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Understanding the magnetic correlations in amorphous alloys is the key to enhancing their high soft magnetic
properties. The magnetization correlations were studied in amorphous alloy ribbons Fe-Cu-Nb-Si-B by analysis of
approach to magnetic saturation within the random magnetic anisotropy model. An unusual sequence of power
laws during approach of the magnetization to saturation was observed. This may indicate the transition from
isotropic to anisotropic magnetic correlations as the applied field decreases.

1. Introduction

Nanocrystalline and amorphous magnetic alloys are of interest due
to the excellent soft magnetic properties. The nanocrystalline Finemet-
type alloys annealed from the amorphous Fe-Cu-Nb-Si-B precursor are
used in transformers and chokes, electromagnetic screens, and electro-
magnetic interference filters because of prosperous combination of the
electrical and magnetic properties [1,2]. However, a detailed study of
the structural relaxation processes and the changes in the magnetic
properties during the transformation of an amorphous alloy into a
nanocrystalline one is impossible without studying the structural and
magnetic state of the amorphous precursor. This information is the
important point for the study of nanocrystalline magnets.

The relationship between structure and properties in amorphous and
nanocrystalline alloys is well described within the random magnetic
anisotropy (RMA) model [3,4]. This makes the RMA model useful for
designing new amorphous and nanocrystalline alloys and improving
properties of the existing ones [4-6]. The RMA model explains the origin
of key advantage of these alloys: the extremely high magnetic softness.

The lack of long-range order in amorphous alloy results in disap-
pearance of its macroscopic crystallographic magnetic anisotropy.
However, some short-range order and the local deviations in the ideal
glass structure lead to the local magnetic anisotropy appearance with
the energy constant Kj.q and randomly oriented easy magnetization
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axis [3,4]. The scale within which the local easy axis is ordered is
referred to as a structural correlation length L¢. In the amorphous alloys,
there is disorder of magnetization direction at macroscale either but
there is the ferromagnetic order within the magnetic correlation length
Ly. Averaging of the anisotropy within the magnetic correlation volume
provides a proper explanation and description of soft magnetic proper-
ties of amorphous and nanocrystalline alloys [4,6]. In this regard,
measuring the magnetic correlation length is very important for un-
derstanding the relationship between the structure and properties of
these alloys. The magnetic correlation length is measured by Kerr,
Lorentz and magnetic force microscopies [7-9]. These techniques record
the magnetic microstructure on a sample surface. Two methods are
currently used for the measurement the magnetic correlation length in
the sample volume: the small angle neutron scattering [10] and the
correlation magnetometry method based on the analysis of approaching
to the magnetic saturation [11]. The correlation magnetometry method
makes it possible to measure not only the magnetic correlation length,
but also the averaged magnetic anisotropy, which is the main clue to
understanding their magnetic softness. The fundamentals of correlation
magnetometry are theoretical expressions for magnetic correlation
function parameters: a variance of the magnetization component
transverse to the applied field and the magnetic correlation length
[6,11-15].

In this work we studied the magnetic correlations of rapidly
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quenched Fe-Cu-Nb-Si-B alloys of various composition by the correla-
tion magnetometry method and provided a comparative analysis of their
magnetic and structural characteristics.

2. Experiment

The Fe-Cu-Nb-Si-B ribbons were produced by melt spinning tech-
nique, which consists in ultrafast quenching of an amorphous metal
ribbon on the surface of a rotating cooler drum (cooling rate was about
10% K/s). The thickness of the ribbons was about 20 um. Ribbons of three
Finemet-type compositions were studied: Fey43Cug 2NbsSije sBs,
Fe;4CujNb3Sij¢Bg and Fey3Cuy sNbsSijesBe. The composition of
finemet-type alloys is optimized for all components, including copper
[5,16,17]. Small variations relative to this optimal composition reserve
a general set of features inherent in the alloy but can strongly affect a
particular characteristic (for example, coercivity or magnetization) and
the structural state. The compositions selected for our study meet this
condition of the small composition variation relative to the optimal one
for finemet-type alloys.

