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Influence of Pulse Heating on Rayleigh Area
of Amorphous FINEMET-Type Alloy
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The effect of pulse annealing on magnetization processes in FINEMET-type alloy in weak magnetic fields (the
Rayleigh area) is studied in this paper. Rapidly quenched FINEMET ribbon in the original amorphous state was
chosen for the study. The significant differences in behavior of studied materials are ascribed to the differences
in internal mechanical stresses, which bring about the changes in total magnetic anisotropy and consequently also
changes in domain walls thickness.
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1. Introduction

Magnetization of ferromagnetic material is usually des-
cribed by four processes: reversible and irreversible shift
of domain walls, rotation of the vector magnetic polariza-
tion, and paraprocess. The area of weak magnetic fields,
so-called Rayleigh region (RR), is characteristic for the
reversible motion of domain walls. In this area, the de-
pendence of the magnetic polarization on magnetic field
strength is described by the following expression:

J = µ0κPH + αH2, (1)
where J is magnetic polarization, H — magnetic field
intensity, κp — initial volume magnetic susceptibility,
α — the Rayleigh constant and µ0 is the permeability
of vacuum. The initial volume magnetic susceptibility
κp and the Rayleigh constant α are constants dependent
on the type of ferromagnetic material [1].

The reason of irreversible shift of domain walls in cry-
stalline materials outside RR is the presence of structu-
ral defects or non-ferromagnetic regions. In amorphous
ferromagnetics, the role of disorders is played by mecha-
nical stress introduced in the alloy during its prepara-
tion, as well as mechanical stress around atomic clusters.
The presence of defect in the domain wall will reduce its
energy and thus the domain wall will bind to the defect.
The more the size of this defect approaches the thickness
of the domain wall, the more the domain wall motion is
braked. Magnetic reversal in RR is carried out by rever-
sible shift of the domain walls which are not bound to in-
clusions. It will be interesting to know to what extent the
processes in RR can be affected by different stress conditi-
ons in amorphous material. Heat treatment is frequently
used for the study of mechanical stresses and their pos-
sible changes in amorphous materials. Disadvantage of
this method is that simultaneously with reduction of in-
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ternal stresses atomic clusters are created [2, 3]. Thus
we decided to use a heating pulse, assuming that due to
the short duration of heating, clusterization will be very
small.

2. Experimental

The FINEMET-type samples with chemical composi-
tion of (Fe73.5Cu1Nb3Si13.5B9) were used for the study.
The first one was in as-supplied state (amorphous), the
second one was annealed using one pulse heating, the
third one was annealed using 20 pulse heating. Due to
comparison the parameters of this sample were measu-
red also after heat treatment at 520 ◦C for 1 h, i.e. in the
nanocrystalline state. The parameters of one pulse were
following: duration of pulse 100 ms, the reached tem-
perature 345 ◦C and supplied energy 32.20 J. Magnetic
parameters of the samples were determined using magne-
tometer measuring stray fields of the sample, apparatus
for pulse heating was placed in magnetometer [4].

First, the initial magnetic polarization curve was me-
asured (virgin curve) and hysteresis loop in magnetic
field with magnetic field strength from –15 kA/m to
+15 kA/m (so-called large loop), then the initial magne-
tic polarization curve was measured in detail and hyste-
resis loop in magnetic field with magnetic field strength
from –100 A/m to +100 A/m (detailed loop). Subse-
quently, pulse heating was applied, and after 20 min
all mentioned magnetic measurements were carried out
again. This process was repeated 20 times. From the
large loop the following magnetic parameters were deter-
mined — magnetic polarization of saturation, measured
in magnetic field of 15 kA/m (Js), coercivity (Hc) and
the total magnetic anisotropy (K), determined from the
area above the curve of the initial magnetic polarization.
The values of these parameters and the Curie tempera-
ture (TC) for all studied samples are listed in Table I.

The course of coercivity and total magnetic anisotropy
during 20 pulse heatings of amorphous samples are shown
in Fig. 1. The course of detailed hysteresis loop of the
studied sample is shown in Fig. 2.
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TABLE I

Selected magnetic parameters of studied samples.

FINEMET Js [T] HC [A/m] K [J/m3] TC [K]

amorphous 1.139 14.6 1120 620
after 1. impulse 1.151 5.78 618 620
after 20. impulse 1.154 3.64 615 620

nanocryst. 1.151 3.02 256 860

Fig. 1. The course of coercivity and total magnetic
anisotropy during pulse heating of FINEMET sample.

Fig. 2. Hysteresis loops of the samples of FINEMET.

3. Results and discussion

Initial parts of virgin curves of the samples were me-
asured in detail. The Rayleigh parabola was fitted to
the first points using the formula (1), from which κp and
α were determined, their values are listed in Table II.
The initial parts of virgin curves of the samples with the
Rayleigh parabola are shown in Fig. 3. The size of areas
in which the Rayleigh parabola coincides with the initial
area of the virgin curve, i.e. RR is for all samples listed
in Table II. Relatively little difference in the size of RR
is unexpected due to the large difference in coercivity of
the studied samples.

