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Modeling of hysteresis loops close to the Curie point may shed some light on physics of magnetization processes
in magnetocaloric materials. In the present paper the model advanced by Harrison is used to describe magnetization
curves of La(Fe,Co,Si)13 alloy. Systematic study has revealed that values of some model parameters depend
significantly on temperature. The trends of their variations are discussed in the paper.
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1. Introduction

The magnetocaloric effect observed in La(Fe,Co,Si)13
alloys in near-room temperature has attracted the at-
tention of scientific community due to its potential ap-
plications in magnetic refrigeration as an alternative to
conventional gas—vapor compression technique [1-6].

The study of phase transitions in magnetocaloric mate-
rials requires that new computational tools able to cap-
ture the effect of varying temperature on the shape of
magnetization curve be developed [7-10]. In our opinion
a convenient description for this purpose could be the
Harrison model [11-13].

2. The Harrison model — fundamentals

The description is based on the assumption that field
strength for any magnetization value might be decom-
posed into hysteretic and anhysteretic parts. The irre-
versible process leading to hysteresis occurs on the quan-
tum scale. Cooperation between atomic moments leading
to their head-to-tail alignment within a magnetic domain
is expressed in this model with the coefficient 3, whose
value is related to the intrinsic coercivity of the material.
Expression (1) relates magnetization M to the applied
field H:

poBus

M:Ame(MF(H+aM0, (1)

where M, [A/m] is saturation magnetization, g = 47 X

107 H/m is free space permeability, up is the Bohr mag-
neton, pupg = 9.274x10724 A m?, k = 1.381x10723 J /K is
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Boltzmann’s constant, « is Weiss’ coeflicient accounting
for the exchange field between atomic moments, whereas
T [K] is temperature.

It should be remarked that there exists a refined ver-
sion of the description, which avails of the Brillouin func-
tion instead of hyperbolic tangent on the right hand side
of the expression (1) [12]. The use of the Brillouin func-
tion in magnetism is well justified, but in the present
paper we retain the original form in order to keep the
number of model parameters as low as possible (by not
introducing yet another parameter, namely the angular
momentum quantum number J). In this way we sim-
plify the computations and avoid the necessity to invert
the Brillouin function numerically. Its two limiting cases
are the Langevin expression L(z) = coth(z) —1/z, which
corresponds to J — oo and hyperbolic tangent, which
describes the case J =1/2 [4, 5].

Numerical solution of Eq. (1) leads to an S-shaped
curve on the M—H plane, that passes through the sec-
ond and the fourth quadrants. In these parts of the
M—H plane there are two bifurcation points, at which
the derivative 0H/OM becomes zero. The middle part
of the magnetization curve (with negative susceptibility)
is normally not observable. However at this point the
results of experimental research carried out by Helmiss
and Storm [16] and by Grosse-Nobis [17] on single iron
crystals with one movable Bloch wall should be recalled.
These authors reported on constricted hysteresis loops,
whose middle parts are similar to that obtained from the
solution of Eq. (1).

There exists an analogy between the qualitative be-
haviour of the model given with expression (1) and of
the double-well bistable system, whose free energy under
non-zero input is given with the equation [18]:

gr(z,h) = 2t — 2ax® — ha. (2)
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In the latter system energy minima for zero field
are located at * = ++/a. Under the generic field h
the metastable states are identified from the condition
dgr/0x = 0, with 9%g;/0x® > 0, identifying local g,
minima. Figure 1 depicts schematically the energy pro-
files of the bistable system for different values of external

field at fixed temperature.
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Fig. 1. Hysteresis loop of a bistable system (the un-
stable part marked with dashed line) and a sequence of
energy profiles for different values of external field.

Equation (1) may be expressed in dimensionless form
as [11]:

y = tanh <ij> : 3)

which allows one to express x as function of y:
x = tarctanh(y) — y. (4)

In the relationship above y stands for reduced mag-
netization, x is external field normalized with respect to
aMy, whereas t = T'/T¢ is temperature in dimensionless
units (referred to the Curie point).

The bifurcation points occur for dx/dy = 0, thus

~1=0. (5)

After solving the above given equation for y., one obtains
Yo = ++/1 —t. Substitution of this value into expres-
sion (4) allows one to determine the x. coordinates.

According to Harrison, reversible magnetization pro-
cess occurs on the mesoscopic (domain) level. The an-
hysteretic curve given with the inverse Langevin function
accounts for these effects. In the paper we choose the Co-
hen approximation [14, 19] for its description

3 —m?
1—m?2’ (6)
where 7 is the pinning coefficient in Harrison’s notation
and m = M /Mj is the reduced magnetization.