The magnetization curves were measured using a magnetometer
PPMS 9 T Quantum Design in field up 9 T (7160 kA/m); the magneti-
zation behavior at low-temperatures was studied with a SQUID-
magnetometer MPMS 7XL Quantum Design.

To control the demagnetizing field, the samples were prepared in the
shape of thin disks with a diameter of 3.7 = 3.9 mm. The demagnetizing
factor N, (for the applied field along the ribbon plane) was calculated
using the equation for an oblate ellipsoid of revolution in the limit @ = ¢/

a= Ogm]«l [18] and it was in the range N, ~ 0.0040 <+ 0.0042 for the
three measured samples. To further analysis the values of applied field
were corrected using the demagnetizing field estimated as M-N, and was
up to 3 + 4 kA/m.

The magnetic domain structure was studied using a magneto-optical
Kerr microscope Evico Magnetics GmbH. Both the magnetic domain
patterns and the magnetization curves were recorded in the field applied
along the ribbon plane and transverse the rolling axis. X-ray diffraction
was measured with a diffractometer Bruker D8 Advance using Cu-Ka
radiation (the wavelength was A = 1.5406 A).

3. Theory
3.1. Correlation magnetometry

The main value to be compared with the theoretical one in correla-
tion magnetometry method is the variance of the transverse to the field
magnetization component v,. The magnetization near saturation is
related to v,, as:

M(H):MS(I—VW(H)) (1)

here Mg is saturation magnetization. This allows us to estimate vy,
from the magnetization curve in the region of approaching to saturation
[12,13]: v, = Mg
anisotropy and the applied field, the magnetization would approach
total saturation in an infinite field limit.

In the strong field there is no magnetic domains and magnetization
vector deviates slightly from the field direction. In this case magneti-
zation approaches to saturation reversibly and follows to a specific law.
According to the random anisotropy model the magnetization variance
is given by [14,15]:

. Due to the competition of the random local

aLy =\ ,~r/Lu 3
Vi = C(7F)e "t dPr 2
45t () (&)
here a is a symmetry coefficient equal to 1/15; 6=+/A /Kiocas; C(?) is the
correlation function of the local easy magnetization axis; Ly = , /uo% is

a ferromagnetic correlation length (or the magnetization ripple length);
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Fig. 1. X-ray powder diffraction pattern of Fe-Cu-Nb-Si-B ribbon.

A is an exchange stiffness constant. The question of the specific func-
tional dependence of the C(7) in an amorphous alloy remains open. For
example, it can be assumed that type C(T°) can differ for various alloys
[19]. The universal assumption for the function C (?) is that it will tend
to zero for the distances r greater than L. In this case, only the length L,
at which the correlations of the easy axis become vanishing, matters
only. The two limits corresponding to the cases Ly<L¢ and Ly>L lead
to two asymptotic modes of Eq. (2):

aHi
TR for Ly<Lc,H>H)

aH>
W7 for Ly>Le, HKH|,
L

where d is a dimension of ferromagnetic correlations, H, = 2A /uoMsL2

2Kiocal
HoMs

For the limit of strong field (Ly<Lc¢, H>H}), the asymptotic mode
provides well known Akulov’s law [5] for non-interacting particles.
According to [20-23] for ferromagnets at finite temperature and in
strong magnetic field, it is necessary to take into account the contribu-
tion to magnetization linearly increased with the field. Therefore, in
Akulov’s law (Eq. (3)) (for fields above 20 kA/m) the high-field
component yH should be added, which leads to the following form of
the law of approach the magnetization to saturation:

is a correlation field, H, =

is a field of local magnetic anisotropy.

2
a

H
‘;12) +H )

M:Ms(lf

Also, the exponent in the power dependence v,,<H" corresponding to
Eq. (3) can differ in various materials in low-field mode (Ly>L¢,H<H}),
since related to the fractal dimension d of the magnetic correlation
volume Vyx Lz packed with correlated easy axis volumes V¢ [24].

Using log-log scale is a convenient way to analyze the power-law
behavior since any power-law dependence will be visualized as a
straight line, and its slope will provide the exponent. We will use this
approach to analyze the power-law behavior of magnetization variance.
The power-law exponent is n = -2 for the high-field regime according to
Eq. (3) (strong field limit) and n = -1, —1/2 for the medium-field regime.
In the last case its value depends on the dimensionality of the magnetic
correlation volume or the dimensionality of the magnetic anisotropy
heterogeneity [11,25-29].

