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A B S T R A C T

New law of the approach to magnetic saturation is proposed based on scaling in ferromagnets with random
magnetic anisotropy. This law is consistent with the known laws derived within perturbation theory in extreme
cases, but it describes the transition mode between the power-low asymptotic regimes better. The improved law
is proper for reliable fitting the approach magnetization to saturation in nanocrystalline and amorphous
ferromagnets.

1. Introduction

Initially, the use of the law of approach to magnetic saturation
(LAMS) was experimental determining of saturation magnetization by
extrapolation of empirical LAMS expressions to the infinite field [1].
Since the publication of Akulov's paper [2], LAMS became the method
for determining the local magnetic anisotropy energy (magnetic
anisotropy energy of crystallites) in polycrystalline ferromagnetics.
For the structural defect size being comparable or smaller than the
width of the domain wall, the consideration of exchange interaction
between the structurally uniform volumes is important. The first LAMS
taking into account exchange interaction was derived by Brown [3].
Due to the competition between magnetic disorder and magnetic order
caused by the exchange interaction, the LAMS is closely associated with
the magnetic correlation length which depends on the applied magnetic
field RH =(2 A/MsH)1/2, where A is an exchange stiffness constant, Ms

is the saturation magnetization and H is the applied field. The state of
nonuniform magnetization with magnetic correlations with specific
length RH is known as magnetization ripple [4–6]. The magnetic
correlations were taken into account by Néel, Kronmüller, Schlömann
and Malozemoff [7–12] to derive the certain LAMS (usually presented
by specific power law M~H-n) referred to the specific structural defect.
It was noticed by Ignatchenko and Iskhakov that unique relationship
between specific LAMS expression with a specific structural defect
cannot be considered as reliable, because one certain LAMS may
correspond to a variety of structural defects [13,14]. Using the random
field theory Ignatchenko, Iskhakov [13,14] and Chudnovsky [15,16]

have shown that the specific form of LAMS refers exceptionally to the
correlation function or the spectral density of random magnetic
anisotropy. It was found that the LAMS in all the types of media with
random magnetic anisotropy with monotonically decreasing correla-
tions are characterized by the following general behavior. Above a
specific exchange correlation field HR =2 A/MsRс

2, M(H) follows to
Akulov's LAMS (M~H−2), and below it the power-law M~H-n with an
exponent n < 2 depending on the spatial dimension of the random
anisotropy inhomogeneity holds [13–15,17]. Thus, it was shown that
monitoring this change in power mode of the LAMS can be used to
determine the exchange field HR. The HR values supplemented by
independent measurements of A and Ms were used to study the
structural correlation lengths in some amorphous alloys [14,18–23].

2. Micromagnetics

Let us describe the background and the basic results on micro-
magnetics briefly concerning LAMS. Nonuniform orientation of local
easy magnetization axis (random magnetic anisotropy) of any nature
(crystallographic, magnetoelastic etc.) results in the specific state with
nonuniform magnetization – stochastic magnetic structure in nano-
crystalline magnet. The LAMS in ferromagnets with stochastic mag-
netic structure is directly determined by the variance (dm) of reduced
transverse magnetization component (m x M x M⎯→(⎯→) =

⎯→
(⎯→)/ s):

M H M d H( ) = (1 − ( )),s m (1)

The key characteristic of stochastic magnetic structure is the
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According to [13,14,16] the variance of magnetization dm ≡ Cm(r
=0) or more precisely its major term in perturbation theory is

determined by spectral density S k(
⎯→

) or by correlation function C r ⃗( ) of
local easy magnetization axis:
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where K is a constant of local magnetic anisotropy,
k R MH A= 1/ = ( /2 )H H

1/2 is a wave vector of exchange magnetic correla-
tions and RH is their correlation length. If we use exponential decay for
correlation function C r ⃗( ) of local easy magnetization axis e r R− / c, the
result for isotropic 3-d media is:

( )d
aH

H H H
= ( )

+
.m

a

R

2

1/2 1/2 1/2 3 (4)

Here H K M= 2 /a s is a local magnetic anisotropy field, а is a coefficient
equal to 1/151/2 for uniaxial anisotropy, H A M R= 2 /R s c

