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Analytical description of the effect of temperature on magnetization curves can be of interest to practitioners
working on magnetocaloric effect. This paper compares two models, derived from the phenomenological T'(z)
model. The hybrid product-7'(x) model offers an improved description of magnetization for temperatures close
to the Curie point, as compared with the original model with the linear reversibility term, which is verified using

experimental data for La(Fe,Co,Si)13 magnetocaloric alloy.
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1. Introduction

The magnetocaloric effect (MCE) relies on changing
temperature of a magnetocaloric material (MCM) sub-
jected to magnetization in adiabatic conditions. The
MCE is known for over a century [1], however, over the
years it used to be the subject of study for a relatively
narrow group of researchers. An enormous interest of
scientists in the MCE and its potential applications be-
gan in 1997, when the giant MCE was discovered in the
Gd5(SiaGeg) compound [2, 3]. Since then, the number
of papers on the MCE has started to grow up exponen-
tially and it is at present one of the “hottest” topics in
magnetism. This is related to the possible use of the
MCE in magnetic cooling [4-8]. The La(Fe, Si);3-based
alloys are an important group of MCMs, as they are rel-
atively cheap and the MCE occurs in these materials in
the near-room temperature [9]. Moreover, tuning of al-
loy properties is realized by partial substitution of La
atoms with other lanthanides [10-12] or by replacing the
Fe atoms with transition metals [13-15]. Such modifi-
cations of chemical composition affect significantly the
Curie point T and the change in magnetic entropy ASy;.
Most of the papers on La(Fe,Si);3-based alloys focus on
their processing methods, microstructure, and magnetic
properties. From the scientific point of view, it is also
important to investigate various effects in the vicinity
of phase transition (PT) point observed for the material.
The response of magnetic material near the PT point can
be studied by applying an interesting method of model-
ing the hysteresis curves [16]. The present paper focuses
on the possibility to describe the M—H curves near the
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Tc with the use of the T'(z) model [17] and its modifi-
cation [18]. So far, either the Preisach or the JA mod-
els have been used for the description of magnetization
curves in MCMs [19, 20]. The favorable features of T'(z)-
derived descriptions in comparison to other commonly
used models are rigorous mathematical foundations and
simplicity of use.

2. Measurements

Measurements of hysteresis curves were carried out for
commercially available samples of La(Fe,Si);3 alloy using
a measurement setup described in [20]. The quasi-static
excitation conditions were determined using the classifi-
cation criterion discussed in detail in [21]. The magnetic
circuit was composed of four LaFe g gCo1.15i1.1 pieces of
dimensions 36 x 18 x 5 mm?. Our previous paper [22] de-
scribes the modeling process which uses a family of hys-
teresis curves being determined experimentally for dif-
ferent ambient temperatures close to the T (300 K) of
the studied material. The excitation frequency for the
presented curves was kept at 0.1 Hz in order to avoid
distortion of loops by eddy currents.

3. Modelling

As pointed out earlier, hysteresis modelling for MCMs
is usually carried out using either the mathematical
Preisach approach advanced by Mayergoyz [23] or the
macroscopic description proposed by Jiles and Atherton
(JA) [24]. The first model is a typical bottom-up ap-
proach, where the hysteresis loop is obtained by sum-
ming contributions from a number of individual elemen-
tary units. The drawback of this approach lies in a dif-
ficult interpretation of the Preisach distribution function
and its correlation to microstructure of the examined ma-
terial, yet it should be admitted that some successful at-
tempts were made in the past [25]. On the other hand,
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the JA model is attractive from the engineering perspec-
tive, as it has a limited number of parameters and a phys-
ical interpretation may be attributed to most of them.
However, this description reveals also some drawbacks,
related to the assumed form of the basic model equa-
tion [22, 26]. The T'(x) phenomenological model based
on hyperbolic tangent mapping between the input and
output variables may be a valuable and simple alter-
native to the latter approach. Its foundations are well
described, e.g., in the handbook [16]. Apart from the
original formulation, this paper considers also a modifi-
cation which introduces a magnetization dependent func-
tion R(M) = 1— (M/M,)?, where M, is saturation mag-
netization. The original T'(x) description, which inter-
prets the input variable z as the reduced field strength
and the output variable y as the reduced magnetization,
was used to compute the irreversible component of the
total susceptibility. In other words, the original T'(z)
model is “inserted” into an additional relationship ex-
pressing the total differential susceptibility. A similar ap-
proach was applied previously by Kadar to the Preisach
description [27, 28], which resulted in a modification of
the congruency feature for minor loops. The magnetiza-
tion dependent function R(M) was interpreted by Basso
and Bertotti as a measure of surface of active domain
walls, subjected to magnetization process [29]. In this
way the interaction of domain walls with microstructure
was treated independently of the domain structure it-
self. The physical processes responsible for losses and re-
versible susceptibility were not linked to saturation phe-
nomena. This gave rise to the so-called state-independent
hypothesis [30]. A symmetrical minor loop is described
within the T'(z) approach by the following algebraic equa-
tion:

