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Formation and evolution of the transverse anisotropy with nanocrystallization
in amorphous Fe73.5CuNb3Si13.5B9 ribbons
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The evolution of the magnetic domain patterns has been studied in amorphous Fe73.5CuNb3Si13.5B9 ribbons
by suitable ‘‘long duration’’ thermal treatments. It is shown that by annealing at 550 °C for annealing timeta

from 1 to 150 h, very fine nanocrystalline bcc-FeSi grains are homogeneously formed in the amorphous matrix.
Although with increasingta the grain size remains very fine~<11 nm!, the coercivityHc increases rapidly
from 0.14 A/m forta53 h to 133 A/m forta5150 h. For the nanocrystalline ribbons withta53 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 timeta>10 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 annealed forta51, 3, and 10 h, while in the sample ofta

530 h, the easy magnetization in domains is transverse to the ribbon direction. The induced transverse an-
isotropy of 380 J/m3 in the sample ofta530 h is determined from the domain width. The estimatedHc for the
coherent rotation process in the sample ofta530 h is compatible with the experimentally observed value.
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In 1988 Yoshizawa, Oguma, and Yamauchi1 reported a
new class of iron-based alloys with excellent soft magne
properties, which is formed after devitrification when a
nealed at the optimum temperature. This kind of soft ma
rial consists of nanocrystallites randomly nucleated in a s
amorphous matrix. The alloy composition originally pr
posed and subsequently not much changed
Fe73.5CuNb3Si13.5B9 at. %. Based on the random anisotro
model,2 Herzer3 has shown that the magnetic softness is
lated to the ratio of the exchange correlation lengthL ~or
domain wall thickness! to the average crystallite sized. For
L@d the magnetocrystalline anisotropy is averaged out
the domain wall can move without hindrances. In additio
the resulting magnetoelastic anisotropy is very small, si
for a critical crystallized volume frictionx, the average mag
netostriction vanishes.

The investigation of the domain structure and magnet
tion processes is particularly important for the further i
provement of the soft magnetic properties of these mater
Previous observations4–6 have shown that the domain stru
tures of these materials with very high permeability are ch
acterized by large domains divided by 180° walls, the o
standing soft magnetic properties seem to be connecte
the extremely high mobility of the few domain walls prese
On annealing beyond the optimum temperature the magn
softness deteriorates which manifests itself with irregular
main appearance. In the present work we have investig
the evolution of domain patterns and the corresponding m
netization processes upon long duration treatment at 55
in the Fe73.5CuNb3Si13.5B9 alloy. With increasing annealing
time ta a gradually change of transverse domain width a
transition of magnetization processes are observed in
nanocrystalline alloy. The observed degradation of soft pr
PRB 620163-1829/2000/62~9!/5760~5!/$15.00
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erties before the influence of the increased grain size is
tributed to the increase of the transverse anisotropy, whic
supposed to be originated from the new stresses develo
during nanocrystals formation.

The amorphous Fe73.5CuNb3Si13.5B9 ribbons, 30mm thick
and 10 mm wide, were produced by single-roller rap
quenching in the Institute of Physics of the Slovak Acade
of Sciences at Bratislava. The ribbons were cut in strips,
mm wide and 50 mm long. For annealing procedure, we
a quasiboat with one strip sample in a quasitube, and t
vacuumize the quasitube up to 1026 Torr. After the tempera-
ture in a furnace reaches 550 °C, the quasitube was mo
into the furnace and kept in it without magnetic field f
some time, for instance, for 1 or 3 h and up to 150 h. And
then the quasitube was taken out from the furnace and co
in the air. The coercivityHc of the annealed samples we
first measured in an earth-field-compensated solenoid usi
Förster coercimeter. The domain pattern observations on
same samples were made by magneto-optical Kerr effect
croscopy. At last, the microstructure was determined
transmission electron microscopy~TEM! and x-ray diffrac-
tometry with rotating anode~Rigaku D/max2400!. Figure 1
gives TEM micrographs and the corresponding electron
fraction patterns for the sample annealed at 550 °C for 1
150 h, respectively. As demonstrated in Fig. 1, very fi
nanocrystalline grains are homogeneously embedded int
amorphous matrix. Upon annealing timeta from 1 to 150 h,
the grain size changes very little, varying from about 9 to
nm. From temperature dependence of the specific magn
zation ss , the weight percentWa of bcc-FeSi phase is de
termined by thes1/b2T plot method.3 For the sample an-
nealed for 1 h, the weight percentWa of the bcc-FeSi phase
is about 75%. With increasing annealing timeta , the Curie
5760 ©2000 The American Physical Society