2 is an exchange
field, Rc is a correlation length of local easy magnetization axis. There is
transition between two power-law regimes – above and below HR:

⎪

⎪

⎧
⎨
⎩

d aH
H H H
H H H H

= ( )
, ≫

, ≪
.m a

R

R R

2
−2

−1/2 −3/2
(5)

In the log-log plot dm versus H it is observed as two different
angles of two linear parts – above and below HR (see Fig. 1). If we
choose another monotonically decreased function C r ⃗( ) in Eq. (3), then
we get new expression for d H( )m , but the asymptotic power laws remain
to be the same.

3. The problem

Investigators have no exact C r( ) from the experiment. Therefore, it is a
problem to select the LAMS that should be used for the fitting of
experimental approach to saturation data, but we can try to compare the
quality of fittings by different LAMS expressions (for example derived by
using С(r) = exp (-r/Rc) and С(r) = exp (-(r/Rc)

2) [22,24,25]). In this
respect, after corresponding data processing the authors in [22,24,25] have

determined a better correlation function C r( ). We will show that LAMS
being derived using (4) does not fit experimental transition behavior
between extreme power laws of approach to saturation. In the experimental
data processing using LAMS analysis of plot dlg m versus Hlg can be used
instead of fitting. However, in a typically practical case, when available
experimental data are in the intermediate range between the asymptotic
power modes, the procedure cannot be carried out.

In the paper we propose a new LAMS that describes the experi-
mental approach to saturation magnetization curves in the intermedi-
ate region between the asymptotic power modes much better than the
previous LAMS expressions. This feature makes the law suitable for
reliable fitting the approach to magnetic saturation data.

The Eq. (4) is an example of possible analytic LAMS expression,
that can be used for fitting the experimental data. However, it implies
certain difficulties. To clarify the problems let's present the data on the
approach to saturation in the following form. The replacement of the
asymptotic power modes M(H)~H−1/2 to M(H)~H−2 with increasing
H, predicted by Eq. (4) can be represented as a replacement of the
exponent in empirical terms M(H)~H-α that describes a small curve
section near some certain field Н. This technique has been used
previously for the analysis of the theoretical LAMS expressions in thin
magnetic films [26]. The details of the corresponding data processing
are illustrated in Fig. 1 for the curve ΔM(H)/Ms≡(Ms−M(H))/Ms

measured in nanocrystalline alloy FeSiBNbCu [18,27]. The exponent α
is determined as the tangent slope in Fig. 1 at a small curve section
near the current fieldН fromН–ΔH/2 toН +ΔH/2. A quite short width
ΔH is selected in order to consider the corresponding curve section as
linear in log-log plot, but it is made long enough for minimizing the
experimental error in the tangent slope. The values α determined by
the technique above are shown in Fig. 2, along with theoretical curves
α(H) calculated as α = Δln d H

Δln H
( ( ))

( ))
m . The theoretical functions d H( )m are

calculated using integrals (3) for C r e( ) = r R− / c,
⎛
⎝⎜

⎞
⎠⎟C r e( ) =

− r
Rc

2

and
C r θ R r( ) = ( − ),c where θ x( ) is Heaviside step function. The replace-
ment of the asymptotic power modes (Fig. 2) from M(H) ~ H −1/2 to
M(H)~H −2 is significantly more abrupt in the experiment than it is
presented by theoretical curves (1)-(3). Although, the change of power
modes by curves (1)–(3) is more abrupt for the case of a more abrupt
decrease of r( ), it demands changing the applied field by at least three
orders of magnitude. The experimental transition from α=0.5 to α=2
holds with changing the applied field by one order. Such a sharp change
in power modes is observed experimentally in various amorphous and
nanocrystalline alloys with LAMS analysis as in Fig. 1 [18,28–35].

Fig. 1. The field of the crossover in the approach to magnetic saturation of the
nanocrystalline alloy FeSiBNbCu. The arrow and the rectangle illustrate the determina-
tion of α(H). The Eq. (9) is the black solid curve and Eq. (5) is dashed.

