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AMORPHOUS ALLOYS AS A PROMISING
CLASS OF FUNCTIONAL MATERIALS.

Pt. 2. Magnetic Properties, Magnetic
Anisotropy, and Disaccommodation

This work is concerned with a well-known class of functional materials, namely, ribbon
amorphous metal alloys based on Fe and Co. Their magnetic properties are analysed,
in particular, the features of the formation of magnetic anisotropy, the phenomena
of magnetic after-effects (disaccommodation), as well as the influence of thermal and
thermomagnetic treatments on them. The physical nature of their magnetic softness,
the role of local and macroscopic magnetic anisotropy, magnetoelastic effects, mag-
netostriction, and domain structure in the formation of the magnetisation reversal
loop are revealed. The main sources of their magnetic anisotropy are indicated, among
which the magnetoelastic anisotropy due to internal stresses and magnetostriction, as
well as the anisotropy of directional ordering of atomic pairs, play a decisive role. In
addition, the given magnetic anisotropy is a thermally activated process, the driving
force of which is the interatomic magnetic interaction, and the efficiency of its forma-
tion increases with a decrease in the magnetostriction of the alloy. The mechanisms of
induction of uniaxial anisotropy during annealing in a magnetic field and thermome-
chanical processing are presented, as well as their influence on the coercive force, mag-
netic permeability, and magnetisation reversal losses. As determined, the temperature
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and time instabilities of their magnetic properties are associated with the stabilisation
of domain boundaries due to directional atomic ordering, and their study is carried out
using disaccommodation. The prospects of using amorphous soft magnetic materials
with zero magnetostriction in modern mid-range- and high-frequency electromagnetic
devices are shown.

Keywords: amorphous metal ribbon, magnetic properties, thermal and thermomagnetic
treatments, magnetic anisotropy, disaccommodation.

1. Introduction

According to the data presented in the works [1, 2], for the first time,
amorphous alloys by steam quenching and electrodeposition were obtained
back in the 50s of the last century. The beginning of the development of
amorphous metal alloys is considered to be the years 1959-1960, when a
method of obtaining an amorphous structure by direct cooling of the melt
was invented [3, 4]. As the authors note [2], the first samples with an
amorphous structure were obtained in small quantities, since pistons were
used to cool the melt, which flattened the drops and cooled them at a very
high speed [4]. The invention of a method for obtaining an amorphous rib-
bon of great length gave a significant impetus to the research of amor-
phous materials.

Amorphous metal alloys are characterized by the absence of long-range
order in the arrangement of atoms (translational symmetry). That is why
they do not have such defects of atomic structure specific to crystalline
bodies as [5, 6]: dislocations and vacancies; grain and block boundaries;
twins and packing defects. The amorphous state is characterized not only
by close to ideal atomic-structural homogeneity, due to the absence of the
defects listed above, but also by high phase—chemical homogeneity. Essen-
tially amorphous materials, regardless of the nature and concentration of
the components, represent a single-phase system — a supersaturated solid
solution, the atomic structure of which is similar to the atomic structure
of a supercooled melt [7, 8]. These features of the structure of amorphous
alloys determine not only the complex of physical and mechanical proper-
ties characteristic of them, but also their unique combination [1].

According to the data presented in the works [9, 10], the formation of
an amorphous structure can be facilitated by: a significant (not less than
15%) difference in the atomic radii of the components (for example, tran-
sition metals and metalloids); a large difference in the valence of the ma-
terials used; the presence in the alloy of more than three components,
which are characterized by large negative enthalpies of mixing (AH™¥).

Amorphous alloys are characterized by extremely low losses on mag-
netization reversal, which determines their wide application in radio elec-
tronics and instrument making [11-13]. The amorphous phase obtained as
a result of ultrafast cooling of the melt is metastable in relation to the
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crystalline state, and its atomic structure immediately after obtaining is
non-equilibrium [14]. The amorphous phase can be brought into a state of
relative equilibrium by annealing carried out below the crystallization
temperature [15-17]. The processes, which occur during the heat treat-
ment of the amorphous phase and bring it into a state of metastable equi-
librium, are defined as structural relaxation processes [1]. The course of
relaxation processes is accompanied by a change in all physical and me-
chanical properties of amorphous alloys. By varying the heat treatment
conditions, it is possible to change the physical properties of amorphous
alloys in the desired direction. In general, structural relaxation is consid-
ered one of the most fundamental phenomena inherent in amorphous al-
loys. A characteristic feature of structural relaxation in amorphous alloys
is that some of the relaxation processes are irreversible, while others are
reversible [1]. Accordingly, some physical properties of amorphous alloys
are also irreversible, while others exhibit the effect of reversibility.

In addition to the above advantages, amorphous alloys also have cer-
tain disadvantages, which somewhat restrain their widespread use in mod-
ern technology [18—22]. The main ones are as follow: a tendency to embrit-
tlement; temperature—time instability; significant dependence of magnetic
properties on the conditions of amorphization and heat treatment. As a
result of heat treatment, amorphous alloys can change their magnetic
properties to a wide extent, both in the direction of their improvement
and deterioration. That is why the establishment and physical justifica-
tion of heat treatment modes, including those carried out in magnetic
fields, which ensure their maximum achievable optimal level, remains an
urgent task today.

2. Magnetic Properties. Effect of Thermal
and Thermomagnetic Treatments

It is known that in ferromagnetic materials each magnetic atom has a sig-
nificant magnetic moment, which is associated with quantum-mechanical
exchange interaction with neighbouring moments [23].

