to the experimental data, NdgFe,Co0Al;omagnets. The graphs are perfectly linear in
where C=1.25<10 %% The room-temperature coercivity the region of the temperaturd$,,x<T<300 K. Similar re-
(measured with static field, see Tableads function of the sults were also obtained for as-cast ribbons. The linear be-
Curie temperature is shown in Fig. 7. This exponential law ishavior between gH.)*? andT?* confers on the model pro-
not valid for lower temperatures, on the contrary, as can b@osed by Gaunhf based on the strong pinning of the domain
seen in Fig. &), at temperatures close to the maximum ofwalls by a random array of inhomogeneities due to thermal
the coercivity of the ribbon, the coercivity of the bulk can activation effects.

become smaller than that of the ribbon.

Up to now, as mentioned before, in the most of previous
works have been suggested that the origin of the high coer-
civity in the bulk material is due to the magnetic-exchange In magnetic materials, the domain walls can be pinned at
interaction among nanosize clusters with different local commagnetic inhomogeneities that may be nonmagnetic precipi-
position and magnetic properties, which hardness is relatethtes or inclusions, structural defects or cavities, or any re-
with the concentration of these clusters. A part from Kramemions with different magnetic properties from the matrix.
et al,’ the coercivity mechanism was described by the cou- In NdggFe;0Al 10 and NgigFe,qCo;0Al 1o amorphous alloys,
pling between soft ferromagnetic and antiferromagnetic
phases, when the later phase becomes magnetically ordere " T " T
at Ty<T.. They obtained a measurable hysteric behavior
only below half of the Curie temperature of the soft amor-
phous matrix (0.9¢). However, in our work, we suggest 151
the strong pinning of domain walls model for explaining the
coercivity mechanism of the alloys investigated here. In this;’
case, the coercivity is the critical field required to release the™
wall from the pinning sites.

The initial magnetization of the hysteresis loops of the
NdgoFe,0C0;0Al 1o bulk material shows a pinning-type behav-
ior. The shape of the virgin curves of the ribbons reveals an
inhomogeneous magnetization behavior in the samples. Fig
ures &) and 8b) show the virgin magnetization curves 05 ) . , .
measured on the as-cast gyee;Alo and as-cast bulk 20 30 40
NdsoFe0C010Al 1o Samples. Similar curves were obtained for 28 (K)?°
the annealed samples. Then, the high coercivity can arise
from impediments to domain wall motion, caused by grains FIG. 9. (uoH.)Y? as a function of T)%® obtained for bulk
boundaries, surfaces, or magnetic inhomogeneities. NdsgFe,dC0o,0Alo Samples. The symbols are the experimental data

In Fig. 9, (uoH.)Y? is plotted againsT?? for the bulk  and the lines are the fitting of E¢6) to the experimental data.

IV. STRONG PINNING MODEL

Nd,,Fe,,Co,,Al,, (bulk)

T)1/2

(MOHC

1,0+

O as-cast
O annealed
—— model

Temperature
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pinning sites can be attributed to the surface, structural de- TABLE Il. Values of the linear and angular coefficients obtained
fects and precipitation of Nd and Nd(FgAl,), in nano-  from the fitting of Eq.(6) to the experimental data of the bulk
crystalline state embedded in the amorphous phase. Sin®&lscFe;Coi0Al1o Samples.

these precipitation exhibit completely different magnetic
properties of those of the amorphous matrix, they can act as ~ Sample moHo (MO"‘,o)U2 LS
pinning sites for domain walls of the amorphous matrix, (bulk) (M (T9) (TY2K™2)

mainly for temperatures higher than their magnetic OrderingxldeoFeZOCowAl 0 6.3550.04 252002 0.04070.0007
temperatures. A model of strong magnetic domain-wall pin-  (35.cagt

ning was developed by Gaunt considering explicitly the ef-\g Fe coAl,,  6.55:0.02 2.56:0.01 0.0406-0.0004
fect of the activation energy. (annealeyl