Fig. 2. Experimental values of exponent α in nanocrystalline alloy FeSiBNbCu (points)

and theoretical curves calculated as α= Δln dm H
Δln H

( ( ))
( ))

. The d H( )m for the curves (1−3) are

calculated using integrals Eq. (3) and C r e( ) = r Rc− / ,

⎛
⎝⎜

⎞
⎠⎟C r e( ) =

r
Rc

−
2

and C r θ R r( ) = ( − )c

correspondingly. The curve (4) is calculates using Eq. (9).
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4. Discussion

The discrepancy between experimental data and the theoretical
curves calculated using Eq. (3) will lead to unreliability of fitting
parameters by corresponding LAMS. To solve the problem, we consider
the physical phenomena underlying the transfer between the asympto-
tic power modes in LAMS using the idea of scaling.

Let's rewrite the Eq. (4) using variable substitution as follows:

⎛
⎝⎜

⎞
⎠⎟d H a

R
δ

R R
R R

( ) =
/

(1+ / )
.m

c H c

c H

2
4

3 (6)

The characteristic scale of nanostructure (Rc) and the scale which is
determined by δ A K= / magnetic constant as well as the length RH
depending on the magnetic field are presented in Eq. (6). For this case
the asymptotic power modes in Eq. (6) that is equivalent to Eq. (5) are
the following:

⎪
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R R δ R R
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If R R=H c (i.e. H H≫ R), then the magnetic fluctuations are
uncorrelated, else if R R≫H c (i.e. H H≪ R), then there is a strong
magnetic correlations and another LAMS power-law is present.

Further, we perform several estimations. The magnetic anisotropy
constant averaged within the magnetic correlation volume (with the
size of Rm) is estimated as K K N K R R= / = ( / )m c m

d /2. In this case, the
LAMS can be represented as a result of competition of random
magnetic anisotropy energy K m localized on Rm scale and the energy
of the applied magnetic field M Hs . This representation is similar to the
principal assumptions used for the derivation of Akulov's LAMS. In this
respect, we can use Akulov's LAMS replacing the local anisotropy
constant of crystallite K by the magnetic anisotropy constant averaged
within the magnetic correlation volume K m:
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The transition from R R=m H (H H≪ R) to R R=m c (H H≫ R) can be
described as R R R= +m H c [36–38]. If we put the expression
R R R= +m H c to the Eq. (8) we get the LAMS which is totally coincided
with the LAMS of Eq. (4) derived based on the perturbation theory.
Let's assume, that it is not size Rc, but the volume of the crystallite Rc

d ,
which is the smallest scale of the magnetic correlations. Afterwards we
can describe this transition as R R R= +m

d
H
d

c
d , and then using Eq. (8),

we obtain a new LAMS expression:
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The asymptotic power law in this LAMS are the same as in Eq. (4)
and Eq. (5). It was found out that the replacement of the asymptotic
power modes in Eq. (9) is more abrupt than the one obtained from Eq.
(3) and the values of α calculated for this LAMS are closer to the
experimentally observed data (see Fig. 2). The quality of fitting by using
the LAMS of Eq. (9) is appropriate (Fig. 1). The fitting parameters HR

=(11 ± 1) kOe and Ha =(3.3 ± 0.4) kOe obtained with the help of Eq.
(9) are in good agreement with the data obtained from the log-log
analysis of LAMS [18,27]. The Eq. (9) has been successfully used in
fitting the magnetization curves in [39–41].

5. Conclusion

The laws of approach to magnetic saturation in a ferromagnetic
material with random magnetic anisotropy derived by using the
perturbation theory are characterized by changing power-law modes
with variation of the applied field at least by three orders of magnitude.
In the experiment there is a sharper change in power modes within one

order magnitude change in the applied field. We propose a new law of
approach to magnetic saturation using idea of scaling for a ferromag-
netic material with random magnetic anisotropy. It matches the
expressions derived in the perturbation theory in extreme cases, but
it describes the transition mode between the power laws better. We
found that this law is suitable for reliable fitting the approach to
magnetic saturation in nanocrystalline and amorphous ferromagnetics.

Acknowledgments

The work has been supported by Russian Foundation for Basic
Research, Grant nos. 16-03-00256, 15-08-06673 and RFBR-KRFS 15–
42-04171.

