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The evolution of the magnetic domain patterns has been studied in amorphquSu#;Si; ; B4 ribbons
by suitable “long duration” thermal treatments. It is shown that by annealing at 550 °C for annealint,time
from 1 to 150 h, very fine nanocrystalline bcc-FeSi grains are homogeneously formed in the amorphous matrix.
Although with increasing, the grain size remains very fie<11 nm), the coercivityH, increases rapidly
from 0.14 A/m fort,=3 h to 133 A/m fort,= 150 h. For the nanocrystalline ribbons witf+ 3 h, the domain
structure is characterized by a few broad longitudinal together with some broad transverse domain patterns,
connected to the minimum coercive field. With increasing annealing tijmel0 h, only transverse domain
patterns are observed and the transverse domain width gradually becomes narrow. By applying an external
magnetic field, the magnetization processes indicate that the easy magnetization may lie between the longitu-
dinal and transverse directions for the samples annealet,fot, 3, and 10 h, while in the sample of
=30h, the easy magnetization in domains is transverse to the ribbon direction. The induced transverse an-
isotropy of 380 J/min the sample of,=30 h is determined from the domain width. The estimatedor the
coherent rotation process in the sample pf 30 h is compatible with the experimentally observed value.

In 1988 Yoshizawa, Oguma, and Yamaucteéported a erties before the influence of the increased grain size is at-
new class of iron-based alloys with excellent soft magnetidributed to the increase of the transverse anisotropy, which is
properties, which is formed after devitrification when an-supposed to be originated from the new stresses developed
nealed at the optimum temperature. This kind of soft mateduring nanocrystals formation.
rial consists of nanocrystallites randomly nucleated in a soft The amorphous Fg:CuNb;Si; 5 $Bg ribbons, 30um thick
amorphous matrix. The alloy composition originally pro- and 10 mm wide, were produced by single-roller rapid
posed and subsequently not much changed iguenching in the Institute of Physics of the Slovak Academy
Fe;; CUNDB;Si 3 Bgat. %. Based on the random anisotropy of Sciences at Bratislava. The ribbons were cut in strips, 1.5
model? Herzef has shown that the magnetic softness is remm wide and 50 mm long. For annealing procedure, we put
lated to the ratio of the exchange correlation lenptifor ~ a quasiboat with one strip sample in a quasitube, and then
domain wall thicknessto the average crystallite siz& For ~ vacuumize the quasitube up to 10Torr. After the tempera-
L> 6 the magnetocrystalline anisotropy is averaged out andure in a furnace reaches 550 °C, the quasitube was moved
the domain wall can move without hindrances. In addition,into the furnace and kept in it without magnetic field for
the resulting magnetoelastic anisotropy is very small, sinceome time, for instance, for Ir @ h and up to 150 h. And
for a critical crystallized volume friction, the average mag- then the quasitube was taken out from the furnace and cooled
netostriction vanishes. in the air. The coercivityH; of the annealed samples were

The investigation of the domain structure and magnetizafirst measured in an earth-field-compensated solenoid using a
tion processes is particularly important for the further im-Forster coercimeter. The domain pattern observations on the
provement of the soft magnetic properties of these materialsame samples were made by magneto-optical Kerr effect mi-
Previous observatiofig® have shown that the domain struc- croscopy. At last, the microstructure was determined by
tures of these materials with very high permeability are chartransmission electron microscogyEM) and x-ray diffrac-
acterized by large domains divided by 180° walls, the outtometry with rotating anodéRigaku D/max2400 Figure 1
standing soft magnetic properties seem to be connected gives TEM micrographs and the corresponding electron dif-
the extremely high mobility of the few domain walls present.fraction patterns for the sample annealed at 550 °C for 1 and
On annealing beyond the optimum temperature the magnetit50 h, respectively. As demonstrated in Fig. 1, very fine
softness deteriorates which manifests itself with irregular donanocrystalline grains are homogeneously embedded into an
main appearance. In the present work we have investigategimorphous matrix. Upon annealing tiriefrom 1 to 150 h,
the evolution of domain patterns and the corresponding maghe grain size changes very little, varying from about 9 to 11
netization processes upon long duration treatment at 550 °@m. From temperature dependence of the specific magneti-
in the Fe; CuNb,;Si;5 By alloy. With increasing annealing zation oy, the weight percen®, of bcc-FeSi phase is de-
time t, a gradually change of transverse domain width andermined by theo’’— T plot method® For the sample an-
transition of magnetization processes are observed in thigealed for 1 h, the weight percewt, of the bcc-FeSi phase
nanocrystalline alloy. The observed degradation of soft propis about 75%. With increasing annealing titge the Curie
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FIG. 3. The annealing time dependenceHyf and grain size
with t, for the Fe; CuNb,;Si; 5 Bg ribbons.