4. Results
4.1. Atomic structure

The broad diffuse peaks on the X-ray diffraction profiles (Fig. 1)
indicate that the studied Fe-Cu-Nb-Si-B alloys are amorphous. Some
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Table 1
Structural parameters of Fe-Cu-Nb-Si-B alloys.
Alloy composition Scattering Bragg’s B, T, nm
angle 20, deg. spacing d, deg.
nm
Fe74.3Cu0.2Nb3Si16.5B6 44.5 0.204 5.5+ 1.54 +
0.5 0.19
Fe74CulNb3Si16B6 44.5 0.204 55+ 1.54 +
0.4 0.15
Fe73Cul.5Nb3Si16.5B6 44.5 0.204 4.7 + 1.79 +
0.8 0.30
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Fig. 2. Thermal variation of the magnetization of amorphous alloy ribbons Fe-
Cu-Nb-Si-B in the temperature range of 5 + 300 K: circles are experimental
points, solid line is a fitting line with Bloch’s law.

estimate of short-range order was carried out by the Scherrer equation
for the coherent scattering length [30]:

180 0894
oz cos(0)p

)
where 1 is the used X-ray wavelength, ¢ is the Bragg angle, and f is

the peak width at half of the maximum intensity. The results of the X-ray
pattern analysis are collected in the Table 1.

4.2. Magnetic constants

The exchange stiffness constant was estimated using the analysis of
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Fig. 3. Dependence of the magnetic moment on the magnetic field in amor-
phous ribbons Fe-Cu-Nb-Si-B. Domain structures in corresponding magnetic
fields are shown in the insets.

low-temperature magnetization behavior within Bloch’s law /2 [31]:

M;(T)
M;(0)

=1-BT?—Ccr*+0(1?) (6)

Here B is the Bloch constant, which is directly related to the ex-
change stiffness constant A [31,32]:

where g = 2.1 is the Landé g-factor, up is the Bohr magneton, k is the
Boltzmann constant, {(3/2) = 2.612 is the Riemann zeta function at 3/2.
The fitting of low-temperature magnetization behavior with Eq. (7) is
highly reliable (see Fig. 2) and the best fitting parameters along with
estimated exchange stiffness constants are outlined in Table 2. The
saturation magnetization Mg at room temperature measured using the
ferromagnetic resonance in [33] is also presented in Table 2.

4.3. Magnetization curve

The studied Fe-Cu-Nb-Si-B ribbons demonstrate soft magnetic
properties (coercivity Hc ~ 24 A/m) that is common feature for majority
of amorphous alloys of similar composition. The law of approach to
magnetic saturation is valid only for strong enough applied fields that at
least correspond to a reversible part of magnetization curve. The
reversible magnetic response is valid in the fields where the magnetic
domain structure has disappeared. We evaluated this lower border field
using a Kerr microscope. The magnetic domain patters corresponded to
different parts of magnetization curve are shown in Fig. 3.

Below 1.6 kA/m the domain patterns of two types were observed in
the magnetic contrast images which are common for the amorphous
alloy ribbons [34,35]. The patterns of the first type consist of domains
with the in-plane magnetization and the ones of the second type are
include the labyrinth-type narrow domains (fingerprint patterns). The
observed fingerprints are the closure structure of the volume domains
with the magnetization oriented perpendicular to the plane of the

