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LOCAL MAGNETIC ANISOTROPY
OF THE Co-BASED AMORPHOUS ALLOY

The magnetization, initial magnetic susceptibility, and magnetostriction of a multicomponent
Co-based amorphous alloy have been studied. The exchange constant 𝛼 and the Curie tempera-
ture 𝑇C of the alloy are determined. On the basis of a method based on the theory of stochastic
magnetic structure for amorphous ferromagnets and using the magnetization curves, the cor-
relation field 𝐻ℓ, the field 𝐻𝛼, the effective constant of local magnetic anisotropy 𝐾eff , and
the stochastic characteristics of local anisotropy – the mean square field fluctuations and the
correlation radius – have been calculated. The temperature behavior of the examined magnetic
characteristics is analyzed. The results of magnetostriction research allow a conclusion to be
drawn that the local magnetic anisotropy of the alloy has a single-ion origin.
K e yw o r d s: amorphous alloy, magnetization, local magnetic anisotropy, correlation radius,
Curie temperature.

1. Introduction
The magnetic parameters of magnetically ordered
amorphous alloys, even if the latter are macroscop-
ically isotropic, are random functions of the coordi-
nates. In other words, the values of those parameters
randomly change from point to point. In particular,
the magnetic anisotropy can vary both in magnitude
and direction. It is the fluctuations in the anisotropy
axis direction that lead to the formation of a stochas-
tic magnetic structure (SMS). A method based on
the SMS theory [1–6] makes it possible to analyze
the stochastic characteristics of the local magnetic
anisotropy (the mean square fluctuation and the cor-
relation radius of the anisotropy field) by experimen-
tally studying the magnetization curves of amorphous
magnets.

Some of Co-based amorphous alloys are known to
belong to the class of magnetic materials. They are
used, in particular, for the creation of high-quality
current and magnetic field sensors [7]. The properties
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that are used to describe the “softness” of an amor-
phous alloy as a magnetic material are the magnetic
anisotropy and the magnetostriction. For instance,
Co72Fe3P16B6Al3 and Co81Fe4.5Si4.5B10 alloys, ow-
ing to the absence of the magnetostriction in them,
reveal the following magnetically soft properties: the
coercive force 𝐻𝑐 = 2.8 A/m = 0.035 Oe, the sat-
uration induction 𝐵𝑠 = 1.0 T = 10.44 G, and the
maximum magnetic permeability 𝜇max = 2.8× 105.

For (Co0.4Ni0.6)78Si8B14 alloy, the magnetostric-
tion constant equals zero at room and nitro-
gen temperatures. The values of the magnetostric-
tion parameter 𝜆𝑠 for amorphous alloys from the
(Co1−𝑥Fe𝑥)75Si15B10 series lie within an interval from
−2×10−7 to +1×10−7 depending on the cooling rate
at their quenching. The corresponding compensation
temperature is by 150∘C below the room one.

The alloy magnetostriction also depends on the
content of both transitive and metalloid elements. In
particular, in Fe77P16B6Al3 alloy, the value of 𝜆𝑠

varies from 2.6 × 10−6 to 16 × 10−6, when the P : B
content ratio changes from 4 to 2.3.
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The aim of this work is to study the magnetic prop-
erties of Co–Fe–Ni–Cr–P–B multicomponent amor-
phous alloy, including its parameters and the origin
of its local magnetic anisotropy.

2. Researched Specimens

The Co-based amorphous ferromagnetic alloy was an
object of concern. The alloy ribbon, from which the
specimens were fabricated, was obtained from the
Kharkiv Institute of Physics and Technology. In addi-
tion to Co, the researched alloy contained the transi-
tion metals Fe, Ni, and Cr, and the metalloids P and
B. According to the data obtained on an X-ray mi-
croanalyzer MAP-1 and a TESSAN VEGA3 electron
microscope, the contents of transition elements in the
alloy were as follows: 83.6 wt.% for Co, 6.0 wt.% for
Fe, 0.5 wt.% for Ni, and 1.7 wt.% for Cr.