References

[1] P. Weiss, Les propriétés magnétiques de la pyrrhotine, J. Phys. Théorique
Appliquée. 4 (1905) 469 〈http://jphystap.journaldephysique.org/index.php?
option=com_toc & url=/articles/jphystap/abs/1905/01/contents/contents.html〉.

[2] N.S. Akulov, Uber den Verlauf der, Magnetisierungskurve in starken Feldern, Z. Fur
Phys. Phys. 69 (1931) 822–831. http://dx.doi.org/10.1007/BF01339465.

[3] W. Brown, Theory of the approach to magnetic saturation, Phys. Rev. 58 (1940)
736–743. http://dx.doi.org/10.1103/PhysRev.58.736.

[4] H. Hoffmann, Quantitative calculation of the magnetic ripple of uniaxial thin
permalloy films, J. Appl. Phys. 35 (1964) 1790. http://dx.doi.org/10.1063/
1.1713743.

[5] K.J. Harte, Theory of magnetization ripple in ferromagnetic films, J. Appl. Phys. 39
(1968) 1503. http://dx.doi.org/10.1063/1.1656388.

[6] V.A. Ignatchenko, magnetic structure of thin magnetic films and ferromagnetic
resonance, JETP 27 (1968) 162.

[7] L. Néel, La loi d′approche en a: H et une nouvelle théorie de la dureté magnétique,
J. Phys. Le. Radium 9 (1948) 184–192. http://dx.doi.org/10.1051/jphys-
rad:0194800905018400.

[8] H. Kronmuüller, A. Seeger, Die einmündung in die ferromagnetische sättigung – II,
J. Phys. Chem. Solids 18 (1961) 93–115. http://dx.doi.org/10.1016/0022-
3697(61)90153-6.

[9] M. Fähnle, H. Kronmüller, The influence of spatially random magnetostatic,
magnetocrystalline, magnetostrictive and exchange fluctuations on the law of
approach to ferromagnetic saturation of amorphous ferromagnets, J. Magn. Magn.
Mater. 8 (1978) 149–156. http://dx.doi.org/10.1016/0304-8853(78)90114-2.

[10] A. Malozemoff, Laws of approach to magnetic saturation for interacting and
isolated spherical and cylindrical defects in isotropic magnetostrictive media, IEEE
Trans. Magn. 19 (1983) 1520–1523. http://dx.doi.org/10.1109/
TMAG.1983.1062583.

[11] E. Schlomann, Properties of magnetic materials with a nonuniform saturation
magnetization. I. General theory and calculation of the static magnetization, J.
Appl. Phys. 38 (1967) 5027. http://dx.doi.org/10.1063/1.1709271.

[12] H. Kronmüller, J. Ulner, Micromagnetic theory of amorphous ferromagnets, J.
Magn. Magn. Mater. 6 (1977) 52–56. http://dx.doi.org/10.1016/0304-8853(77)
90073-7.

[13] V.A. Ignatchenko, R.S. Iskhakov, Stochastic magnetic structure and spin waves in
amorphous ferromagnetic substance, Izv. Akad. Nauk SSSR, Ser. Fiz. 44 (1980)
1434.

[14] V.A. Ignatchenko, R.S. Iskhakov, G.V. Popov, Law of approach to ferromagnetic
saturation in amorphous ferromagnets, Sov. Phys. JETP 55 (1982) 878–886.

[15] E.M. Chudnovsky, A theory of two-dimensional amorphous ferromagnet, J. Magn.
Magn. Mater. 40 (1983) 21–26. http://dx.doi.org/10.1016/0304-8853(83)90005-
7.

[16] E.M. Chudnovsky, W.M. Saslow, R.A. Serota, Ordering in ferromagnets with
random anisotropy, Phys. Rev. B. 33 (1986) 251–261.

[17] V.A. Ignatchenko, R.S. Iskhakov, The magnetization curve of ferromagnets with
anisotropic and low-dimensional inhomogeneities, Fiz. Met. Met. 73 (1992)
602–608.