There is conspicuous difference in the size of the parts
of the samples magnetized within the RR, i.e. in the size
of the part of samples that were magnetized by reversible
displacement of domain walls. If we compare magnetic

Fig. 3. The initial part of the virgin magnetic polariza-
tion curves and Rayleigh parabolas for FINEMET sam-
ples which underwent different pulse heat treatments.

polarization achieved within RR with saturation magne-
tic polarization (in the field of 15 kA/m), we see that in
the amorphous sample 2.1% of sample volume was mag-
netized, in the samples after pulse heating it is about
9% and in nanocrystalline sample it is 11.4% (Table II).
Based on this, the mobility of domain walls in RR will
significantly increase, once the pulse heating is applied.
Such changes may cause decrease in the amount of struc-
tural defects in our case clusters or their reduction. But,
such change caused by pulse heating is unrealistic. For
this reason we will try to find out whether the increase
in the thickness of the domain wall could be the possible
cause of this effect. The thickness of 180◦ domain wall
can be estimated using formula [1, 5]:

δw = π

√
A

Ka
, (2)

where A is so-called exchange integral for which can
be written A

.
= 0.15kTC, k is the Boltzmann constant

(k = 1.38 × 10−23 J K−1), TC is the Curie temperature
of the sample. a is the lattice constant of the crystalline
material and the mean distance between the atoms of
amorphous alloy. For the FeSi alloy with low Si content
of its value is a = 2.86×10−10 m. Taking into account the
composition and density of FeSi and studied samples, we
used this value for both nanocrystalline and amorphous
samples.

From the facts mentioned above it results that expres-
sion (2) for amorphous materials can be modified as fol-
lows:

δw
.
= π

√
0.15kTC
Ka

. (3)

The values of thickness of the 180◦ domain wall for all
samples were determined using (3) and they are listed
in Table II. The values of other physical quantities, cal-
culated from the measured data are also listed in Ta-
ble II — initial volumetric magnetic susceptibility κp, the
Rayleigh constant α, size of RR, the relative size of the
sample magnetized within RR, i.e. the ratio of the maxi-
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mum magnetic polarization achieved in RR and magnetic
polarization saturation samples (JRayl

Js
) and a thickness of

180◦ domain walls (δw).

TABLE I

The parameters calculated from the measured data.

FINEMET κp

1000
α [µWb

A2 ] RR [A
m
] JRayl

Js
δw [nm]

amorphous 2.38 180 0–8 2.61% 147
after 1. imp. 4.37 560 0–10 9.45% 268
after 20. imp. 4.93 700 0–11 9.81% 267
nanocryst. 9.95 200 0–11.5 11.39% 491

In amorphous sample the part of the sample volume,
which is magnetized in RR (Table II) is small, thus mobi-
lity of domain walls in the SR is small in comparison with
other samples (in comparison with crystalline sample mo-
bility of the domain walls is higher by one order [6]). This
is supported also by a relatively high coercivity of the
sample (Table I). This effect can be caused by the prepa-
ration procedure which introduces large internal mecha-
nical stresses, leading to large magnetoelastic anisotropy.
Stresses or structure being deformed by them, is an ob-
stacle for domain wall motion. In view of the composi-
tion of the sample (it includes 5 components), it can be
assumed that there is clustering of atoms, which also le-
ads to reduced mobility of domain walls. Their thickness
also contributes to low mobility of domain walls if their
thickness does not differ much from the size of obstacles.

After the first pulse heating a significant decrease in
internal stresses in the sample occurs, leading to a signi-
ficant decrease in coercivity and mechanical stresses and
thus decrease in the total anisotropy of the sample. As
a consequence, the thickness of the domain wall grows
approximately twice. As this heat treatment causes only
slight growth of clusters, there is a significant increase in
the mobility of domain walls. After the next 19 heating
pulses, the sample properties changed only slightly.

For nanocrystalline samples the size of RR is compa-
rable with that one for amorphous sample. However, the
part of the sample, which is remagnetized by reversible
shift of domain walls in RR (Table II) is significantly lar-
ger. This suggests to a large increase in the mobility of
domain walls. Such assumption is supported by a very
low coercivity with respect to the amorphous sample.

The cause is probably the process of nanocrystalline
transformation, in which degradation of the majority
of internal stresses occurs, thereby magnetoelastic
anisotropy and also the number and size of the distorted
regions reduce, as well as the number of distorted
regions that brake the domain wall motion. There is also

the collapse of clusters into crystallites with dimensions of
about 10 nm, whose dimensions are small in comparison
with the thickness of the domain walls. Simultaneously
there is also increase in the thickness of domain wall.

4. Conclusions

Pulse heating of amorphous sample leads to a signifi-
cant decrease in internal stresses in the sample without
affecting of clusterization. The consequence of the decre-
ase of internal mechanical stress is the significant decre-
ase in total anisotropy, since magnetoelastic anisotropy
in amorphous ferromagnetics is dominant. Reduction of
the energy required for the magnetization in direction of
the magnetization by almost 50% and also increase in
the thickness of domain walls, while maintaining the size
of the obstacles to their movement, lead to a significant
increase of mobility of domain walls. The consequence of
the increased mobility of domain walls is that in the Ray-
leigh area 3 times higher portion of the sample (Table II)
is magnetized. Consequently due to the increased mo-
bility of domain walls the decrease in coercivity (Fig. 1)
and also change in the hysteresis loop shape (Fig. 2) are
observed.
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