For the magnetization measurement, the speci-
mens were fabricated in the form of parallelepipeds
composed of 4 squares, each with a side length of
1 mm. The squares were cut from the ribbon of the
examined alloy that had 30 𝜇m in thickness and
16 mm in width.

For the magnetostriction research, the rectangular
specimens 5×10 mm2 in dimensions were cut from the
ribbon. When measuring the magnetic susceptibility,
a ribbon fragment was wound around the end of a
ceramic straw that contained thermocouple wires.

3. Measurement Technique

To study the magnetization, a pendulum magnetome-
ter was used [8]. The zero (compensation) method
was applied. The specific magnetization in the field
𝐻 was calculated by the formula

𝜎 = 𝐶
𝑖𝑘
𝑚𝐻

, (1)

where 𝐶 is the dynamic constant of a magnetome-
ter, 𝑖𝑘 the compensation current, and 𝑚 the speci-
men mass. The dynamic constant of a magnetometer
𝐶 was determined using the formula

𝐶 =
𝜎0𝑚0

𝑖𝑘0
𝐻, (2)

where 𝜎0, 𝑖𝑘0, and 𝑚0 are the counterparts of the cor-
responding parameters in Eq. (1), but for a reference
nickel specimen.

The magnetic field was created with the help of
an electromagnet. The maximum field was equal to

10.6 kOe. The specimen was arranged in a plane par-
allel to the magnetic field.

The magnetic susceptibility was measured in low
fields (𝐻 < 100 Oe) created by a solenoid. The mea-
surements were carried out on a ballistic installation
[8] in a temperature interval of 293–573 K.

Since the change of the magnetization is propor-
tional to a change of the magnetic field, if this field
is low (the susceptibility parameter 𝜒 does not de-
pend on the field magnitude in this case), the tem-
perature dependence of the magnetization reproduces
the temperature dependence of the initial magnetic
susceptibility.

The Curie temperature of the researched alloy was
determined from the temperature dependence of the
initial magnetic susceptibility in low fields by extrap-
olating the interval with the most drastic recession of
the susceptibility to the temperature axis.

The magnetostriction was measured using the
method of wire strain gauges [9]. The relative change
in the specimen length, which is equal to the rela-
tive change in the length of a strain gauge wire, was
calculated by the formula

Δ𝑙

𝑙
=

1

𝑐

Δ𝑅

𝑅
, (3)

where 𝑐 is the gauge sensitivity, 𝑅 the resistance of a
working gauge (standard gauges with a resistance of
99.5±0.3 Ω were used), and Δ𝑅 the gauge resistance
variation. The latter quantity was determined from
the deviation of the zero indicator with the help of
the relation

Δ𝑅 = 10−2 𝑎

𝑎ref
, (4)

where 𝑎ref is the deviation obtained, when the resis-
tance of the resistance box series-connected with the
operating gauge changed by 0.01 Ω, and 𝑎 the devia-
tion obtained, when the resistance of a working gauge
is changed by Δ𝑅. The sensitivity of the installation
to the relative deformation was 8× 10−7.

When measuring the temperature dependence of
the linear deformation in the low-temperature inter-
val, liquid nitrogen was used. Intermediate tempera-
tures were set by varying the current in the heating
oven. The temperature was determined making use of
a copper-konstantan thermocouple.
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4. Measurement Results,
Their Processing and Discussion

4.1. Magnetization

The stochastic characteristics of the local mag-
netic anisotropy were determined by measuring the
magnetization 𝐼 in a temperature interval of 220–
395 K. The magnetization isotherms were measured
at several temperatures within this interval. Some of
the measured magnetization curves are depicted in
Fig. 1. The behavior of magnetization curves is not

Fig. 1. Field dependences of the specimen magnetization at
various temperatures: 𝑇 = 295 (1 ), 315 (2 ), 333 (3 ), 351 (4 ),
368 (5 ), and 386 K (6 )

Fig. 2. The same as in Fig. 1, but in the 𝐼-versus-𝐻−1 coor-
dinates. 𝑇 = 295 (1 ), 315 (2 ), 333 (3 ), 351 (4 ), 368 (5 ), and
386 K (6 )

changed with the temperature. In all cases, the curves
saturate at the fields of about 5 kOe.