Table 2

Fitting parameters of Bloch’s Law T>'2 and magnetic constants of Fe-Cu-Nb-Si-B alloys.
Alloy composition B, 10° K32 C, 108 K52 65(0), A-m? 'kg’1 HoMs (room temp.), T HoMs(0), T A, 1012 Jm™!
Fey4.3Cug 2Nb3Siie 5Be 1.69 2.90 145 + 4 1.13 £0.03 1.30 £ 0.03 5.95 + 0.05
Fe;4Cu;Nb3Siq6Be 1.33 2.94 150 + 4 1.21 £0.03 1.37 £0.04 7.10 = 0.08
Fe;3Cu; sNb3Sij6.5Be 1.61 3.48 140 £5 1.02 £ 0.03 1.19 £ 0.03 5.94 + 0.06
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Fig. 4. Approach magnetization to saturation in Fe-Cu-Nb-Si-B ribbons. Circles
are experimental points; solid line is a fitting line with Akulow’s law (Eq. (4)).
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Table 3
Correlation parameters of Fe-Cu-Nb-Si-B alloys.
Alloy composition H,, H, Hy, Kiocals Lc, Ly,
kA-m~! kA-m™? kA-m™? 10° nm nm
Jm~3
Fey4.3CUgoNbsSiigsBg 576 2228 66 3.6+ 21 12
0.1 +
0.1
Fe74Cu;NbsSiy6Bs 578 2290 52 3.5+ 2.3 15
0.1 +
0.1
Fe;3Cu; sNb3Sii6 5Bg 598 2084 36 3.1+ 2.4 18
0.1 +
0.1

ribbons. The perpendicular magnetic anisotropy in the regions with
fingerprints is induced by in-plane compressive stresses [35-37]. It was
found that in the Fe-Cu-Nb-Si-B ribbons the in-plane domain patterns
disappear in fields above 1.6 kA/m, while the fingerprint patterns
disappear in fields above 4.8 + 5.6 kA/m. The last values provide a
bottom estimate for the fields to be used for analysis of the approaching
to the magnetic saturation.

Approaching to magnetic saturation part of M(H) in the ribbons
(Fig. 4) is the result from competition of the magnetization fluctuations
due to the random orientation of the local easy axis and applied uniform
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Fig. 5. The magnetization variance versus magnetic field in amorphous ribbons
Fe-Cu-Nb-Si-B (1column).

field and also high-field linear contribution. In the strong fields, above
3000 kA/m M(H) was very well fitted with Eq. (4). The local anisotropy
fields H, and local anisotropy constant Kj,.; were estimated using fitting
by Eq. (4) for this part of M(H) curve and are summarized in Table 3. The
values of Kj,.q in Table 3 significantly exceed the anisotropy constant K;
of crystalline iron and iron-silicon alloys [38,39]. Such a high value of
Kjocq is apparently characteristic of amorphous alloys and were dis-
cussed in [28], there was argued that in amorphous iron-based alloys
local anisotropy constant can reach up to 108 J/m3. According to [28], a
higher local magnetic anisotropy constant may results from the cubic
symmetry destruction of the nearest surroundings of crystalline iron. In
addition, local elastic stresses in the amorphous alloy contribute to the
value of local anisotropy constant, taking into account the fact that the
magnetostriction constant in amorphous alloys of similar composition is
positive and large enough in comparison with the constant of nano-
crystalline alloys [4,5,35].

For further analysis of nonlinear power-law behavior of the approach
to magnetic saturation, we subtracted the contribution of the linear
component: M(H)—>M(H) —yH.

5. Discussion

The field behavior of the magnetization variance follows three
power-laws in different field ranges for the Fe-Cu-Nb-Si-B alloy ribbons



N.V. Ilin et al

Journal of Magnetism and Magnetic Materials 541 (2022) 168525

T
\Y
<L
®
®
2
S
YR

Fig. 6. Schematic representation of magnetic correlations in amorphous Fe-Cu-Nb-Si-B ribbons in different field ranges: a) low-field regime, anisotropic magnetic
correlations; b) medium-field regime, isotropic magnetic correlations; c) high-field regime, magnetic correlation within structural correlations.

(Fig. 5). A power-law with the exponent n = -2 (Akulov’s law Eq. (3)),
was observed in strongest fields. In the medium fields H < Hf, the curve
of approaching magnetization to saturation follows a power-law
S6M(H)/MsxH1/2, The transition at H = Hj, is expected within the
RMA model and is frequently observed in the experiment
[6,12,14,40,41]. The explanation of the transition is as follows. As the
field decreases below Hy, the magnetic correlation length Ly is grown in
isotropic manner and covers a number of structural correlation volumes
V¢. Averaging the local magnetic anisotropy constant Kj,.q Within such
an isotropic magnetic correlation volume according to the RMA model
[3,4] lead to the appearance of average anisotropy constant (K) = Kl—m’,

that provides magnetization variance behavior as v,;cH /2 [28,42,43].
The observation of transition between different power laws using
log-log plots provides the correlation field H;, as a crossover point of the
lines corresponded to 6M(H)/MsxH /2 and éM(H)/MsxH 2 regimes
[44,45]. The Hj fields estimated in this way are summarized in Table 3.