lattice parameter, obtained from x-ray diffraction spectra,

FIG. 1. TEM micrograph and electron diffraction patterns of changes slightly from 0.2841 nmrfd h to 0.2843 nm for
nanocrystalline Fg <CuNb;Si; B, ribbons:(a) annealed at 550°C 150 h, which is compatible with the value obtained by
for 1 h, (b) for 150 h. Yoshizawal For the sample annealed fag=150h, the

x-ray diffraction spectrum shows a small additional line with

temperature of the bcc-FeSi phase keeps nearly the sanigterplanur spacing of 0.2081 nm, which corresponds to the
about 600 °C, but the irregular bend observed in#heT)  diffraction pattern (220) of the orthorhombic Fg£Si, B)
curves is less noticeable due to increasing crystallized frad®hase. Figure 3 shows the dependence of coerdiVitand
tion and disappears for the sample annealed for 30 h, corrérain size on the annealing timtg. It is shown that fort,
sponding to the end of the first crystallization stage. The>3 h, H. changes its values rapidly with by several orders
samples in strip form were step scanned with Cu radiation a@f magnitude, even though the grain sigeis still much
Brag angle 2 ranging from 40° to 125fwith step of 0.02°, smaller than the exchange correlation lengit85 nm.” The

1 9. The step-scanned x-ray spectra after eliminatiok pf ~ deterioration of the magnetic softness before growth of the
as shown in Fig. 2, indicates noncrystalline texture of theFeSi grains was also observégreviously in this materials,

a-FeSi grains in the annealed samples. With increasjige ~ Which leads to invalidity of thes® dependence oH, de-
duced from the simplified model made by HerZer.

Figure 4 presents the evolution of domain patterns of

* a-FeSi amorphous and nanocrystalline FeCuNbSiB ribbons in the

+ Fey(Si,B) demagnetized state. For the amorphous sample, it is well

L . t=1h known that the wide and wary laminae patterns as well as the
A A - ] narrow laminar patterns in Fig.(d), as observed also in

other amorphous alloysare generated by tensile and com-
k J\ 3h pressi\k/]e stresses, respe(;]tively, produc"ed bybbthe rapri1d
quenching process. For the nanocrystalline ribbons wit
—A - A shorter annealing,=1, 3, and 10 h broad transverse domain
patterns are dominant as observed in Fig$)-44(d). For
A 10h t,>10 h the transverse domain widkh, gradually becomes
- A narrow with increasing annealing time. Under an applied
magnetic fieldH ., parallel or transverse to the ribbon direc-
tion the magnetization processes for the samples with vari-
L N A N jok_h_ oust, are distinguishable. For instance, in samples wjth
=1, 3, and 10 h, applying a small external magnetic field in
the direction parallel to the ribbon direction results in a do-

Intensity (arb. unit)
i LY \___ \ N |
—
>

L JL 150h main wall displacement of the transverse domdifig. 5),
_A\ , A A which is the dominant contribution to the change of magne-
4 60 80 100 120 tization in the initial magnetization processes. And even if
26 (degree) the magnetic field is applied transverse to the ribbon axis,

domain wall movements are still observed, as shown in Fig.
FIG. 2. Step-scanned x-ray spectra obf€uNb;Si;3 B, rib- 5. This implies that the easy magnetization in transverse do-
bons annealed at 550 °C foy=1 to 150 h. main may lie between the longitudinal and transverse direc-
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FIG. 4. Domain patterns of Fg:CuNb;Si; 3 Bg ribbons in the demagnetised sta@: asquenchedb) annealed at 550 °C fag=1 h, (c)
ta=3h, (d) t,=10h, (e) t,=30h, (f) ;=150 h.

tions for these samples. Figure 6 shows narrow and regulaotal anisotropy, provided< §* holds, is given by

transverse domain patterns of the sample wjth 30 h. Af-

ter applying a longitudinal magnetic field the contrast be- Ki=xKo/ v+ 3N\ 0)12, (1)

tween the domains keeps decreasing until the domain pat-

terns vanish, which results from a homogeneous rotation ofvhere the first term is a structural anisotrdfyin the crys-

the magnetization within the domains, while under a transtallized volume fractiorx, a parametery varying between 0

verse magnetic field only domain wall movement occursand 1, the macroscopic anisotropy of single phalsg,

This indicates that the easy magnetization directions is trans=(3/4)>56°k*/ A3 with the average crystallite siz& uniaxial

verse to the ribbon direction. For the sample wit-150h  anisotropy constark of the nanocrystals and the strength

only changes of the contrast between the very fine and disf the exchange interactions between any pair of adjacent

continuous transverse domains are observed in both longituranocrystals and the maximum size of crystallité$

dinal and transverse applied fields due to rotation process of (A/k)%5y/x?3, the second one is the magnetoelastic an-

magnetization in domains. isotropy with effective magnetostriction constang;= A .x
Recently, based on the random anisotropy approximatiory- \ ;{1 —x), where\ is magnetostriction for nanocrystals