In order to determine the saturation magnetization
𝐼𝑠 at 𝑇 = 0 K, the magnetization curves were replot-
ted in the coordinates the magnetization 𝐼 versus the
inverse field 𝐻−1 (Fig. 2), and the values of 𝐼𝑠 at
various temperatures were found.

Figure 3 demonstrates the dependence 𝐼𝑠(𝑇
3/2). It

is linear, i.e. it is described by the Bloch law

𝐼𝑠(𝑇 ) = 𝐼𝑠(0)
(︁
1−𝐵𝑇 3/2

)︁
, (5)

where the constant 𝐵 = (4.1±0.1)×10−5 K−3/2. The
value of 𝐼𝑠(0) obtained by the extrapolation was
found to be 447 G. Now, knowing the parameters
𝐼𝑠 (0) and 𝐵, we can calculate the exchange constant
𝛼 using the formula [10]

𝛼 =

[︂
2.612 𝑔 𝜇B

𝐵𝐼𝑠 (0)

]︂2/3
𝑘B

4𝜋𝑔𝜇B𝐼𝑠 (0)
, (6)

where 𝑔 = 2, 𝜇B is the Bohr magneton, and 𝑘B
the Boltzmann constant. The resulting value is 𝛼 =
= (4.7± 0.1)× 10−12 cm2.

Information on the parameters of the local mag-
netic anisotropy was also obtained from the magneti-
zation curves. The magnetization curve of an amor-
phous ferromagnet is described by the relation

𝐼(𝐻) = 𝐼𝑠
√︀
1− 2𝑑𝑚(𝐻). (7)

Here, 𝑑𝑚 is the relative dispersion of fluctuations of
the transverse magnetization components. An exact
expression for it was obtained in work [3]:

𝑑𝑚 =
𝐷𝐻2

𝑎

2
√
𝐻(

√
𝐻ℓ +

√
𝐻)3

. (8)

In this expression,
√
𝐷𝐻𝑎 is the root-mean-square

fluctuation of the local anisotropy field, which charac-
terizes the amplitude of its spatial fluctuations, and
𝐻ℓ = 𝛼𝐼/𝑟ℓ is a correlation field that contains in-
formation about the correlation radius of the local
anisotropy, 𝑟ℓ, which characterizes the fluctuation ex-
tension. As one can see from Eq. (8), 𝑑𝑚 ∼ 𝐻−1/2 at
𝐻 ≪ 𝐻ℓ, and 𝑑𝑚 ∼ 𝐻−2 at 𝐻 ≫ 𝐻ℓ. The depen-
dence changes its character in the vicinity of 𝐻 ≈ 𝐻ℓ.

In order to determine the correlation radius and the
mean-square wave fluctuations of the anisotropy, the
magnetization curves were replotted on the log-log
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Fig. 3. Temperature dependence of the saturation magneti-
zation

scale: |log 𝑑𝑚| versus log𝐻. The relative dispersion
of the stochastic magnetic structure, 𝑑𝑚, was calcu-
lated from expression (7). The dependence |log 𝑑𝑚| =
= 𝑓 (log𝐻) calculated for 𝑇 = 350 K is depicted
in Fig. 4. The plots for other temperatures have the
same character. The plot demonstrates three recti-
linear sections corresponding to different magnetic
field intervals. Section I corresponds to the fields
𝐻 ≪ 𝐻ℓ ≪ 4𝜋𝐼𝑠, section II to the fields 𝐻ℓ ≪
≪ 𝐻 ≪ 4𝜋𝐼𝑠, and section III to the fields 𝐻ℓ ≪
≪ 4𝜋𝐼𝑠 ≪ 𝐻.