am

ra
rr
h

n

th

ra,

by

ith
the

the

of
the
well
the

-
apid
ith
in

ied
c-
ari-

in
o-

ne-
if

xis,
ig.
do-
ec-

of

PRB 62 5761FORMATION AND EVOLUTION OF THE TRANSVERSE . . .
temperature of the bcc-FeSi phase keeps nearly the s
about 600 °C, but the irregular bend observed in thess(T)
curves is less noticeable due to increasing crystallized f
tion and disappears for the sample annealed for 30 h, co
sponding to the end of the first crystallization stage. T
samples in strip form were step scanned with Cu radiatio
Brag angle 2u ranging from 40° to 125°~with step of 0.02°,
1 s!. The step-scanned x-ray spectra after elimination ofKa2
as shown in Fig. 2, indicates noncrystalline texture of
a-FeSi grains in the annealed samples. With increasingta the

FIG. 1. TEM micrograph and electron diffraction patterns
nanocrystalline Fe73.5CuNb3Si13.5B9 ribbons:~a! annealed at 550 °C
for 1 h, ~b! for 150 h.

FIG. 2. Step-scanned x-ray spectra of Fe73.5CuNb3Si13.5B9 rib-
bons annealed at 550 °C forta51 to 150 h.
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lattice parameter, obtained from x-ray diffraction spect
changes slightly from 0.2841 nm for 1 h to 0.2843 nm for
150 h, which is compatible with the value obtained
Yoshizawa.1 For the sample annealed forta5150 h, the
x-ray diffraction spectrum shows a small additional line w
interplanur spacing of 0.2081 nm, which corresponds to
diffraction pattern ~220! of the orthorhombic Fe3~Si, B!
phase. Figure 3 shows the dependence of coercivityHc and
grain size on the annealing timeta . It is shown that forta
.3 h, Hc changes its values rapidly withta by several orders
of magnitude, even though the grain sized, is still much
smaller than the exchange correlation lengthL ~35 nm!.7 The
deterioration of the magnetic softness before growth of
FeSi grains was also observed5,8 previously in this materials,
which leads to invalidity of thed6 dependence ofHc de-
duced from the simplified model made by Herzer.3

Figure 4 presents the evolution of domain patterns
amorphous and nanocrystalline FeCuNbSiB ribbons in
demagnetized state. For the amorphous sample, it is
known that the wide and wary laminae patterns as well as
narrow laminar patterns in Fig. 4~a!, as observed also in
other amorphous alloys,9 are generated by tensile and com
pressive stresses, respectively, produced by the r
quenching process. For the nanocrystalline ribbons w
shorter annealingta51, 3, and 10 h broad transverse doma
patterns are dominant as observed in Figs. 4~b!–4~d!. For
ta.10 h the transverse domain widthD0 gradually becomes
narrow with increasing annealing time. Under an appl
magnetic fieldHext parallel or transverse to the ribbon dire
tion the magnetization processes for the samples with v
ous ta are distinguishable. For instance, in samples withta
51, 3, and 10 h, applying a small external magnetic field
the direction parallel to the ribbon direction results in a d
main wall displacement of the transverse domains~Fig. 5!,
which is the dominant contribution to the change of mag
tization in the initial magnetization processes. And even
the magnetic field is applied transverse to the ribbon a
domain wall movements are still observed, as shown in F
5. This implies that the easy magnetization in transverse
main may lie between the longitudinal and transverse dir

FIG. 3. The annealing time dependence ofHc and grain size
with ta for the Fe73.5CuNb3Si13.5B9 ribbons.
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FIG. 4. Domain patterns of Fe73.5CuNb3Si13.5B9 ribbons in the demagnetised state:~a! asquenched,~b! annealed at 550 °C forta51 h, ~c!
ta53 h, ~d! ta510 h, ~e! ta530 h, ~f! ta5150 h.
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tions for these samples. Figure 6 shows narrow and reg
transverse domain patterns of the sample withta530 h. Af-
ter applying a longitudinal magnetic field the contrast b
tween the domains keeps decreasing until the domain
terns vanish, which results from a homogeneous rotation
the magnetization within the domains, while under a tra
verse magnetic field only domain wall movement occu
This indicates that the easy magnetization directions is tra
verse to the ribbon direction. For the sample withta5150 h
only changes of the contrast between the very fine and
continuous transverse domains are observed in both lon
dinal and transverse applied fields due to rotation proces
magnetization in domains.

