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The amorphous state is characterized by metastability, which results in structural relaxation even at
low temperatures. These relaxations contribute to the magnetic properties of amorphous alloys, such
as the value of the coercive field, losses from hysteresis or magnetic susceptibility. In amorphous ma-
terials, as opposed to crystalline ones, the description of relaxation phenomena is difficult due to the
fact that these processes are described by the activation energy spectrum and occur in a wide tempera-
ture range. The paper presents the results of the analysis of migration processes based on the adopted
H. Kronmüller model, in which the reorientation of atoms takes place in areas of reduced volume called
free volumes.

topics: magnetic susceptibility disaccommodation, activation energy of elementary processes, bulk amor-
phous alloys, structural relaxation

1. Introduction

The constantly growing consumption of electric-
ity is the factor driving the boom for newer and
newer materials, which are to meet higher and
higher standards. The group of modern materi-
als includes bulk amorphous alloys, which are con-
sidered as a separate group of amorphous materi-
als [1, 2]. We divide amorphous alloys into classic
and bulk ones. Classic alloys are those produced
in the form of tapes, the thickness of which does
not exceed 100 µm. Bulk amorphous alloys, on the
other hand, include alloys with a thickness greater
than the limit for ribbons. Electrotechnical materi-
als, especially those used in transformers, should be
characterized by a low coercive field, high saturation
magnetization, low core losses, and a relatively high

Curie temperature [3, 4]. During operating electric
or electronic devices, good stability of parameters
is expected.

An important factor influencing the quality of
an electrotechnical material is the stability of its
magnetic susceptibility over time from the moment
of demagnetization. The theory describing this phe-
nomenon for amorphous materials was also devel-
oped by H. Kronmüller based on the assumptions
of Allen’s theory for magnetic delays occurring in
crystalline materials [5]. The study of the phe-
nomenon of magnetic susceptibility disaccomoda-
tion gives a full description of the susceptibility tem-
poral stability of the examined amorphous material.
Disaccomodation of magnetic susceptibility is stud-
ied in the Reley range and is related to skipping of
pairs of atoms within free volumes.
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The paper presents the results of the analysis
of magnetic susceptibility deaccomodation curves
for the spectrum of continuous relaxation times ob-
tained for bulk amorphous samples after solidifica-
tion in the form of rods with a diameter of 1 mm and
chemical compositions (Fe74B20Nb2Hf2Si2)100−xYx
(x = 1, 2).

2. Theoretical details

Data obtained from measurements of magnetic
susceptibility as a function of temperature were
used for the numerical analysis. A continuous spec-
trum of relaxation times was assumed for amor-
phous alloys. The change in magnetic susceptibility
over time, describing its decrease, is related to the
change in the stabilization potential of the domain
wall. Such a relationship is described by [6, 7]
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where SŚ is the area of the domain wall per unit
volume, χ is the initial susceptibility and MS is the
saturation magnetization. The stabilization poten-
tial of the domain wall described according to [8]
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where

c0(t) = n0(t) = n∞ +
(
n0(0)−n∞

)
e−t/τA (3)

is the average number of pairs of atoms per unit
volume. The relaxation times, τA = τ0A eQA/(kBT )

and τR = τ0R eQR/(kBT ) are related to the defect

Fig. 1. (a) Theoretical isochronous magnetic sus-
ceptibility disaccomodation curves and (b) dis-
tribution of deviations between the theoreti-
cal curve and the experimental points for the
(Fe74B20Nb2Hf2Si2)99Y1 alloy.

Fig. 2. (a) Theoretical isochronous magnetic sus-
ceptibility disaccomodation curves and (b) dis-
tribution of deviations between the theoreti-
cal curve and the experimental points for the
(Fe74B20Nb2Hf2Si2)98Y2 alloy.

density change and the reorientation of the axis
of pairs of thermally activated atoms, respectively
(QA, QR — activation energies). In the case of ∆m

and ∆s, these are respectively the magnetic and
structural fission energies between two orientations
of pairs of atoms, defined as [8]

2∆ = 2∆s + 2∆m. (4)

Whereas, the energy of magnetic fission of the
i-th pair of atoms is defined as the differences be-
tween the energies of magnetic interactions [8]

2∆mi = εi,2 − εi,1, (5)
where εi,j — energy of the magnetic interaction.

In the vicinity of the free volume at tempera-
ture T , the reorientation of the axis of pairs of
atoms occurs by a thermally activated jump above
the potential barrier. For numerical calculations,
an isochronous magnetic susceptibility disaccomo-
dation curve was presented for several relaxation
processes in the form of the relationship [9]
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where z = ln( τ
τm

), Ipi — the intensity of the i-th
process at peak temperature Tpi, and β — width of
distribution.