The correlation field 𝐻ℓ was determined from the
intersection of sections I and II. In each section, the
solutions were found by solving together the corre-
sponding equations that describe them. It was found
that the magnitude of the correlation field 𝐻ℓ does
not depend on the temperature within an interval
from 295 to 394 K, being equal to

𝐻ℓ = (870± 90) Oe.

The magnitude of the correlation radius calculated by
the formula

𝑟ℓ =

√︂
𝛼𝐼𝑠
𝐻ℓ

(9)

amounts to (138± 5) Å at room temperature, i.e. it
corresponds to long-range correlations. As the tem-
perature grows, it weakly decreases to a value of 129 Å
at 𝑇 = 386 K. Figure 5 demonstrates the temperature

Fig. 4. Field dependence of the relative dispersion of magne-
tization fluctuations at 𝑇 = 350 K

Fig. 5. Temperature dependence of the correlation radius of
the local magnetic anisotropy

dependence of 𝑟ℓ. Since this dependence is associated
with the temperature-induced variation of 𝐼𝑠, it is
linear in the coordinates 𝑟ℓ versus 𝑇 3/4.

The value of the local anisotropy field 𝐻𝑎 was
also determined from the dependences |log 𝑑𝑚| =
= 𝑓 (log𝐻). It turned out that the slope of linear sec-
tion I corresponds to the theoretical value: the tan-
gent of the slope angle is equal to 𝑎1 = 0.47± 0.03 ≈
≈ 1/2, whereas the slope of section II is smaller than
it is predicted by the theory: 𝑎2 = 1.11 ± 0.06 < 2.
The fact that the slope of section II is less than 2 can
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Fig. 6. Temperature dependence of the effective local mag-
netic anisotropy constant

Fig. 7. Temperature dependence of the initial magnetic sus-
ceptibility

be a result of the presence of a term ∼ 1/𝐻 in the ex-
pression describing the approach of a magnetization
to the saturation mode in this field section [3]. This
term may be associated with the presence of non-
magnetic inclusions. There emerges a demagnetizing
field in their vicinity, which prevents some of spins
from changing their direction. The role of such inclu-
sions in the examined alloy can be played by metalloid
atoms.

In order to determine the local anisotropy field, sec-
tion I was chosen. This section is described by the
equation

− log 𝑑𝑚 = 𝑎1 log𝐻 + 𝑏1, (10)

where 𝑎1 = 1
2 and 𝑏1 = log 2+ 3

2 log𝐻ℓ− log
(︀
𝐷𝐻2

𝑎

)︀
.

Whence

log
(︀
𝐷𝐻2

𝑎

)︀
= log 2 +

3

2
log𝐻ℓ − 𝑏1. (11)

The value obtained for the root-mean-square fluctu-
ation of the local anisotropy axis,

√
𝐷𝐻ℓ, equals

√
𝐷𝐻𝑎 = (290± 60) Oe.

In the case of equiprobable fluctuations of the local
anisotropy axis direction in space, we have 𝐷 = 1/15,
so that the field of the local anisotropy equals

𝐻𝑎 = (1100± 200) Oe.

The effective constant of the uniaxial local
anisotropy, 𝐾eff , is calculated from the formula [8]

𝐻𝑎 =
2𝐾eff

𝐼𝑠
. (12)

By magnitude, the constant 𝐾eff has an order of
1015 erg cm−3, similarly to what was obtained earlier
for Fe- and Fe–Ni-based alloys [11]. As the tempera-
ture grows, the constant 𝐾eff decreases proportion-
ally to 𝑇 3/2 (see Fig. 6).

4.2. Initial magnetic
susceptibility. Curie temperature

The fact that the anisotropy constant changes with
the temperature in approximately the same way as
the spontaneous magnetization is reflected in the tem-
perature behavior of the initial susceptibility 𝜒0. This
parameter was studied in order to determine the
Curie temperature of the alloy. The initial suscepti-
bility associated with the rotation of magnetization
vector looks like

𝜒rot
0 ∼ 𝐼2𝑠/𝐾,

and that associated with the displacements of domain
boundaries is [9]

𝜒dis
0 ∼ 𝐼𝑠/

√
𝐾.