M = M, tanh (HqEHO

" > +b(Hrrp, Mr1p), (1)
where H.y is the quasi-static coercive field strength,
My stands for the saturation magnetization, a is a nor-
malization constant which determines the slope of the
hysteresis curve, whereas b is introduced in order to
match the magnetization values for upper and lower
branches at tip points

M, H H
b(Hrip, Myip) = 73 tanh (m>
a
M, H — H,
M, (TIPO) , @)
2 a

The quasi-static irreversible differential susceptibility
dM;,./dH in the hybrid product-T'(x) model is calcu-
lated using (1) and (2), whereas the total differential sus-
ceptibility is calculated from the dependence

(- ()) ) o

The above equation can be integrated analytically, which
is an important practical advantage. It can be easily
seen that the hybrid model has one degree of freedom
more than the original T'(x) description, which can blur
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Fig. 1. Measured and modeled hysteresis curves (a) for

295.5 K, and (b) for 299.5 K.

the conclusions drawn from the analysis. An additional
term linear with H (the proportionality constant called ¢)
was added to the relationship (1) in order to compare
the performance of both models. The possibility of tak-
ing into account the reversible magnetization processes
in this way is mentioned in the handbook [16]. During
modelling, we have fixed the values of saturation mag-
netization to the previously determined ones [31] and
the values of coercive field strength to their experimental
counterparts. The constraint for ¢ was set to T' > 0. We
used the solver procedures available in a popular spread-
sheet to get the estimated values. We have found out
that the original T'(z) description with the linear term
cH describes quite well the hysteresis curve for the low-
est considered temperature (293.5 K). However, upon the
temperature increase, the discrepancies between the mea-
sured and the modelled curves were more and more ev-
ident. Interestingly, the value of parameter ¢ dropped
practically to zero for T > 295.5 K.

The hybrid product-T'(z) model offered an improved
description of magnetization curves closer to the Curie
point, which may be inferred from Fig. 1. The calculated
values of permeability were less than those obtained from
the experiment for the lower temperature values. It can
be stated that both considered models yielded qualita-
tively correct descriptions of the hysteresis loop shape
changes versus temperature.
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Fig. 2. Trends for the model parameters (a) from pre-

vious analyses, and (b) specific to the hybrid model.

Figure 2a depicts the trends for model parameters
H, = Hy(T) (the relationship determined experi-
mentally) and My = M(T) (determined previously
in [31]), while Fig. 2b presents the changes in param-
eters a = a(T) and S = B(T) appearing in the hybrid
description. The parameter ( is interpreted as the ini-
tial reversible susceptibility. It gradually decreases upon
the temperature increase, as expected. The parameter a,
responsible for the shape of the hysteresis curve, drops
abruptly within the range of 293.5-295.5 K, its further
variations being not so distinct. In order to gain some
insight into the possibilities of quantitative description
of the hysteresis loop shapes offered by either of the
two models, we determined the errors for the remanence
points of the curves depicted in Fig. 1. The T'(x) model
underestimated the value of remanence magnetization by
10.3% for 295.5 K, whereas the hybrid one overestimated
it by 15.2%. Both modeled values were lower than the
measured one for 299.5 K. The error was equal either to
56.5% for the T'(z) description, or to 18.6% for the hybrid
model. These values can be compared to those obtained
from another description i.e., the GRUCAD model (93%
and 5.8%, respectively) [22]. It should be remarked that
information on quantitative measures and performance
of other models is rarely found in literature [20, 32].

4. Conclusions

Our paper is focused on changes of hysteresis loop
shapes proceeding while the temperature approaches the
Curie point. We chose two phenomenological models
based on hyperbolic tangent mapping in order to de-
scribe this effect. We found out that both approaches
were to some extent useful for a quantitative description
of the hysteresis curve vanishing at the neighborhood of
the PT point. We noticed that the parameter responsible
for the reversible contribution suddenly dropped to zero
for the T'(x) model. Its counterpart 8 used in the hybrid
product-T'(z) description behaved in a similar way, but
the change was less abrupt. Therefore we indicate the lat-
ter approach as the preferred one for the description of
hysteresis curves of La(Fe,Si)13 close to the T¢. It should
be admitted, however, that the original T'(z) model de-
scribes the M = M (H) dependences very well for lower
temperatures, which leads to a conclusion about its use-
fulness in practical modelling applications. The relatively
high level of errors with respect to the remanence value
might be related to fixing some of the model parameters
to specified values, which limited the number of degrees
of freedom for the models.
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