On applying a fieldH, the wall will bow and wherH
increases sufficiently the wall will break away from the cen-
ter pin. However, the wall can also break free in a field lowermagnetic constants of these materials, as domain wall energy
than Hy (critical field in absence of thermal activatiorif ~ and thickness, anisotropy and exchange constants, which are
thermal energy is available to supply the activation energtill unknown in the literature.
which is necessary to take the bowed wall from its minimum  Equation(5) can be rewritten by
energy position to its maximum energy position where it can

break away. For strong pinning the activation energy, ne- \/,LLOHCI\//.LOHO—CT2/3, (6)
glecting internal demagnetizing effects, is givert by
where
4bf ( H )1/2 3/2 o
=—|1-| 5 , (1) _ T
3 Ho C= MOH()(kBlnT_O/ 4bf (7)
where f is the maximum restoring pinning force from a o ) ) o
single pin and & is the wall width. Fitting Eq.(6) to the experlmenta_\l data is ghowr_l in Fig. 9.
The condition which must be satisfied for strong domain-The VuoHo andc constants determined are listed in Table II.
wall pinning is The value of the domain wall thicknes$=4b can be
evaluated fronc estimating the maximum restoring forfe
3f per pin in the material of spontaneous magnetizahbnby
B=gp L (2 means of the Nl model®
Y
where vy is the domain-wall energy. Thus the pinning is 8 5
strong for smallb (narrow domain thicknegsor for large f:0'86'§(”M sp)°, ®)
f/y. For a 180° domain wall, the thickness and the energy . ) ) )
are given by where the precipitates are considered as spheres with a di-
ameter of 2.
5=4b=mJAIK ©) Taking into account that Ed5) is valid in the region of
the temperatures where the intrinsic properties can be con-
and sidered constant, the estimate of the magnetic properties was
made for the bulk material where the magnetization at 6 T
y=4JAK, (4) changes slightlyabout 10% in the range 100 and 350 K

respectively, whereA and K are exchange and anisotropy (S€€ Fig. 10 Then, the average magnetization of the bulk
constants. The coercive fiek., in the region where the alloy was considered to ds=0.3 T. Assuming the average
intrinsic magnetic properties can be considered constant, @iameter of pinning sites to be 10 nm the valug oésults in

given by 5.4x10°° d. In this experiment, the time duratianis ap-
proximately 3.8<10" 3 s (the time corresponding to the field
T 23 varying from the maximum field to the coercive figld'hus,
|”T_kB assumingro=10"1!s, a value of 7.7 nm was obtained for
VHe=VHo— VHq 481‘ T28, (5)  the domain wall width. This result shows that it is very prob-

able that domain walls can be pinned by particles, once the

wherekg is the Boltzmann constant; is the time duration ~condition b<2p is satisfied.

of measurement andr, is a time constant of order The anisotropy and exchange constants and domain wall
10 7-10 18, energy were estimated considering 180° domain walls and

the condition which must be satisfied for strong domain-wall

pinning. Thus, using the Eq&2), (3), and(4), the following

numerical results were obtaineg/<3.19 erg/cri, K<3.3

X 10P erg/cn?, and A<2x10 7 erg/lcm. These results are
From fitting the Eq(5) to the experimental data and from reasonable since the hard magnetic properties of melt-spun

experimentally accessible quantities which supports the vaNd-Fe, Co-Al alloys arise from the amorphous matrix. Ad-

lidity of using the proposed model, one can estimate thalitionally, the value of the magnetic anisotropy constant ob-