Let the anisotropy constant decrease faster than
the spontaneous magnetization does, as the tempera-
ture grows. When approaching the Curie point, where
𝐾 is already small and 𝐼𝑠 still remains significant, a
maximum has to be observed in the curve 𝜒0 (𝑇 ) with
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a further sharp decrease at the Curie point (the Hop-
kinson effect). The dependence 𝜒0 (𝑇 ) does not reveal
a maximum for the examined alloy (see Fig. 7). A
smooth behavior of the dependence may be associ-
ated with the spatial fluctuations of the anisotropy
and exchange fields.

The Curie temperature 𝑇C was determined by ex-
trapolating the section, where the dependence 𝜒0 (𝑇 )
drastically decreases, to the 𝑇 -axis. It was found to
equal

𝑇C = (565± 2) K.

4.3. Magnetostriction

The effective local magnetic anisotropy in an amor-
phous ferromagnet may be, by its nature, “crystallo-
graphic”, i.e. single-ion, by resulting from the influ-
ence of a non-uniform electric field created by ions
surrounding a magnetically active atom (ion) on this
atom, as well as induced by elastic stresses or other
inhomogeneities in the substance.

The studies of the magnetostriction were carried
out to answer the question: Does the magnetic
anisotropy of the magnetoelastic origin contribute to
the local magnetic anisotropy of the examined al-
loy? The magnetostriction magnitude was measured
at room and nitrogen temperatures in the fields up
to 6.5 kOe and in the directions along and across the
applied field. The sensitivity of the installation to the
relative lengthening of specimens was 8 × 10−7. The
measurements showed that the specimens revealed
no magnetostriction in all cases. Therefore, the mea-
sured local anisotropy had mainly a single-ion origin.

Magnetic parameters of Co–Fe–Ni–Cr–P–B alloy

No. Parameter Value

1 Spontaneous magnetization 𝐼𝑠 at 0К,G 447± 2

2 Bloch constant В, K−3/2 (4.1± 0.1)·10−5

3 Exchange constant 𝛼, cm2 (4.7± 0.1)·10−12

4 Correlation field 𝐻ℓ, Oe 870± 90

5 Correlation radius 𝑟ℓ at 𝑇 = 295 K, Å 138± 5

6 Root-mean-square fluctuation of the
local anisotropy field

√
𝐷𝐻𝑎, Oe 290± 60

7 Local magnetic anisotropy field 𝐻𝑎, Oe 1100± 200

8 Effective local anisotropy constant 𝐾eff

at 𝑇 = 295 K, Erg/cm3 (1.9± 0.4) · 105

9 Curie temperature 𝑇C, K 565± 2

10 Linear magentostriction 𝜆𝑠 <8 · 10−7

The main results of our researches are quoted in
Table.

5. Conclusions

1. The magnetization of Co–Fe–Ni–Cr–P–B amor-
phous alloy has been studied. It is found that the
Bloch “law of 3/2” is satisfied for the alloy in a temper-
ature interval from 220 to 395 K. The corresponding
exchange constant 𝛼 was determined. By the order of
magnitude, the value obtained for 𝜎 agrees with the
data for other amorphous alloys.

2. With the help of a method based on the the-
ory of stochastic magnetic structure and using the
magnetization curves, the correlation field 𝐻ℓ and the
field of the local magnetic anisotropy 𝐻𝑎 are determi-
ned. Those both parameters are shown to be tempe-
rature-independent in an interval from 295 to 395 K.

3. Such stochastic characteristics as the correlation
radius and the root-mean-square fluctuation of the
local anisotropy field are calculated. The value ob-
tained for the correlation radius, 𝑟ℓ ∼ 100 Å, corre-
sponds to long-range correlations (heterogeneities on
the submicronic scale). As the temperature grows, a
weak reduction of the correlation radius is observed,
which is associated with a change of the spontaneous
magnetization.