Recently, based on the random anisotropy approximat
Hernandoet al.10 have established a simple phenomenolo
cal theory, which takes into account the two-phase chara
of nanocrystalline materials. According to this theory, t
lar
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total anisotropy, providedd,d* holds, is given by

Kt5xK0 /g313lef̂ s&/2, ~1!

where the first term is a structural anisotropyKs in the crys-
tallized volume fractionx, a parameterg varying between 0
and 1, the macroscopic anisotropy of single phase,K0
5(3/4)3d6k4/A3 with the average crystallite sized, uniaxial
anisotropy constantk of the nanocrystals and the strengthA
of the exchange interactions between any pair of adjac
nanocrystals and the maximum size of crystallitesd*
5(A/k)0.5g/x2/3; the second one is the magnetoelastic a
isotropy with effective magnetostriction constantlef5lcx
1lam(12x), wherelc is magnetostriction for nanocrysta
and lam for amorphous matrix, and the average absol
value of stresseŝs&, which is expected to change with th
thermal treatments through either stress relaxation of
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PRB 62 5763FORMATION AND EVOLUTION OF THE TRANSVERSE . . .
amorphous structure for annealing temperatures below
onset of crystallization, or by the stress developed dur
nanocrystals formation within the amorphous matrix. For
samples withta51 – 30 h, the grain sized is much smaller
than the exchange correlation length, e.g.,d!L ~35 nm!,7

the macroscopic structural anisotropyKs averages out to be
about 14 J/m3 ~Ref. 8!, and the slight change in grain siz
and the crystalline fraction withta should not have a sub
stantial influence on the macroscopic structural anisotro
So theKs losses the importance in theKt and the change o
the total anisotropyKt with ta is mainly attributed to that of
the magnetoelastic anisotropyKe , which has two contribu-
tions of opposite sigh, coming from crystalline and from t
residual amorphous matrix. For the sample annealed fota
51 h, the transverse domain patterns is similar to that

FIG. 5. Domain patterns of a nanocrystalline ribbon~annealed at
550 °C for 10 h!: ~a! in the demagnetized state~b! in the applied
longitudinal magnetic field ofHext50.42 Oe, ~c! in the applied
transverse magnetic field ofHext548.8 Oe.
he
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served in Fe-based annealed amorphous ribbons.9 It is likely
that the magnetoelastic anisotropy in this sample is not c
pletely compensated when nanocrystallization takes pla
As Francoet al.claimed,11 in addition to the residual interna
stresses, new stresses developed by nanocrystals format
also the origin of the magnetoelastic anisotropy. But for
sample annealed forta53 h, a few wide longitudinal do-
mains appear together with wide transverse domains. As
served by Hofmann,8 This domain structure takes place
the case of optimal annealing condition, under which the t
opposite contributions to the magnetoelastic anisotropy
the best compensated, leading to minimumHc andKt . With
further increasingta , a transverse anisotropy is developed
the sample ofta510 h. Especially, forta>10 h theKu in-
creases evidently withta according to the domain widthD0

FIG. 6. Domain patterns of a nanocrystalline ribbon~annealed at
550 °C for 30 h!: ~a! in the demagnetized state,~b! in the external
longitudinal magnetic field ofHext56.2 Oe, ~c! in the external
transverse magnetic field ofHext587.8 Oe.
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;Ku
21/4.9 For the sample annealed forta530 h, which pos-

sesses typical transverse domain patterns with magnetiz
in the transverse direction to the ribbon axis, the anisotr
Ku of about 380 J/m3 is determined from the relation ofKu

564ATo
2/D0

4,9 with the exchange constantA510211J/m,7

the ribbon width To51.5 mm and the domain widthD0
544mm. Using the results for coherent spin rotation,12 the
Hc of 35 A/m is estimated fromHc5pcKu /Js where pc
50.13,7 Js51.25 T,3 which is close to the experimentall
observed value. With regard to the origin of the degradat
of good magnetic properties, or the induced transverse
isotropy in the samples ofta510 and 30 h there are sever
possible causes for analysis.~1! Changes of the silicon con
tent ina-FeSi phase can strongly influence magnetic prop
ties owing to changes in magnetocrystalline anisotropy
magnetostriction, as observed by Duhajet al.13 A very small
change of about 2 at. % in the silicon content ina-FeSi
phase, deduced from the small change of the lattice par
eters for the samples fromta51 to 150 h, cannot cause s
ion
y

n
n-

r-
d

m-

large changes ofHc or anisotropy,~2! It is well known that
the precipitation of boride-type phases with high anisotro
degrades the soft properties. But borides precipitation has
been detected in the samples annealed forta510 and 30 h,
~3! Consequently, it is plausible to presume that the n
stresses developed during nanocrystals formation are d
nant contributions to the magnetoelastic anisotropy. The
mation mechanism of the induced anisotropy still needs to
studied further. The domain patterns of the sample withta

5150 h is similar to that observed in the sample anneale
620 °C.8 In this sample precipitation of the new Fe3~Si, B!
phase with high anisotropy, as a strong pinning of dom
walls prevents a magnetization by domain displacements
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