At this point it is expedient to take a closer look at
formal and conceptual differences between the Harrison
description and the Jiles-Atherton (JA) model [20]. In
the JA approach domain wall translation through pin-
ning centres (structural inhomogeneities) is responsible

Hanh =m
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for irreversible magnetization processes (occurrence of
hysteresis). In the Harrison model domain wall pinning
does not appear to be the primary cause of hysteresis
in ferromagnetics even for soft materials with sigmoidal
loops (cf. [11], p. 958).

In the JA formalism the anhysteretic curve is given
with the Langevin function, whose argument is the so-
called effective field H.g:

M, = MS(COthHeff/a—a/Heff), (7)
where a is a temperature-dependent parameter. Usu-
ally the effective field is defined with the expression
Heg = H + aM (a is the Weiss mean field parame-
ter), but there are some papers, which redefine it to
Heg = H + aM,,, [21-23]. In the first case the “an-
hysteretic” curve exhibits in fact hysteresis, in the lat-
ter one — there exists an implicit dependence between
applied field H and M,,1, whose graphical representa-
tion on the M—H plane (passing through the second and
the fourth quadrant) may resemble the S-shaped curve
obtained from solution of Eq. (1) [24]. The model de-
velopers themselves depict in their landmark paper [20]
(p. 52) an exemplary hysteresis loop resulting from solu-
tion of Eq. (7). This effect is explained by the assump-
tion of excessive a value. In the JA theory it is assumed
that total magnetization is obtained from summing irre-
versible and reversible contributions, the role of a weight
is played by the model parameter c¢. This assumption has
been criticized [24].

At this point it should be remarked that there ex-
ists a modification of the JA description, which relies
rather on summation of field strengths than magneti-
zation terms [25, 26]. This version has a number of
distinctive features: hysteresis loop branches are ob-
tained by the introduction of an offset along the H-
axis and not along the M-axis like in the original de-
scription [27], which results in a qualitatively different
model behaviour for sudden field reversals [28]. The
irreversible and reversible processes are described with
decoupled sets of equations, like in the Harrison pro-
posal (in the original JA approach they are coupled
with the effective field). We have reported on encourag-
ing results of modeling temperature-dependent hysteresis
curves for La(Fe,Co,Si);3 with the modified JA approach
in the paper [29].

3. Measurements

Magnetic properties of La(Fe,Co,Si)13 samples made
of sintered fine-grained powders (particle size < 5 pm)
were determined using a bridge method [30]. Quasi-static
excitation conditions were checked using the classification
criterion discussed in detail in Ref. [31]. More details on
the measurement setup developed by one of the authors
may be found in Ref. [4].

4. Modeling

The anhysteretic curve was identified from measured
hysteresis loops at different temperatures as the middle
curve [32]. This allowed us to determine the values of
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pinning coefficient ~ for the ferro- and paramagnetic re-
gions. Theoretically the v value should remain constant;
however we have noticed its sudden increase after cross-
ing the Curie point (300 K for the examined sample).
The trend is depicted in Fig. 2, fitted with the exponen-
tial growth function. It is assumed that this parameter
might be a measure of disorder in the material.
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Fig. 2. The dependence v vs. temperature.
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Fig. 3. The anhysteretic curves for two chosen temper-
atures.

In Fig. 3 experimental data points and anhysteretic
curves modelled with the Cohen relationship, Eq. (6),
are shown for two temperatures. The values of v were
determined from the relationship shown in Fig. 2, the
values A = 1019.9 A/m and B = 3.533 K were chosen.

Experimental dependences H. = H.(T) and M, =
M (T) were used for determination of the optimal values
for the parameters 8 and «. Under assumption that field
strengths at coercive and at bifurcation points are equal,
it is possible to determine the o and (8 values from ex-
perimental dependences H, = H.(T) and My = M(T).
The experimental data points may be inserted directly
into Eq. (1) and the solution may be found e.g. using
optimization routines embedded in a spreadsheet.
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It was found that 8 decreased upon temperature in-
crease. The depedence o vs. T revealed an increasing
trend, like in the case of parameter . Figure 4 depicts
the modelled values (points) and their trends (lines),
whereas Fig. 5 presents measured and modeled hysteresis
curves for T'= 293.5 K.
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Fig. 4. The dependences a and  vs. temperature.
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5. Conclusions

In the paper we have applied the Harrison model for
the description of magnetization curves in La(Fe,Co,Si)13
alloy for temperatures close to the Curie point. The for-
malism relies on separation of reversible and irreversible
contributions, which act on different spatial scales. It
was found that some model parameters («, 3,y and My)
are dependent on temperature. The values of a and ~
increase abruptly; the observed trends may be described
with the exponential growth function. The parameter
decreases linearly upon temperature increase.
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