4. The effective constant of the local magnetic ani-
sotropy 𝐾eff is calculated. By the order of magnitude,
its value amounts to 105 erg cm−3. As the tempera-
ture grows, the constant 𝐾eff decreases proportionally
to 𝑇−3/2.

5. The linear magnetostriction of the alloy, 𝜆𝑠, is
measured. It is found that 𝜆𝑠 < 8×10−7 at room and
nitrogen temperatures. This fact allows a conclusion
to be drawn that the magnetoelastic contribution to
the local anisotropy of the examined alloy is insignif-
icant, whereas the single-ion one dominates.

1. V.A. Ignachenko, R.S. Iskhakov. Physics of Magnetic Ma-
terials (Nauka, 1983) (in Russian).

2. V.A. Ignachenko, R.S. Iskhakov. Magnetic microstructure
of nanostructured ferromagnets. Izv. Akad. Nauk SSSR Sr.
Fiz. 44, 1434 (1980) (in Russian).

3. V.A. Ignachenko, R.S. Iskhakov, G.V. Popov. Law of mag-
netization approacing the saturation in amorphous ferro-
magnets. Zh. Eksp. Teor. Fiz. 82, 1518 (1982) (in Russian).

4. E.M. Chudnovsky. A theory of two-dimensional amorphous
ferromagnet. J. Magn. Magn. Mater. 40, 21 (1983).

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 6 537



Z.I. Sizova, V.N. Gorbatch, K.A. Mozul

5. E.M. Chudnovsky, W.M. Saslow, P.A. Serota. Ordering in
ferromagnets with random anisotropy. Phys. Rev. B 33,
251 (1986).

6. A.P. Shpak et al. Stochastic magnetic structure of amor-
phous stops. Nanosyst. Nanomater. Nanotekhnol. 6, 685
(1986) (in Ukrainian).

7. F.E. Luborskii. Amorphous Metal Alloys (Metallurgiya,
1987) (in Russian).

8. M. Fähnle, T. Egami. Phenomenological theory of magne-
tostriction in amorphous ferromagnets. J. Appl. Phys. 53,
2319 (1982).

9. Yu.A. Popkov, Z.I. Sizova, Yu.A. Nikolenko. Local mag-
netic anisotropy of amorphous alloys on the basis of Ni–Fe
alloys. Ukr. Fiz. Zh. 35, 410 (1990) (in Russian).

10. S. Chikazumi. Physics of Ferromagnetism (Oxford Univ.
Press, 2009).

Received 07.05.18.
Translated from Ukrainian by O.I. Voitenko

З.I. Сизова, В.М. Горбач, К.О.Мозуль

ЛОКАЛЬНА МАГНIТНА
АНIЗОТРОПIЯ АМОРФНОГО СПЛАВУ НА ОСНОВI Co

Р е з ю м е

Дослiджувалися намагнiченiсть, початкова магнiтна
сприйнятливiсть i магнiтострикцiя багатокомпонентного
аморфного сплаву на основi Co. Визначенi постiйна обмiну
𝛼 i температура Кюрi 𝑇C сплаву. За допомогою методу,
ґрунтованого на теорiї стохастичної магнiтної структури
для аморфних феромагнетикiв, по кривих намагнiчування
розрахованi кореляцiйне поле 𝐻ℓ, поле 𝐻𝑎 i ефективна
константа 𝐾eff локальної магнiтної анiзотропiї, а також
стохастичнi характеристики локальної анiзотропiї – сере-
дньоквадратична флуктуацiя поля

√
𝐷𝐻𝑎 i кореляцiйний

радiус 𝑟ℓ. Вивчено характер температурної поведiнки
дослiджуваних магнiтних характеристик. Результати до-
слiдження магнiтострикцiї дозволяють зробити висновок
про одноiонне походження локальної магнiтної анiзотропiї
сплаву.
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