[18] R.S. Iskhakov, S.V. Komogortsev, Magnetic microstructure of amorphous, nano-
crystalline, and nanophase ferromagnets, Phys. Met. Metallogr. 112 (2011)
666–681. http://dx.doi.org/10.1134/S0031918×11070064.

[19] N. Hassanain, H. Lassri, R. Krishnan, A. Berrada, Magnetic studies in some melt
spun amorphous Fe-Sm-B alloys, J. Appl. Phys. 146 (1995) 315–318.

[20] Y. Homma, Y. Takakuwa, Y. Shiokawa, D.X. Li, K. Sumiyama, K. Suzuki, Random
anisotropy in UGe2 amorphous alloy, J. Alloy. Compd. 275-277 (1998) 665–668.
http://dx.doi.org/10.1016/S0925-8388(98)00415-0.

[21] M. Soltani, M. Lahoubi, G. Fillion, B. Barbara, Magnetic properties of amorphous
Sm–Co and Er–Co alloys, J. Alloy. Compd. 275- 277 (1998) 602–605. http://
dx.doi.org/10.1016/S0925-8388(98)00401-0.

[22] J. Tejada, B. Martinez, A. Labarta, E. Chudnovsky, Correlated spin glass generated
by structural disorder in the amorphous Dy6Fe74B20 alloy, Phys. Rev. B. 44 (1991)
7698–7700. http://dx.doi.org/10.1103/PhysRevB.44.7698.

[23] E.M. Chudnovsky, J. Tejada, Evidence of the extended orientational order in
amorphous alloys obtained from magnetic measurements, Eur. Lett (1993)
517–522.

[24] A.L. Danilyuk, A.L. Prudnikava, I.V. Komissarov, K.I. Yanushkevich, A. Derory,

S.V. Komogortsev, R.S. Iskhakov Journal of Magnetism and Magnetic Materials 440 (2017) 213–216

215

http://jphystap.journaldephysique.org/index.php?option=com_toc	&	url=/articles/jphystap/abs/1905/01/contents/contents.html
http://jphystap.journaldephysique.org/index.php?option=com_toc	&	url=/articles/jphystap/abs/1905/01/contents/contents.html
http://dx.doi.org/10.1007/BF01339465
http://dx.doi.org/10.1103/PhysRev.58.736
http://dx.doi.org/10.1063/1.1713743
http://dx.doi.org/10.1063/1.1713743
http://dx.doi.org/10.1063/1.1656388
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref6
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref6
http://dx.doi.org/10.1051/jphysrad:0194800905018400
http://dx.doi.org/10.1051/jphysrad:0194800905018400
http://dx.doi.org/10.1016/0022-3697(61)90153-6
http://dx.doi.org/10.1016/0022-3697(61)90153-6
http://dx.doi.org/10.1016/0304-8853(78)90114-2
http://dx.doi.org/10.1109/TMAG.1983.1062583
http://dx.doi.org/10.1109/TMAG.1983.1062583
http://dx.doi.org/10.1063/1.1709271
http://dx.doi.org/10.1016/0304-8853(77)90073-7
http://dx.doi.org/10.1016/0304-8853(77)90073-7
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref13
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref13
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref13
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref14
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref14
http://dx.doi.org/10.1016/0304-8853(83)90005-7
http://dx.doi.org/10.1016/0304-8853(83)90005-7
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref16
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref16
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref17
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref17
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref17
http://dx.doi.org/10.1134/S0031918�11070064
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref19
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref19
http://dx.doi.org/10.1016/S0925-8388(98)00415-0
http://dx.doi.org/10.1016/S0925-8388(98)00401-0
http://dx.doi.org/10.1016/S0925-8388(98)00401-0
http://dx.doi.org/10.1103/PhysRevB.44.7698
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref23
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref23
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref23


F. Le Normand, V.A. Labunov, S.L. Prischepa, Interplay between exchange
interaction and magnetic anisotropy for iron based nanoparticles in aligned carbon
nanotube arrays, Carbon 68 (2014) 337–345. http://dx.doi.org/10.1016/j.car-
bon.2013.11.010.

