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1. Introduction

The phenomenon of magnetic hysteresis is inextrica-
bly linked with permanent magnets. Since many years,
it is well known that in order to have good functional
properties, the permanent magnet must have shape of
the central part of the hysteresis loop similar, as much as
possible to the rectangle, and must be characterized by a
high value of saturation of polarization. In fact, its shape
in the center of the coordinate system deviates from the
rectangle and strongly depends on sample phase compo-
sition, structure, and defects occurring in it. In turn,
these factors are directly shaping the reversal magneti-
zation mechanisms and interactions that occur between
grains in magnetic material [1-4].

For example, single-phase magnets are characterized
by smooth course of the magnetic hysteresis loop, irre-
spective of the grain size. If the grain size in such magnet
is lower than the exchange interactions length, the rema-
nence is greater than half of the saturation magnetization
and the ratio Mg /Mg > 0.5. The increase in grain size
will not cause constriction in the central part of the hys-
teresis loop, will only result in a change of the Mg /Mg
ratio (change in slope of the loop). The constriction,
in the central part of the hysteresis loop, will occur in
case of grain growth in multiphase magnets, due to loss
of exchange coupling between the magnetic moments of
phases with different magnetic hardness [5-7].

The effect of aforementioned factors (structure, phase
composition i.e.) on the reversible and irreversible mag-
netization changes and the shape of hysteresis loop is
more complex and usually determined on the basis of re-
coil curves compiled with results of structure analysis [2—
5]. These relations are not the point of this paper and
will not be discussed in detail here.

The aim of this paper was to model magnetic hysteresis
loop taking into account reversal magnetization mecha-
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Further, these components are used for modelling the recoil curves using modified

nisms, occurring in magnetic nanocomposites. Then, ap-
plying the parameters used in modeling hysteresis loop
for simulation of recoil curves.

2. Hysteresis model

According to Takacs [8], hysteresis loop can be de-
scribed by the combination of sigmoid and linear func-
tions, characterizing properly irreversible and reversible
magnetization changes. The same model was adapted
by the Author in order to model hysteresis loop of hard
magnetic material [9]. In this paper Author is propos-
ing modification of the T'(x) model involving description
of reversible magnetization component by anhysteretic
function. Basing on this assumption the whole rever-
sal magnetization process occurring in studied hard mag-
netic material have been described by the following math-
ematical equations:
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xr is the field excitation, ag; is the center of i-th pin-
ning/nucleation site, ag; is the center of j-th reversible
process, By ;, Bo ; are the amplitudes of the i-th and j-
th magnetization components, Cy ;, Cp ; are the sheering
factors, while x,, represents the maximum field excita-
tion. The ¢ and j indexes are referring to the individ-
ual reversible and irreversible magnetization component,
respectively and niyy rev is their total number.

3. Experimental procedure

The studied sample of Sm10.53Co57,89Fe22.79Zr1.74
Cur,05 alloy was manufactured by HDDR technique.
Comprehensive structure studies were published else-
where [10]. Obtained alloy had large grains, of 1 pm di-
ameter and cluster-type of structure. Clusters consisted
of alternating SmCos; and SmyCo;7 phases, of nanomet-
ric sizes. Therefore, the studied material was treated as
a nanocomposite.

The measurements of static hysteresis loop and re-
coil curve were done using LakeShore VSM with max-
imum external magnetic field of 2 T. The method of re-
coil curves decomposition of the magnetization compo-
nents was described elsewhere [11]. The sample used for
magnetic measurements had a cylinder shape of known
dimensions i.e. diameter 0.3 cm and height of 1 cm.
The demagnetization field resulting from its shape was
taken into account and evaluated by the method de-
scribed in [12].

4. Results and discussion

The magnetic measurements of recoil curves have been
used to determine the reversible and irreversible magne-
tization components and their susceptibilities (Fig. 1).
Basing on obtained results, the magnetization processes
occurring in studied material were identified and three
characteristic ranges, resulting from different types of
processes have been marked in Fig. 1b. The range (I) rep-
resents reversible magnetization changes resulting from
rotation of magnetization vector. Next, range (II) in lit-
erature is attributed to magnetization changes resulting
from the motion of domain walls after their unpinning in
multidomain grains or bowing of strongly pinned domain
walls [13-15]. Finally, the range (III) represents irre-
versible magnetization changes resulting from unpinning
of domain walls [4, 16].