Below the Curie temperature, T, the exchange energy becomes suffi-
cient to overcome thermal disorder, which leads to spontaneous magneti-
sation. The total magnetisation M is just the vector sum of the moments
of all individual atoms. Accordingly, the induction is B = uoﬁ + M.

In a soft magnetic alloy (particularly, in amorphous metal alloys based
on Fe and Co), M easily follows the external magnetic field (H), because

of which the relative magnetic permeability p = Ba can reach >10°[24—

0
27]. Figure 1 shows a unique combination of saturation induction B, and
effective magnetic permeability m, at a frequency of 1 kHz for typical soft
magnetic iron-based alloys [28].
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Fig. 1. Saturation magnetic induction and effective permeability
(1 kHz) of typical soft magnetic alloy materials [28]
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Fig. 2. Hysteresis loop [24]

In magnetic materials, there is hyste}'esis (Fig. 2), that is, between the
induction (B) and the magnetic field (H ), there is a nonlinear non-local
relationship, which is parametrically displayed in the form of a loop [24].
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g
Fig. 3. Different shapes of ferrite cores: (a) E-I core, (b) E-E core, (¢) U core, (d) U-I
core, (e) EER core, (f) toroidal core, and (g) tube core [36]

According to the magnitude of the coercive force, H,, soft magnetic
(<100 Oe) and hard magnetic (>100 Oe) materials are distinguished [29].

For a ring core with a centreline length [, and a cross-sectional area
A,, the current i(¢) flowing in a winding with the number of turns N crea-
tes an external field H(t) = Ni(t)/!,. According to Faraday’s law, the vol-
tage at the terminals of the winding is equal to [30, 31]

v = iR, - Na, L0, (1)
where R, is the ohmic resistance of the winding.

In the case of using a thick wire to form the winding, the side losses,
i’R,, can be neglected. Then, the energy losses in the inductor (or trans-
former) P,, which are dissipated during the period of the excitation cur-
rent i(t), are described by the equation [32]

T dB
P, = [ itV()dt =1, A, [ HR)dt =
2o dt

It is obvious that the losses per period per unit volume of the core are
determined by the area of the dynamic hysteresis loop. The inductance of
the coil L and, accordingly, P, depend on the hysteresis properties of the
material and the shape of the core. That is why the development programs
of soft magnetic materials, including amorphous alloys, are aimed at im-
plementing hysteresis loops of various types with the required properties.
This can be achieved by choosing the chemical composition of the alloy,
thermal or thermomagnetic treatment, thermomechanical processes and
core geometry (core shape: I, U, O — type with and without non-magnetic
gaps) [33-35] (Fig. 3).
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Fig. 4. Hysteresis loops versus various heat treatments of soft ribbon magnetic ring [12]

There are several types of hysteresis loops of amorphous alloys, which
are created by the above method (Fig. 4).

(1) Round (flat) loop (K, = 0.3-0.6), characterized by a high initial
magnetic permeability p, * 30-100 thousand (achieved by selecting the
composition and simple heat treatment above the T, with subsequent rapid
cooling). Annealing in a rotating field is also used, i.e., continuously
changing orientation [37, 38].

(2) Rectangular loop, characterized by alarge K, > 0.9-0.95. Saturation
is achieved in very small fields (of about (1.5-3)H ), 1, < 10 thousand, and
Wy = 400 thousand — 1.6 million. Such materials are used in magnetic
amplifiers and ferroprobe sensors (such loops are achieved by annealing in
a longitudinal magnetic field of 5—12 kE, conducting below the T,) [39—41].

(3) Linear loops, characterized by high stability of p, in the entire range
of operating excitation fields (currents) and reaching technical saturation
in sufficiently large fields (sometimes greater than 1000 A/m) [42]. Such
loops are achieved in three different ways.

* By creating non-magnetic gaps, which complicate the magnetisation
process (along the core). The main disadvantage of this method is a sig-
nificant increase in losses due to flux dissipation in the gap. When using
this method of forming a linear loop, saturation is not achieved in large
fields and p, = const is guaranteed under the action of a direct current bi-
asing field [43, 44].

* By annealing in a transverse magnetic field, during which the exter-
nal magnetic field is applied perpendicular to the direction of the working
magnetic flux (along the width of the ribbon). This creates an induced
magnetic anisotropy, which forces the domain structure to orient itself
transversely to the excitation, forming an inclined (linear) hysteresis loop
with low residual induction. This method allows for obtaining a stable
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magnetic permeability and prevents rapid saturation of the material, sim-
ulating the effect of a mechanical non-magnetic gap [13, 45].

+ Due to the use of thermomechanical processing under a transverse
stress, which allows to obtain an induced magnetic anisotropy transverse
to the action of the external force (along the ribbon). This processing allows
obtaining low values of p, = 1000—-1300; extremely low coercive force; low
losses in the core unattainable for cores with a non-magnetic gap [46—49].

Thus, it is the formation of the so-called induced anisotropy, due to
the use of thermomechanical processing in a field of a certain direction that
allows obtaining the necessary shape of the magnetisation reversal loop
for certain compositions of amorphous materials and ensuring the minimi-
sation of energy losses in the core. According to the data presented in
Refs. [60, 51], the main contribution to the magnetic anisotropy of amor-
phous ferromagnets is made by magnetoelastic anisotropy and anisotropy
of atomic pairs ordered by orientation (the so-called directional ordering).