In the log-log plot the unusual transition was observed in the low
fields: the behavior with applied field decreasing from the medium field
regime reveals the power-law transition from one with exponentn =-1/
2 to that n = -1 (Fig. 5). The fact of power-law behavior SM(H)/Msx H™!
observation in Fig. 5 at low fields looks reliable. A power law with
exponent n = -1 has observed and discussed for amorphous alloy ribbons
[23,28,46] but the sequence of power laws similar as to observed in our
study had not been observed earlier. An explanation of such transition
may be a change in the growth mode of magnetic correlation volume
with field decreasing from isotropic (in medium fields) to anisotropic in
low fields. The mechanism of the observed transitions in power-law
regimes of magnetization variance is sketched in Fig. 6.

The isotropic growth mode implies dimension of the magnetic cor-
relation volume to be D = 3 (at the medium fields there Ly > L¢) and
therefore the power-law regime with the exponent n = -1/2 is observed
(see Eq. (3) and Fig. 6 (b)). The anisotropic growth mode may be related
with the dimension of magnetic correlation volume D = 2 and the
power-law regime with the n = -1 (see Eq. (3) and Fig. 6 (a)). In the
strong applied fields (Ly < L¢), the magnetization approaches to the
saturation according to Akulov’s law (see Eq. (3) and Fig. 6 (c)). The
transition between power-law from one with exponent n = -1/2
(isotropic magnetic correlations with D = 3) to that with n = -1
(anisotropic magnetic correlations with D = 2) occurs at a certain
magnetic correlation length L and at a certain applied field Hz observed
in Fig. 5. The data on Hz and Lz are ummarized in Table 3.

The structural correlation length in Fe-Cu-Nb-Si-B ribbons according
to Table 3 is L¢ =~ 2.3 nm, which is about 9 interatomic distances. The
coherent scattering length t (Table 1) is about 6 interatomic distances
which is 1.5 times less than the structural correlation length L¢. Let us
note that and L¢ in any case are close in order of magnitude. The
coherent scattering length provides the lowest boundary of the ordering

scale. Additionally, the intrinsic stresses in the rapidly quenched alloy
[22,23] increase the FWHM of X-ray diffraction peak, and as a result
reduce the estimated coherent scattering length [47].

6. Conclusions

Magnetization correlations of rapidly quenched Fe-Cu-Nb-Si-B alloy
ribbons are studied using the correlation magnetometry. The collapse
fields of the domain structure estimated using a Kerr microscopy provide
a bottom estimate for the fields used for analysis of the magnetization
curves in the region of approaching to the magnetic saturation. The local
magnetic anisotropy constants are calculated by fitting magnetization
curve in strong fields (upper 3000 kA/m) with Akulov’s law. In fields
from 80 to 2000 kA/m the approach to magnetic saturation follows
6M(H)/Msex H'/2 dependence, which corresponds to the isotropic
magnetic correlation volumes Vg (dimension D = 3). The unusual
transition was observed in the low fields: the behavior with an applied
field decreasing from the medium fields (80 + 2000 kA/m) to low fields
(5 + 25 kA/m) reveals the power-law transition from one with exponent
n = -1/2 to that n = -1. The observed power law 6M(H)/Msx H™! is
assumed to be corresponded to the anisotropic magnetic correlation
volumes Vi (dimension D = 2). The structural correlation length L: were
estimated by the correlation magnetometry and it is about 9 interatomic
distances. For the studied amorphous Fe-Cu-Nb-Si-B ribbons, L¢ in order
of magnitude is close to the value of a coherent scattering length esti-
mated from the X-ray diffraction peak width.
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