In this study, these changes were investigated in
an alternating magnetic field using the transformer
method.

3. Results and discussion

Figures 1 and 2 show the theoretical isochronous
magnetic susceptibility disaccomodation curves
calculated according to (6) and the experi-
mental points obtained for the alloy samples
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TABLE I

Data from the analysis of disaccommodation of mag-
netic susceptibility curves as a function of tempera-
ture for Fe alloy; βτi is the width of the Gaussian
distribution.

Process
Tpi

[K]
Ipi

(×10−5)

Qmi

[eV]

τmi

(×10−15)

[s]
βτi

I 410 1.76 1.21 6.40 2.17
II 454 1.67 1.41 1.09 1.58
III 482 1.37 1.47 2.85 0.03

TABLE II

Data from the analysis of disaccommodation of mag-
netic susceptibility curves as a function of tempera-
ture for Fe alloy.

Process
Tpi

[K]
Ipi

(×10−6)
Qmi

[eV]

τmi

(×10−15)
[s]

βτi

I 436 3.93 1.29 5.37 2.10
II 444 44.5 1.30 6.63 1.45
III 472 4.56 1.44 1.99 1.39

(Fe74B20Nb2Hf2Si2)100−xYx, where x = 1, 2, in
the solidified state and the distribution of devia-
tions between the theoretical curve and experience
points.

Curves are a superposition of three elementary
processes. The times of elementary processes are de-
scribed by the Gaussian distribution. The parame-
ters characterizing these processes are presented in
Tables I and II.

The average activation energies for the tested
samples are similar. The pre-exponential factor of
Arrhenius law τmi is on the order of 10−15 s. This
means that the observed phenomenon of disacco-
modation is related to the migration of point relax-
ators [10].

4. Conclusions

Based on the research and numerical analysis of
the theoretical isochronous magnetic susceptibility
disaccomodation curves, it was found that:

1. For the two examined alloys, the theoretical
isochronous disaccomodation curves of mag-
netic susceptibility were a superposition of
three elementary processes.

2. The width of the distribution is smaller in
an alloy with 2 at.% of Y. The reduction
of the parameter β is related to the reduc-
tion of relaxators, which introduces changes
in the short range ordering in amorphous al-
loys. Sample Y2 achieved a better glass form-
ing ability.

3. The coefficient τ in the Arrhenius law is of
the order of 10−15 s, which, means that in
the studied alloys the atoms within the free
volumes change the orientation of the atom
pairs axis. Such reorientation corresponds to
two energy levels [7].

References

[1] M.E. McHenry, M.A. Willard,
D.E. Laughlin, Prog. Mater. Sci. 44,
291 (1999).

[2] S. Hasani, P. Rezaei-Shahreza,
A. Seifoddini, Metall. Mater. Trans.
A 50, 63 (2019).

[3] I. Ibarrondo, J. Degauque, Vacuum 53, 75
(1999).

[4] P. Vizureanu, M. Nabiałek, A.V. Sandu,
B. Jeż, Materials 13, 835 (2020).

[5] H. Kronmüller, S. Parkin, Handbook of
Magnetism and Advanced Magnetic Mate-
rials, Wiley, Hoboken (NJ) 2007.

[6] H. Kronmüller, Philos. Mag. B 48, 127
(1983).

[7] M. Bourrous, H. Kronmüller, Phys. Status
Solidi (a) 113, 169 (1989).

[8] W.H. Ciurzyńska, Relaksacje Magnetyczne
w Strukturalnie Uporządkowanych i Nieu-
porządkowanych Stopach Metali Przejś-
ciowych, Seria: Fizyka, WIPMiFS, Często-
chowa, Univ. of Technology, Częstochowa
2002 (in Polish).

[9] H. Kronmüller, J. Magn. Magn. Mater. 41,
366 (1984).

[10] H. Kronmüller, Nachwirkung in Ferro-
magnetika, Springer Vergal, Berlin 1968
(in German).

34

http://dx.doi.org/10.1016/S0079-6425(99)00002-X
http://dx.doi.org/10.1016/S0079-6425(99)00002-X
http://dx.doi.org/10.1007/s11661-018-4976-6
http://dx.doi.org/10.1007/s11661-018-4976-6
http://dx.doi.org/10.1016/S0042-207X(98)00395-9
http://dx.doi.org/10.1016/S0042-207X(98)00395-9
http://dx.doi.org/10.3390/ma13040835
http://dx.doi.org/10.1080/13642818308226466
http://dx.doi.org/10.1080/13642818308226466
http://dx.doi.org/10.1002/pssa.2211130120
http://dx.doi.org/10.1002/pssa.2211130120
http://dx.doi.org/10.1016/0304-8853(84)90222-1
http://dx.doi.org/10.1016/0304-8853(84)90222-1