3. Magnetic Anisotropy of Ribbon Amorphous Alloys

Let’s go into more detail on the nature of magnetism and magnetic anisot-
ropy in amorphous metal alloys. It is known that the source of magnetism
is the presence of a magnetic moment that arises due to the intrinsic spin
angular momentum of the electron. For spontaneous magnetisation to be
possible, atoms must have an internal incomplete 3d or 4f shell, and the
nature of the exchange interaction of spins must be such that the ex-
change integral is positive [52].

The magnetic-anisotropic state at each point of amorphous alloys is
qualitatively characterised by two types of magnetic anisotropy— local
and macroscopic ones [53, 54].

I. The presence of local magnetic anisotropy has a weak effect on the
magnitude of spontaneous magnetisation, while the T, decreases. Since in
the amorphous state there are local differences in atomic configurations
(there is a cluster or nanoinhomogeneous structure), the magnitude of
magnetic anisotropy and its direction also differ locally [55, 56].

Magnetisation of amorphous alloys in an external field is carried out
by moving the domain boundaries and rotating the spontaneous magneti-
sation vector [57, 58].

Saturation magnetisation (M) for amorphous alloys is usually achieved
in fields of 8-80 kA/m. If magnetic anisotropy is absent, then, the so-
called circular domain structure is formed, with the domain boundaries
having a thickness of about 10 nm. In completely isotropic materials, the
circular domain structure leads to the fact that the magnetisation process
is carried out not by the movement of the domains (and the domain bounda-
ries do not move over appreciable distances), but exclusively by the rota-
tion of the magnetic moment vectors M , inside the domains [59, 60].
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Fig. 5. Schematic representation of ferromagnetic domains in the absence (left) and in
the presence (right) of an external magnetic field applied. In the latter case, bounda-
ries are dashed since when domains are aligned (right panel), the sample reaches the
saturation point and there are no any domain walls [61]

Easy magnetisation is carried out due to the easily achievable displace-
ment of the domain boundaries and the reverse rotation of the spontane-
ous magnetisation vector M,. In the absence of an external field, the
structure is indistinct, but with increasing magnetic field strength (H),
the domain walls move in the plane of the ribbon perpendicular to the di-
rection of the field, and the labyrinth structure becomes more distinct.
Applying a strong field along the ribbon axis leads to the rotation of the
main domain vectors Ms and the disappearance of the labyrinth struc-
ture. The critical field of such rotation is 8—12 kA/m (this value is close
to saturation). Figure 5 reports the schematic view of a ferromagnetic
system in absence and in the presence of an external magnetic field ap-
plied [61].

The size and nature of the location of the so-called main domains de-
pend on the chemical composition of the alloy and the method of obtaining
the tape [60]. The appearance of domains with 180° boundaries corre-
sponds to ‘soft’ magnetisation, and the main ones to ‘hard’ magnetisation
(i.e., with transversely induced anisotropy, only the so-called main do-
mains should exist). The so-called Barkhausen jumps correspond to the
breaking of 180° domain boundaries and indicate the inhomogeneity of the
magnetic structure [62].

II. In addition to local magnetic anisotropy, there is also a uniaxial
one [63], which is associated with elastic stresses. Magnetoelastic ener-

gy [64]

(e}

E = —gxscosze (3)
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is a measure of magnetoelastic magnetic anisotropy and depends on the
magnetostriction A, of the material (A = Al/l + in a magnetic field), [ is the
length of the tape sample, 0 is the angle between the direction of action of
tensile stresses (internal or external) and the spontaneous magnetisation
vector Ms . When changing the direction of action of internal stresses, E_
can change in such a way that these stresses will interfere with the move-
ment of domain boundaries, i.e., cause a decrease in magnetic permeability
(W) and an increase in the coercive force H,.

The cause of magnetostriction is the dipole interaction between the
magnetic moments of electrons, which depends on the interatomic dis-
tances and, in amorphous alloys, is determined by disordered atomic con-
figurations [65]. The magnetoelastic effect is the cause of the appearance
of magnetic anisotropy and, accordingly, the coercive force (H,).

The saturation magnetostriction A, depends on the chemical composi-
tion. For example, A,,—»0 for alloys of the system (Fe, ,Co,),Si;;B,, at

H, M,

x—0.94, while the domain structure is very weak. Value repre-

sents the energy of magnetic anisotropy associated with the main domains,
where H, is the magnitude of the field necessary to destroy the main do-
mains. Accordingly, (ﬁa -Ms) o« A,. Thus, the greater the saturation mag-
netostriction, it is more difficult to induce a certain magnetic anisotropy
in the alloy.

The main domains are formed due to the perpendicular component of
stresses (tensile or compressive, depending on the sign of the saturation
magnetostriction), which leads to the appearance of magnetic anisotropy
in the direction of the ribbon thickness [66].

The main domains occupy only part of the ribbon surface. From the
outside of the ribbon, they are surrounded by domains with 180° bounda-
ries. It is this domain structure that is the cause of the appearance of
hysteresis and coercive force H, ~ f(A,) [67].

When there are disordered internal stresses with short wavelengths in
the ribbon (e.g., deep frequent cavities or other roughness), magnetostric-
tion has a strong effect on the magnetisation process in weak fields (where
the effect is due to the 180° delay of domain boundaries parallel to the
ribbon).

III. The coercive force can also increase as a result of magnetocrystal-
line anisotropy, which is formed in the presence of small (<10 nm) crystal-
lites in the ribbon (when the cooling rate was insufficient when obtaining
an amorphous ribbon or the crystallisation process began during heat
treatment) [68].