To each of marked ranges has been assigned sech dis-
tribution function. Basing on proper magnetic suscepti-
bility components, the parameters describing aforemen-
tioned processes have been determined and shown in Ta-
ble. Designated parameters have been used to simu-
late the hysteresis loop. In Fig. 2 there are presented
hysteretic and anhysteretic functions representing irre-
versible and reversible processes occurring in studied
sample, during reversal magnetization, respectively. Bas-
ing on these results, the sum of both function represent-
ing total magnetization changes has been compared with
experimental demagnetization curve. It can be stated
that simulated hysteresis loop shows high compliance
with the experimental data.

1.09 SMyy5,C047a5F €5, 76Zr 1 7,CU7 o5
E + 9total
s * Yirreversible
= * @ reversible
a)
0.04
1.6 (I + 9total
P A .« @ "
1.2 irreversible
08 * 9 reversible
0.4 « O
% i b)
0.0 : : :
0.0 0.5 1.0 1.5 WHT] 20
Fig. 1. Total, reversible and irreversible magnetization

changes (a) and corresponding to them magnetic suscep-
tibilities (b).

TABLE

Fitting parameters of distribution functions determined
from decomposition of susceptibility components.

Component number Coi aoi Bo;
Smi0.53C057.80Fe22.79Zr1.74Cur .05
. 1 0.326 0.980 0.065
reversible
2 3.595 0.001 0.010
irreversible 1 4.149 1.134 0.132
2 2.754 1.027 0.868

In original T'(x) model reversible magnetization
changes are described by linear function so its suscep-
tibility should be constant. The experimental reversible
susceptibility dependence has been found to have nonlin-
ear character, similar to distribution function. Basing on
obtained results can be stated that reversible magnetiza-
tion changes should be described by cumulative sigmodal
function and should not exhibit hysteresis effect, there-
fore can be described by anhysteretic function.

The obtained parameters have been also used for sim-
ulation of recoil curves basing on Eqgs. (1)—(3). The com-
parison of measured and simulated recoil curves, using
modified and original hyperbolic T'(z) model, have been
presented in Fig. 3. As it can be seen experimental

simulated hysteresis

loop

simulated reversible
magnetization changes
simulated irreversible L
magnetization changes
experimental data

,

Fig. 2.

Measured and
curves composed from sum of hysteretic and anhys-
teretic functions representing irreversible and reversible
processes.

simulated demagnetization
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and simulated curves practically overlap each other.
The presence of small variations between both curves
can be explained by time dependent magnetic viscosity.
Less compliance, with experimental data, was achieved
for functions used in original T'(z) model. The differ-
ences occurred in both components, due to assignment
of some parts of reversible magnetization changes, to
the irreversible changes. That confirms the validity of
adopted modifications to the T'(z) model, consisting on
the replacement of the linear function by anhysteretic in
description of the reversible magnetization changes.
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Fig. 3. Measured and simulated, using modified and
original hyperbolic T'(z) model, recoil curves in demag-
netization direction.

5. Conclusions

The reversible and irreversible components, are con-
tributing valuable information about the magnetization
processes occurring in studied magnets. Basing on re-
versible component it has been found that for the ini-
tial values of applied field, the magnetization changes
are mainly resulting from the rotation of magnetization
vector. In turn, the reversible changes occurring for the
values of external magnetic field close to the coerciv-
ity of the sample are attributed to bowing of strongly
pinned domain walls or in motion of unpinned domain
walls [2, 4, 16].

Reversible changes do not show a linear relationship,
and should be described by anhysteretic function.

The irreversible magnetization changes are resulting
from pinning of domain walls on structural defects and
grain boundaries [3, 4, 16].

Analysis of irreversible and reversible components al-
low to determine the shape of hysteretic and anhys-
teretic functions contributing to reversal magnetization
processes.
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