V. EVALUATION OF MAGNETIC CONSTANTS: DOMAIN
WALL, EXCHANGE AND ANISOTROPY CONSTANTS

054441-6



COERCIVITY MECHANISM IN NdggFespAl 10 AND . . . PHYSICAL REVIEW B 66, 054441 (2002

' ' ' ' ' ' ' ' ger increasing the coercivity of the alloys. Generally speak-

60 - O Nd_Fe_Al_(ribbon as-cast) | ing, when the precipitation are relatively large, the grain
—O—Nd_Fe.Co.Al (bulkas-cast) ] boundary can continue to act as pinning center even below
50 | N\ A—Nd.Fe.Co.AlL (ribbon as-cast) the magnetic transition of the particles. It is clear that in our
80 20 10" 10

work, the increase of the coercivity with annealing is mainly
due to the change of the size or number of the precipitation
of particles. However for the ribbon, the high coercivity
found for T<T,,, leads to suggest at the same time the
effect of the change of the composition of the remaining
amorphous phase, enriching the concentration of transition
8 metals. For the amorphous Neb, _,, the coercive field is
constant betweex=0.55 and 0.4 at room temperature,
. ! | . however at 4.2 K, the coercive field increases almost by fac-
0 100 200 300 400 tor 1.7 in the same range af'?
Temperature (K) In the ribbon, the proportionality betweep.§H.)*? and
T?® is also observed in the range of the temperatures

FIG. 10. Temperature dependence of the magnetization at 6 T00 K< T<300 K. This result is due to the magnetization

measured on the as-cast dféle;pAl 10 and NoFexCoieAl 1. which varies linearly with temperatufsee Fig. 19 and ad-

_ . ditional temperature dependent intrinsic magnetic effects
tained here is comparable to thé values of amorphous may also vary linearly with temperature.

Nd-Fe alloys reported by Taylat al!? In thin film samples
of amorphous NglFe,,, they foundK=1.7x10° erg/cn?
for room temperature and 4<110° erg/cn? for 4.2 K.

M, (Am?/kg)
w L
o o
T T

N
o
T

VIlI. CONCLUSION

The strong pinning model can describe the temperature

VI. DISCUSSION dependence of the coercivity of melt-spun Nee, Co-Al
alloys.
The observation of the proportionality betwegnyH )2 The coercivity of the alloys at room temperature depends

and 7?3 in Nd-Fe Co-Al alloys demonstrates that the strongstrongly on the QR and/or on the production mechanism. At
pinning model can be suggested to explain the coerciveopom temperature, the coercivity of the alloys shows an ex-
mechanism in these materials. ponential behavior with the Curie temperature. Depending
In our investigations, the particles precipitated in theon quenching rate, in the melt-spun Nd-Fe, Co-Al alloys
amorphous matrix during the quenching process are parderm distinctly different nonequilibrium phases. The mag-
magnetic at high temperatures and may act as pinning sitesetically RT-hard precursor may vary mainly with quenching
for the domain walls of the amorphous matrix. The role ofrate. The abrupt decrease of the coercivity below the order-
particles(if they are very smallas a pinning center disap- ing temperature of the precipitated particles is due to these
pears when the particles become magnetically ordered. Coparticles being magnetically softer than amorphous matrix
sequently the number of pinning sites reduces and the magmd can lose their property to act as pinning sites.
netic particles which exhibit a small coercivity will
contribute for the global magnetization curve of the alloy.
Therefore an abrupt decrease of the coercivity occurs at the
ordering temperature of the particles, since close to magnetic J. P. Sinnecker is grateful for the financial support of
transition, the contribution due to the magnetization of theFAPERJ and CNPqg. The authors wish to thank the partici-
particles is negligible. pants of the Brazilian PRONEX/FINEP/CNPq Project No.
When the alloys are submitted to a heat treatment, thd1.96.0907.00 for the PPMS measurements. The work was
particles precipitated in the amorphous matrix increase iralso partly supported by the Austrian National Science Foun-
their sizes or their numbers can grow depending on the prodation under the Project No. PHY 13146 and\DEZA
duction history, then pinning of domain walls becomes stron{roject No. 894/2001.
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