IV. At the edges of the amorphous ribbon, domains with 180° walls are
highly bent. The structure that is formed in this case reflects the flow of
molten metal during the ribbon production process. Shear stresses arise,
which cause the initially disordered atomic configurations to become ori-
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ented along the melt direction. This leads to uniaxial magnetic anisotropy
due to the anisotropic distribution of atomic pairs [69, 70]. Stress relaxa-
tion leads mainly to a decrease in the coercive force H,, and an increase in
the residual induction B, (accordingly, K, = B,/B,) [71].

V. The magnetic anisotropy induced by annealing in a magnetic field
is also uniaxial [72]. The energy of the induced magnetic anisotropy [73]

E,(0) = —K, cos’ 6, AS = J’OM Hd(M, — M,). (4)

The constant of the induced magnetic anisotropy K, depends on the tem-
perature and annealing time of the amorphous alloy. It has been shown
that this dependence is smaller, the closer the temperature of thermomag-
netic treatment is to the Curie point of the alloy [74]. K, is the corre-
sponding value in saturation depending on T,.

The appearance of magnetic anisotropy during thermomechanical
treatment below T, is associated with processes that are thermally acti-
vated. The reason for this phenomenon is the diffusion of magnetic atoms
[67]. K, obeys the Arrhenius law, and the relaxation time T p 1/T, is from
500 to 10° s.

The obtained value of the activation energy of the appearance of ani-
sotropy K, is of =1 eV for amorphous materials, which is 2—-3 times small-
er than the value for crystalline solid solutions (such as Fe—Si-steels, Ni or
Fe—Ni-permalloys). In amorphous materials, as in crystalline materials,
the constant of induced magnetic anisotropy increases, when alloys are
doped with other magnetic components [67].

Studies of amorphous materials by T. Egami et al. [75] revealed changes
in the average atomic volume in amorphous alloys during their heat treat-
ment below the temperature of the onset of crystallisation.

Some theories establish a connection between the corresponding micro-
scopic structure and the general (volume) magnetic properties [76, 77].
The most widespread is the theory proposed by G. Kronmiller [78]. To
predict macroscopic magnetic properties in an amorphous material, espe-
cially those, which have technical significance (these include coercive
force, saturation magnetisation (induction), initial permeability, magnetic
anisotropy, etc.), it is necessary to know the local structure at large dis-
tances [67]. Macroscopic (>1 um) and nanostructured (from 10 to 100 nm)
fluctuations in amorphous alloys especially affect [79]: domain structure;
domain wall mobility; dynamics of saturation approaching; temperature
dependence of magnetisation; magnetostrictive stresses. In turn, it is vo-
lume and local magnetic measurements that can provide general informa-
tion about fluctuations of the atomic structure in amorphous materials at
medium distances.

In particular, when studying the bulk magnetic properties of many
amorphous materials, G. Kronmiller showed [80] that the nature of ap-
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proaching saturation in them is determined by defect structures, since
they create elastic stresses, which lead to the emergence of elongated (exten-
ded) regions of spin inhomogeneity due to magnetoelastic binding energy.

Kronmiiller and Greger [81] concluded that a relatively large contribu-
tion to the coercive force of magnetostrictive amorphous materials is pro-
vided by the volume pinning of domain walls on defects. In Ref. [82], it
was established that there are two types of stresses: short-range stresses
that hold the domain walls and long-range stresses that determine the do-
main structure.

Short-range stresses are determined by quasi-dislocation dipoles with
dimensions of 5—300 nm. The appearance of such dipoles can be due to the
presence of free volume in the liquid phase, which is partially preserved in
the amorphous material [82]. Long-range stresses are due to inhomogenei-
ties fixed in the crystal lattice during ultrafast cooling of the melt.

During quenching from the liquid state, instantaneous coexistence of
liquid and solid phases is possible, resulting in regions of compressive and
tensile stresses. In amorphous materials, in which the saturation magneto-
striction A, > 0, tensile stresses lead to the formation of wide wave-shaped
shear bands, and compressive stresses form narrow shear bands with a
slight direction perpendicular to the strip surface [67, 83].

Thus, magnetic anisotropy will be induced by annealing in a magnetic
field, the easier the lower the alloy magnetostriction [84]. That is why
rapidly quenched Co-based alloys, which have almost zero magnetostric-
tion [85], are promising materials for magnetic circuits operating at high
frequencies.

It is known [86, 87] that, immediately after obtaining, amorphous al-
loys demonstrate mainly a low permeability, the magnitude of which sig-
nificantly depends on the magnitude of the external field. In Ref. [68], it
was shown that the positive effect of heat treatment at temperatures above
the Curie temperature (T;) and immediately below the crystallisation tem-
perature (T,) on the removal of stress introduced by quenching, and the
improvement of coercive force and permeability was observed. The au-
thors of Ref. [88] indicated that the formation of residual elastic stresses,
secondary phase, defects and dissolved impurities inside nanograins can
also increase the coercive force of the soft magnetic matrix phase.

The permeability increases, when the alloys are annealed at a tempera-
ture T, (annealing temperature) between T, and T, under the condition
T,<T,[89, 90]. In case, when the alloys have T, > T, i.e., T, < T,, the
permeability does not increase, but, on the contrary, decreases due to the
effect of heat treatment without a field, since local magnetic anisotropy is
introduced, when annealing below T, [91]. Amorphous alloys with high
magnetic induction are mainly characterised by T, > T,.