[25] A.L. Danilyuk, I.V. Komissarov, V.A. Labunov, F. Le Normand, A. Derory,
J.M. Hernandez, J. Tejada, S.L. Prischepa, Manifestation of coherent magnetic
anisotropy in a carbon nanotube matrix with low ferromagnetic nanoparticle
content, New J. Phys. 17 (2015) 023073. http://dx.doi.org/10.1088/1367-2630/
17/2/023073.

[26] W. Maass, U. Krey, H. Hoffmann, Magnetic approach-to-saturation in thin films,
Phys. Status Solidi 122 (1984) K137–K140. http://dx.doi.org/10.1002/
pssb.2221220253.

[27] R.S. Iskhakov, S.V. Komogortsev, Magnetic microstructure of nanostructured
ferromagnets, Bull. Russ. Acad. Sci. Phys. 71 (2007) 1620–1622. http://dx.doi.org/
10.3103/S1062873807110470.

[28] R.S. Iskhakov, V.A. Ignatchenko, S.V. Komogortsev, A.D. Balaev, Study of magnetic
correlations in nanostructured ferromagnets by correlation magnetometry, J. Exp.
Theor. Phys. Lett. 78 (2003) 646–650. http://dx.doi.org/10.1134/1.1644310.

[29] R.S. Iskhakov, S.V. Komogortsev, E.A. Denisova, Y.E. Kalinin, A.V. Sitnikov, Fractal
magnetic microstructure in the (Co41Fe39B20)x(SiO2)1-x nanocomposite films,
JETP Lett. 86 (2007) 465–469. http://dx.doi.org/10.1134/S0021364007190083.

[30] E.N. Sheftel, R.S. Iskhakov, S.V. Komogortsev, P.K. Sidorenko, N.S. Perov, Effects
of heat treatment conditions on magnetic properties and structural features of
nanocrystalline Fe79Zr10N11 films, Solid State Phenom. (2009) 152–153 〈http://
www.scientific.net/SSP.152-153.70〉 (accessed 31 July 2013).

[31] S.V. Komogortsev, S.I. Smirnov, R.S. Iskhakov, N.A. Momot, A.D. Balaev,
L.A. Chekanova, E.A. Denisova, E.V. Eremin, Experimental and numerical inves-
tigations of the magnetization curves in the nanocomposites consisted of several
ferromagnetic phases, Solid State Phenom. 168-169 (2011) 369–372. http://
dx.doi.org/10.4028/www.scientific.net/SSP.168-169.369.

[32] S.V. Komogortsev, R.S. Iskhakov, P.A. Kuznetsov, A.I. Belyaeva, G.N. Bondarenko,
L.A. Chekanova, A.D. Balaev, E.V. Eremin, Random magnetic anisotropy and
ferromagnetic resonance in nanosrystalline alloy Fe73.5CuNb3Si13.5B9, Solid
State Phenom. 168-169 (2011) 365–368. http://dx.doi.org/10.4028/www.scienti-

fic.net/SSP.168-169.365.
[33] S.V. Komogortsev, R.S. Iskhakov, E.N. Sheftel, E.V. Harin, A.I. Krikunov,

E.V. Eremin, Magnetization correlations and random magnetic anisotropy in
nanocrystalline films Fe78Zr10N12, Solid State Phenom. 190 (2012) 486–489.

[34] S.V. Komogortsev, R.S. Iskhakov, A.A. Zimin, E.Y. Filatov, S.V. Korenev,
Y.V. Shubin, N.A. Chizhik, G.Y. Yurkin, E.V. Eremin, The exchange interaction
effects on magnetic properties of the nanostructured CoPt particles, J. Magn. Magn.
Mater. 401 (2016) 236–241. http://dx.doi.org/10.1016/j.jmmm.2015.10.041.

[35] P. Garoche, A. Malozemoff, Approach to magnetic saturation in sputtered amor-
phous films: effects of structural defects, microscopic anisotropy, and surface
roughness, Phys. Rev. B. 29 (1984) 226–231. http://dx.doi.org/10.1103/
PhysRevB.29.226.