Hernandoet all° have established a simple phenomenologi-and \ ., for amorphous matrix, and the average absolute

cal theory, which takes into account the two-phase charactaralue of stresseés), which is expected to change with the

of nanocrystalline materials. According to this theory, thethermal treatments through either stress relaxation of the
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F!G' S Domz.:un pgtterns of a nanon_:rystalllne rl_lat(annealeq at FIG. 6. Domain patterns of a nanocrystalline ribldannealed at
550 °C for 10 h: (a) in the demagnetized statb) in the applied o ) . . .
- i . . 550 °C for 30 h: (a) in the demagnetized statéy) in the external
longitudinal magnetic field oH¢,=0.42 Oe, (c) in the applied - L = .
transverse magnetic field &f..—48.8 Oe longitudinal magnetic field oH.,=6.2 Oe, (c) in the external
9 ext e ' transverse magnetic field &f.,=87.8 Oe.

amorphous structure for annealing temperatures below theerved in Fe-based annealed amorphous ribBdtis. likely
onset of crystallization, or by the stress developed duringhat the magnetoelastic anisotropy in this sample is not com-
nanocrystals formation within the amorphous matrix. For thepletely compensated when nanocrystallization takes place.
samples witht,=1-30h, the grain sizé is much smaller As Francoet al.claimed!!in addition to the residual internal
than the exchange correlation length, ed&<L (35 nm,”  stresses, new stresses developed by nanocrystals formation is
the macroscopic structural anisotroly averages out to be also the origin of the magnetoelastic anisotropy. But for the
about 14 J/m (Ref. 8, and the slight change in grain size sample annealed far,=3 h, a few wide longitudinal do-
and the crystalline fraction with, should not have a sub- mains appear together with wide transverse domains. As ob-
stantial influence on the macroscopic structural anisotropyserved by Hofmanfi, This domain structure takes place in
So theK, losses the importance in th& and the change of the case of optimal annealing condition, under which the two
the total anisotrop¥K, with t, is mainly attributed to that of opposite contributions to the magnetoelastic anisotropy are
the magnetoelastic anisotropd,, which has two contribu- the best compensated, leading to minimdgandK,. With
tions of opposite sigh, coming from crystalline and from thefurther increasing,, a transverse anisotropy is developed in
residual amorphous matrix. For the sample annealedfor the sample ot,=10h. Especially, fot,=10h theK, in-

=1 h, the transverse domain patterns is similar to that obereases evidently with, according to the domain widtB
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~K51/4.9 For the sample annealed foy=30h, which pos- large changes dfl; or anisotropy,(2) It is well known that
sesses typical transverse domain patterns with magnetizatidfie Precipitation of boride-type phases with high anisotropy
in the transverse direction to the ribbon axis, the anisotropglegrades the soft properties. But borides precipitation has not
K, of about 380 J/mis determined from the relation ¢f,  been detected in the samples annealed fer10 and 30 h,
=64AT2/DE,° with the exchange constart=10"1*J/m,/  (3) Consequently, it is plausible to presume that the new
the ribbon widthT,=1.5mm and the domain widtlb, Stresses developed during nanocrystals formation are domi-
=44 um. Using the results for coherent spin rotatiérthe ~ hant contributions to the magnetoelastic anisotropy. The for-
H. of 35 A/m is estimated fromH.=p.K,/Js wherep,  mation mechanism of the induced anisotropy still needs to be
=0.13/ J,=1.25T2 which is close to the experimentally studied further. The domain patterns of the sample wjth
observed value. With regard to the origin of the degradatior= 150 h is similar to that observed in the sample annealed at
of good magnetic properties, or the induced transverse ar620°C? In this sample precipitation of the new J8i, B)
isotropy in the samples df,=10 and 30 h there are several phase with high anisotropy, as a strong pinning of domain
possible causes for analysid4) Changes of the silicon con- walls prevents a magnetization by domain displacements.
tent in «-FeSi phase can strongly influence magnetic proper-

ties owing to changes in magnetocrystalline anisotropy and The authors thank B. Ludescher, A. Neuweiler, and W.
magnetostriction, as observed by Dubkapl® A very small ~ Maisch for their assistance in the experiments and M. Kelsch
change of about 2 at.% in the silicon content daFeSi  for the TEM micrograph. This work was supported by the
phase, deduced from the small change of the lattice paran®Btate Key Project of Fundamental Research and the National
eters for the samples from=1 to 150 h, cannot cause so Science Foundation of China.
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