In Ref. [85], it was noted that the metalloid content on the iron con-
tent for compositions with zero magnetostriction in the Fe—Co—Cr-Si—B
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Fig. 6. Dependence of saturation induction Bg in the system
(Fe,Co, , ;,Ni,)yg0 , (Siy,By), on the Ni content (0 < b < 0.6) and
the total metalloid content (y = 20, 23). Dependence of iron content
on Ni content and metalloid content to ensure A, = 0 of the alloy.
According to Ref. [92]

system. With an increase in the Ni content, a higher permeability is ob-
tained at the zero magnetostriction line, although the saturation magneti-
sation decreases [92]. The absolute values of compositions with zero mag-
netostriction (1) are known for alloys based on the Fe—Co—Ni system [93].
In Ref. [94], it was shown that the zero magnetostriction line shifts with
a change in the metalloid content. As shown in Ref. [92], the compositions
with zero magnetostriction, magnetic properties and crystallisation tem-
peratures T, in the system (Fe,Co,_, ,Ni,),,(Si; ,B,s), as a function of the
Ni content (0 < b < 0.6) and the metalloid content (20 < y < 30) were
considered. The iron content in the composition with zero magnetostric-
tion in this system increases with decreasing metalloid content (y) and
increasing Ni content (b < 0.4) (Fig. 6), as well as decreasing Si/(Si+ B)
ratio. The dependence of iron content on metalloid content is more sensi-
tive to increasing Ni content. The weak uniaxial anisotropy along the rib-
bon axis, which is introduced during quenching, significantly affects the
properties in a weak field. After annealing at T', < T, a shifted B—H loop
was observed for a ribbon toroidal core for an alloy with high induction.
After annealing at T, < T, < T,, alloys with high magnetic permeability
(1,) and relatively low coercive force and residual induction (B,) were ob-
tained [95].
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However, the main disadvantage of such amorphous materials is that
for alloys with high saturation induction B, = 0.9-1.1 T, the Curie tem-
perature is higher than the crystallisation temperature (7T',), which does
not allow us to count on an effective influence on the shape of the hyste-
resis loop of thermomagnetic treatment [87, 96].

It is known [97] that the magnetic properties of amorphous alloys can
be significantly improved by annealing in a magnetic field of a certain
direction. The rule of thumb is that to achieve the most positive result,
such annealing should be carried out in the immediate vicinity of the
Curie temperature (T,) (slightly below this temperature).

It has been shown [98] that the addition of manganese to alloys of the
Co—Fe—Si—-B system is very useful, since it expands the temperature range
(T,—T,) of amorphous alloys without reducing magnetic induction. At a man-
ganese concentration of up to 4 at.%, the crystallisation temperature T re-
mains practically unchanged, whereas the Curie temperature (7',) decreases
with increasing manganese content [98]. This allows annealing at tempera-
tures above T, without the risk of crystallisation. In Ref. [99], it was shown
that in alloys of the Co—-Mn—B system, the effect of manganese on magnetisa-
tion depends on the boron content. The presence of manganese shifts the Co/
Fe ratio to provide saturation magnetostriction (A, = 0) to a higher value [98].

The temperature dependences of the effective permeability p/p,, ob-
tained in Ref. [100] for samples of amorphous ribbons of the Co,,Fe,Si,;B,,
alloy have a look typical of systems, in which the processes of stabilisation
and destabilisation of domain boundaries occur upon heating. In each case,
the effective magnetic permeability p, (u/u,,) except for a small tempera-
ture range (up to 60-120 °C) first decreases with increasing temperature
(stabilisation of domain boundaries), and then, having passed the mini-
mum, increases (destabilisation of domain boundaries). Near the T, for
alloys of this type with zero magnetostriction, a Hopkinson-type maxi-
mum is observed. According to the data presented in Ref. [91], the stabi-
lisation of domain boundaries occurs because of atomic compositional di-
rectional ordering stimulated by the gain of the magnetic component of
free energy. The increase in the effective magnetic permeability (p,), when
heated above 250 °C, may be associated with structural relaxation, which
is accompanied by the release of free volume [91].

The decrease in the degree of stabilisation of domain boundaries for
alloys enriched in manganese and depleted in nickel occurs due to the
slower compositional ordering of pairs of basic magnetic atoms [68]. After
reaching the maximum, a sharp decline occurs, which indicates an ap-
proach to the paramagnetic state of the system (attainment of the Curie
temperature). In addition, a rather sharp drop in the relative magnetic
permeability, as noted in Ref. [101] for the saturation magnetisation of
the Co,Fe,Si,B,, alloy with T, > T, may be associated with the develop-
ment of primary crystallisation processes.
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The Curie temperature (T,), as well as the crystallisation temperature
(T.), is noticeably reduced for alloys with high nickel content and low
manganese [102, 103]. Establishing the temperature intervals of crystal-
lisation and Curie temperatures, as well as the course of the temperature
dependences /p,,, allows you to correctly select the temperatures for
treating alloys of different chemical compositions to ensure maximum ef-
ficiency of thermomagnetic treatment.

According to the data presented in Ref. [92], the simplest transverse
anisotropy is formed in alloys with a high nickel and iron content, which
is obviously associated with more complex processes of redistribution of
components in the strip.

As a result of studying the influence of thermomagnetic treatment, it
was found that the magnetic properties of the cores strongly depend on
the chemical composition of the alloy and the annealing temperature [85,
92]. From the point of view of practical use, alloys with maximum mag-
netic permeability (after longitudinal thermomagnetic treatment) of 600
and 1500 thousand are promising [104, 105]. It is such alloy compositions,
which can compete successfully with permalloy magnetic cores with high
magnetic permeability (pn,,.) [106]. Magnetic cores from alloys with high
W,... can be effectively used in modern electromagnetic and high-frequency
devices, in particular, in electromagnetic relays with improved switching
dynamics, energy-efficient common-mode inductors and medium- and
high-frequency transformers [107].