[36] A. Michels, J. Weissmüller, Magnetic-field-dependent small-angle neutron scat-
tering on random anisotropy ferromagnets, Rep. Prog. Phys. 71 (2008) 066501.
http://dx.doi.org/10.1088/0034-4885/71/6/066501.

[37] A. Michels, R. Viswanath, J. Barker, R. Birringer, J. Weissmüller, Range of
magnetic correlations in nanocrystalline soft magnets, Phys. Rev. Lett. 91 (2003)
267204. http://dx.doi.org/10.1103/PhysRevLett.91.267204.

[38] A. Michels, Correlation functions of the spin misalignment in magnetic small-angle
neutron scattering, Phys. Rev. B. 82 (2010) 024433. http://dx.doi.org/10.1103/
PhysRevB.82.024433.

[39] S.V. Komogortsev, E.A. Denisova, R.S. Iskhakov, A.D. Balaev, L.A. Chekanova,
Y.E. Kalinin, A.V. Sitnikov, Multilayer nanogranular films (Co40Fe40B20)50(SiO2)
50/α-Si:H and (Co40Fe40B20)50(SiO2)50/SiO2: magnetic properties, J. Appl.
Phys. 113 (2013) 17C105. http://dx.doi.org/10.1063/1.4794361.

[40] R.S. Iskhakov, S.V. Komogortsev, A.D. Balaev, L.A. Chekanova, Multilayer Co/Pd
films with nanocrystalline and amorphous Co layers: coercive force, random
anisotropy, and exchange coupling of grains, Tech. Phys. Lett. 28 (2002) 725–728.
http://dx.doi.org/10.1134/1.1511766.

[41] A.P. Safronov, I.V. Beketov, S.V. Komogortsev, G.V. Kurlyandskaya, A.I. Medvedev,
D.V. Leiman, A. Larranaga, S.M. Bhagat, Spherical magnetic nanoparticles
fabricated by laser target evaporation, AIP Adv. 3 (2013) 052135. http://
dx.doi.org/10.1063/1.4808368.

S.V. Komogortsev, R.S. Iskhakov Journal of Magnetism and Magnetic Materials 440 (2017) 213–216

216

http://dx.doi.org/10.1016/j.carbon.2013.11.010
http://dx.doi.org/10.1016/j.carbon.2013.11.010
http://dx.doi.org/10.1088/1367-2630/17/2/023073
http://dx.doi.org/10.1088/1367-2630/17/2/023073
http://dx.doi.org/10.1002/pssb.2221220253
http://dx.doi.org/10.1002/pssb.2221220253
http://dx.doi.org/10.3103/S1062873807110470
http://dx.doi.org/10.3103/S1062873807110470
http://dx.doi.org/10.1134/1.1644310
http://dx.doi.org/10.1134/S0021364007190083
http://www.scientific.net/SSP.152-153.70
http://www.scientific.net/SSP.152-153.70
http://dx.doi.org/10.4028/www.scientific.net/SSP.168-169.369
http://dx.doi.org/10.4028/www.scientific.net/SSP.168-169.369
http://dx.doi.org/10.4028/www.scientific.net/SSP.168-169.365
http://dx.doi.org/10.4028/www.scientific.net/SSP.168-169.365
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref33
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref33
http://refhub.elsevier.com/S0304-8853(16)31972-2/sbref33
http://dx.doi.org/10.1016/j.jmmm.2015.10.041
http://dx.doi.org/10.1103/PhysRevB.29.226
http://dx.doi.org/10.1103/PhysRevB.29.226
http://dx.doi.org/10.1088/0034-4885/71/6/066501
http://dx.doi.org/10.1103/PhysRevLett.91.267204
http://dx.doi.org/10.1103/PhysRevB.82.024433
http://dx.doi.org/10.1103/PhysRevB.82.024433
http://dx.doi.org/10.1063/1.4794361
http://dx.doi.org/10.1134/1.1511766
http://dx.doi.org/10.1063/1.4808368
http://dx.doi.org/10.1063/1.4808368

	Law of approach to magnetic saturation in nanocrystalline and amorphous ferromagnets with improved transition behavior between power-law regimes
	Introduction
	Micromagnetics
	The problem
	Discussion
	Conclusion
	Acknowledgments
	References