4. Anisotropy and Disaccommodation of Ribbon Amorphous Alloys

In amorphous soft magnetic alloys, the magnetic after-effects are clearly
expressed, which are caused by the stabilisation of domain boundaries due
to directional ordering. The theory of domain boundary stabilisation and
its influence on magnetic properties was developed for crystalline materials
[68]. However, the main ideas and conclusions from this theory are also
used to describe the behaviour of amorphous soft magnetic alloys when
introducing local (in the volume of domain boundaries and individual do-
mains) and macroscopic uniaxial anisotropy [108, 109].

Ideally, in a completely isotropic magnet, domain walls should be absent,
and magnetic moments should rotate freely throughout the entire volume of
the sample. However, in real amorphous materials, as noted above, there are
clear 180° walls that determine their properties, such as magnetic permeabil-
ity, coercive force, or Barkhausen jumps during magnetisation [110, 111].

The anisotropy induced by annealing or thermomagnetic treatment is
also characterised by second-order symmetry and reversibility upon re-
peated thermal treatments [112, 113].

It turned out [114] that neither magnetostrictive stresses nor internal
shape effects can explain the obtained result, since the dependence K (x) is
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radically different from the dependences A (x) and M?Z(x). Moreover, the
value of the constant of the induced magnetic anisotropy K, does not
change significantly after thermal treatment at sufficiently high tempera-
tures. Interestingly, the value of the anisotropy remains approximately
constant after crystallisation of the sample as a result of annealing at a
higher temperature or for a longer duration. This may be associated [115]
with the presence of microcrystals in the rapidly quenched ribbon. Since even
a weak orientation of these in an amorphous matrix can lead to anisotropy.

When amorphous alloys are cooled in a magnetic field, uniaxial mag-
netic anisotropy is observed. For most amorphous alloys, the value of the
constant of such anisotropy ranges from 10 to 10 J/m?® and coincides in
order of magnitude with its value for magnetically disordered crystalline
alloys [116].

The magnetic after-effect was studied on the example of amorphous
materials of various systems [108, 109, 117, 118], including amorphous
soft magnetic alloys that do not contain metalloid atoms [117, 118]. It was
proved that the magnetic after-effect cannot be eliminated by annealing
[106, 117, 118], since in amorphous materials it is not associated with the
presence of metalloid atoms, but is a consequence of the evolution of the
atomic structure of the amorphous phase [67].

One of the characteristic manifestations of the stabilisation of domain
boundaries due to directional ordering is the magnetoreversible time decay
of the initial permeability. Since the initial permeability p decreases with
time after demagnetisation, but because of repeated demagnetization, it is
restored to the initial level. The processes of directional ordering and the
associated stabilisation of domain boundaries in amorphous materials oc-
cur at temperatures close to room temperature [119].

In a number of works [120—-122], the properties of the time decay of
permeability in amorphous soft magnetic alloys were studied. It was shown
[121, 122] that the magnitude of the time decay of permeability signifi-
cantly depends on the nature of the initial magnetic texture of amorphous
materials, which, in turn, can be created in one of the following ways: by
varying the conditions for obtaining the tape (cooling rate [120]; annea-
ling in a magnetic field or under stress [123]). There are also attempts to
relate the magnitude of the temporal decrease in permeability to satura-
tion magnetostriction [124].

The results presented in Ref. [67] indicate that the magnetic after-ef-
fect can change the following parameters of the hysteresis loop by more
than 50% : reduce the initial and maximum permeability; increase the co-
ercive force; increase the area of the hysteresis loop; and increase the ani-
sotropy energy.

According to the data presented in Ref. [125], there are two types of
magnetic after-effect. The first one includes irreversible ones, which are
associated with the thermally activated process of microscopic Barkhausen
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jumps. The second one includes reversible ones, which are caused by a local
increase in the domain wall potential due to the reorganisation of the
atomic structure in its volume. It is the second type of magnetic after-ef-
fect that affects the operational characteristics of amorphous alloys.

To study the phenomena of magnetic after-effect, the most useful and
simple method is the disaccommodation (DA) method (disaccommodation
is the change in magnetic permeability over time at a certain constant
temperature T: DA = 100(p, —p,)/uny) [126].

The magnetic after-effect for most amorphous materials is attributed
to the stabilisation of the domain structure as a result of the formation or
change in the magnetic field-induced magnetic anisotropy constant K. It
has been established [127] that the relaxation time spectrum during disac-
commodation is very wide, which indicates a large number of atomic con-
figurations that participate in this process. Doping alloys with different
elements can reduce disaccommodation [128]. The time dependence of the
magnetic permeability (pn) is significantly affected by the parameters of
the spinning process [129] and the kinetics of stress relaxation [130].

Practically promising amorphous soft magnetic alloys with zero mag-
netostriction have been studied quite extensively [181-135]. The ‘base’
alloy Fe,Co,,Si,;B,, has been studied in quite detail [136, 137]. It has been
shown [137] that, in the case, when the crystallisation temperature T, is
above the Curie point T, high values of the initial permeability can be
obtained at annealing temperatures T, > T, with subsequent rapid cooling.
Such treatment provides: a special structural state of the amorphous ma-
trix, which leads to a sharp increase in the mobility of domain boundaries;
suppression of the processes of stabilisation of domain boundaries due to
directional compositional ordering. However, the specified heat treatment
causes a number of negative phenomena [132]: embrittlement, an increase
in the temperature-time instability of the initial magnetic permeability,
and the need for sufficiently rapid cooling.

In work [131], it was shown that the introduction of nickel instead of
cobalt in alloys of the type (Fe, Co, Ni, Si, B) reduces the effect of stabili-
sation of domain boundaries on the magnetic properties in an alloy with a
relatively low Curie point. In the works [138, 139], the effect of prelimi-
nary annealing on the magnitude of the induced anisotropy and the nature
of the domain structure of the Fe,Co,,Ni, Si,;B,; alloy was investigated. A
detailed study of the coercive force H, of this alloy was carried out in the
work [140], which showed that annealing below the Curie temperature (T,)
causes growth, and high-temperature annealing keeps the coercive force
(H,) practically unchanged.

In ferromagnets, even when the external magnetic field is zero, aniso-
tropic configurations of atomic pairs appear [141, 142]. Their appearance
occurs due to diffusion, the driving force of which is the internal mag-
netic field. This field is associated with the domain structure and, there-
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fore, exists even when the external magnetic field is absent. Since the di-
rection of the internal magnetic field (spontaneous magnetisation) for dif-
ferent domains is different, a corresponding distribution of atomic pairs
in different domains occurs. That is why [67] there are conditions when
the uniaxial anisotropy has a direction characteristic of each domain; other-
wise, in amorphous materials, it is possible to create magnetic anisotropy
that locally differs in direction.

In addition, within the domain boundaries themselves, new atomic
configurations are also stabilised in accordance with the direction of the
magnetic moment vectors of atoms in the boundary layer. As a result, the
potential energy of the domain boundaries decreases, and they stabilise in
their positions [143]. Stabilisation of domain boundaries is nothing more
than an increase in the coercive force.

In work [91], using the example of the Fe,Co,Ni, Si,,B,, alloy, it was
shown that the decrease in Ap/p occurs at annealing temperatures
T, < 150 °C, and, at higher annealing temperatures, the value of Ap/p re-
mains practically constant. Both patterns (decrease in Au/p and unrelaxed
1,) cannot be associated with structural changes in the amorphous matrix
that accompany the process of leaving the residual free volume, since this
process develops at higher temperatures (T =~ 250 °C) [144, 145]. These
patterns are also not associated with the relaxation of internal stresses,
since a change in their level should lead to an increase in p,. In the work
[121], it was shown that the magnitude of the temporal decrease in perme-
ability strongly depends on the nature of the domain structure. It is max-
imal when the structure is a plane-parallel domain with the vector I, coin-
ciding with the sample axis. On the other hand, as was established in the
work [139], at annealing temperatures T, < T, (150 and 175 °C), in the
alloy Fe,Co,,Ni,,Si;; B4, a reorganisation of the domain structure was ob-
served, which the authors associate with a change in the sign of the mag-
netostriction A,. After such annealing, narrow striped domains appear
along the 180° domain boundaries parallel to the sample axis, reflecting
the appearance of a domain structure associated with the normal compo-
nent of the Is vector in regions with still unrelieved stresses. This should
lead to a decrease in the value of Ap/p [121].

Based on the previously developed model of randomly distributed in-
ternal stresses, which takes into account the influence of the value of the
constant of the initial magnetic anisotropy and the direction of the easy
magnetization axis [146, 147], it is possible to calculate the dependence of
the value of the time decay of permeability on the following factors: re-
duced and initial macroscopic magnetic anisotropy; magnetostriction; rec-
tangularity of the hysteresis loop; parameters of internal stresses. For an
analytical solution to the problem of describing the time decay of perme-
ability, a theoretical approach is used, which reduces the influence on the
magnetic properties of the chemical composition, the method of produc-
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tion and various treatments of amorphous alloys to changes in the parame-
ters of magnetic anisotropy in the material.

To calculate the time decay of permeability, the relative change in the
initial permeability over a time interval ¢ after demagnetisation was ap-
proximated using thin domain boundaries [148]. It is assumed that the
thickness of the domain boundaries D is much smaller than the wave-
length of spatial fluctuations of the specific energy of the boundary g.

The value of p is determined by 180° displacement of the domain
boundaries and described by the expression [68]

W = 4, M; cos” @, / (aD), (5)

where 1, =4-10"7 H/m is the magnetic constant; M, is the saturation mag-
netization; ¢, is the angle between the magnetization vector and the mag-
netic field; a = (d%g/dx?) is the stiffness coefficient of the domain bounda-
ries, which is equal to the second derivative of the specific energy of the
boundaries along the displacement coordinate at the point of the equilib-
rium position of the boundary; D is the width of the domains.

After demagnetisation, the domain boundaries fall into new positions,
where they stabilise again; their energy decreases by the magnitude of the
after-effect potential, because of which their stiffness coefficient incre-
ases [68]:

a=a(0) + o, = a(0) + 2p°K,/d, (6)
where a(0) = (d?gy/dx?) is the unrelaxed value of the stiffness coefficient
(at the initial time); o, = (d%9,/dx?) is the contribution to the stiffness coef-
ficient due to the stabilization of the domain faces due to directional or-
dering; K, is the constant of the reduced uniaxial magnetic anisotropy.

From Egs. (5) and (6), it follows that

Ap/pw=1 —[a(0)/0] = [1 + a(0)/0 ] (7
Using Eq. (6), we obtain:
Ap/p =1 -[a(0)/0] =[1 + a(0)d/2p’K ] ™. (8)

Because of directional ordering, all domain boundaries (DB) are stabi-
lized, but not all boundaries contribute to the value of the time decay of
permeability, but only those that are displaced in the external field [149].
Within the framework of the biaxial scheme of the magnetic-anisotropic
state, this can be formulated as follows: the time decay of permeability is
due to the displacement of the DB in longitudinally magnetized regions
(p =0, m); in transversely magnetized regions (¢ = £n/2), magnetization is
carried out by rotating the magnetization vectors inside the domains and,
accordingly, the stabilization of domain boundaries in these regions does
not affect the value of the time-dependent permeability.
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5. Conclusions

A comprehensive analysis of the magnetic properties of amorphous strip
metal materials has been carried out. Particular attention is paid to the
mechanisms of magnetic anisotropy formation, the role of thermal and
thermomagnetic treatments, as well as relaxation processes that deter-
mine the temporal stability of magnetic characteristics.

The main causes of magnetic anisotropy in amorphous ribbon alloys
have been analysed, among which the magnetoelastic anisotropy caused by
internal stresses and magnetostriction, as well as the anisotropy of direc-
tional ordering of atomic pairs, play a decisive role.

It is shown that:

e the formation of magnetic anisotropy is a thermal activation process;

e the driving force of the process of magnetic anisotropy formation is
the interatomic magnetic interaction;

e the process of anisotropy induction proceeds much faster and the
energy of magnetic anisotropy is achieved higher in amorphous materials
containing two or more metals.
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AMOP®HI CIIJIABU SAK IIEPCIIEKTUBHUN KJIAC
OYHKIIIOHAJIBHUX MATEPIAJIIB.
Y. 2. MaruirHi BIacTuBOCTi, MardiTHa aHidoTpomia Ta po3daaHCyBaHHS

Pobora crocyerhesa BimoMoro KJjacy (PYHKI[IOHAJIRHUX MaTepianiiB, a came CTPiYKOBUX
amopdHUX MeTaneBux ciaBiB Ha ocHOBi Fe ta Co. IIpoanasizoBano ixHi MaraiTHi Biac-
THUBOCTi, 30KpemMa 0cOo0JHMBOCTI ()OpMYyBaHHA MAaTHiITHOI aHi3oTpomii, ABUIA MarHiTHOI
micaaznii (posdasaHcyBaHHA), & TAKOK BIIMB HA HUX TEPMiUYHMUX i TepMOMAarHiTHUX 00-
pobiieHsb. 3’sicoBaHO (PisUUHYy IPUPOAY IXHBOI MarHiTHOI M’AKOCTi, POJIb JOKAJbHHUX i
MAaKPOCKOIIUYHUX MArHiTHUX aHi30TpOIIiil, MarHiTOnpy»KHuUX edeKTiB, MarHiTOCTPUKILii
Ta JOMEHHOI CTPYKTypu y (POpPMYBaHHi IeT/ii mepeMartHiuyBaHHsA. 3a3HAUeHO OCHOBHi
IKepesia ixHBOI MarHiTHOI aHizoTpomii, cepes AKUX BUBHAYAIBLHY POJb Bifirpae marsi-
TOIPYKHA aHiB0TPOMisd, 3yMOBJeHA BHYTPIilIHIMHM HANpPYyKE€HHAMM Ta MArHiTOCTPUKIL-
€10, a TAKOYK aHi3OTPOIIiA CIIPAMOBAHOI'0 BIOPAAKYBaHHA aToMHUX nap. OKpim Toro, msa
MartiTHa aHi30TPOIliA € TepMiuHO aKTUBOBAHUM ITPOIIECOM, PYIIIiHHOIO CUJIOI AKOTO
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BHUCTYIIa€ MiKaTOMHA MarHiTHa B3aeMOXid, a e()eKTUBHICTH ii (popmMyBaHHSA 3pocTae 3i
3MEeHIIeHHAM MartiTocTpukiii cuiasy. IIpencraBieHo MexaHi3sMu HaBeleHHS OJHOBIiC-
HoI aHiszorpomii mix wac Bizmasy B MarHiTHOMY HIOJIi Ta TepMOMeXaHiYHOrO 0OpoGJIeHHA,
a TaKOJK BILJIUB 1X Ha KOEPIIMTUBHY CHUJIY, MarHiTHY IIPOHUKHICTH i BTpaTH Ha mepeMar-
HivyBauHsa. BusHaueHo, 1110 TemMmepaTypHi Ta 4acoBi HecTaOlJbHOCTI IXHiIX Mar"iTHHUX
BJIACTHUBOCTeH 1OB’s3aHi 31 crabiyizalfieo MexX HOMEHIiB uepes3 CIIPAMOBaHEe ATOMHE
BOOPAAKYBaHHS, a MOCIiMKEeHHA IX BUKOHYETHCA 3a MOIOMOTOI0 PO30ajlaHCyBaHHA.
ITorkasaHO mepPCHEKTUBHICTL BUKOPUCTAHHA aMOPMHUX MarHiTOM AKUX MaTepiaJis i3
HYJIBOBOIO MArHeTOCTPUKIIIEI0 B CYYACHUX CEPENHBO- TA BUCOKOYACTOTHUX €JIEKTPO-
MAarHiTHUX IPUCTPOSIX.

Kuarouosi croBa: amopdHa MerajieBa CTpiuka, MarHiTHiI BJIACTHUBOCTI, TepMiuHe Ta
TepMoMarHeTHe oOpPOOJIeHH A, MarHiTHa aHi30TpoMmis, po3dasaHCcyBaHHA.
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