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Phenomenological modeling of hysteresis curves near transition temperature in La(Fe,Si)13-based alloys

The paper considers two versions of a phenomenological hysteresis model applied to describe the effect of temperature on hysteresis curves in La(Fe,Si) 13 magnetocaloric alloy. Both descriptions are derived from the T(x) model advanced by J. Takács. The variations of model parameters with temperature for the novel hybrid product-T(x) description are presented.

Introduction

The magnetocaloric effect relies on changing temperature of a magnetic material subject to magnetization in adiabatic conditions. The phenomenon is known for over a century [START_REF] Weiss | Le phénomène magnétocalorique[END_REF][START_REF] Smith | Who discovered the magnetocaloric effect? Warburg, Weiss, and the connection between magnetism and heat[END_REF], 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 effect and its potential applications was initiated twenty years ago when Pecharsky and Gschneidner discovered the effect in near-room temperature for the Gd 5 (Si 2 Ge 2 ) compound [START_REF] Pecharsky | Giant magnetocaloric effect in Gd5(Si2Ge2)[END_REF][START_REF] Tishin | The magnetocaloric effect and its application[END_REF]. Since then the number of publications on MCE has begun to grow exponentially and it can be stated that the phenomenon is at present one of the "hottest" topics in magnetism and is in the spotlight of the scientific community [START_REF] Sander | The 2017 magnetism roadmap[END_REF]. This is relatedamong othersto the possible use of the MCE in magnetic refrigeration [START_REF] Liu | Exploring La(Fe,Si)13-based magnetic refrigerants towards application[END_REF][START_REF] Franco | The magnetocaloric effect and magnetic refrigeration near room temperature: materials and models[END_REF][START_REF] Romero Gómez | Magnetocaloric effect: a review of the thermodynamic cycles in magnetic refrigeration[END_REF][START_REF] Balli | Advanced materials for magnetic cooling: fundamentals and practical aspects[END_REF][START_REF] Basso | Basics of the magnetocaloric effect[END_REF].

La(Fe,Si) [START_REF] Fujita | Relative cooling power of La(FexSi1-x)13 after controlling the Curie temperature by hydrogenation and partial substitution of Ce[END_REF] -based alloys are an important group of soft magnetic materials for practical MCE applications, as they are relatively cheap and the phenomenon occurs in these materials in near-room temperature [START_REF] Lollobrigida | Chemical, electronic, and magnetic structure of LaFeCoSi alloy: surface and bulk properties[END_REF][START_REF] Hai | Matériaux magnétocaloriques pour la réfrigération à température ambiante[END_REF]. Moreover it is straightforward to tailor up the alloy properties by partial substitution of La atoms with other lanthanides [START_REF] Fujita | Relative cooling power of La(FexSi1-x)13 after controlling the Curie temperature by hydrogenation and partial substitution of Ce[END_REF][START_REF] Gębara | Effect of partial substitution of La by Ce on the nature of phase transition in magnetocaloric La1-xCexFe11.2Co0.7Si1.1 alloys[END_REF][START_REF] Gębara | Magnetocaloric effect of the LaFe11.2Co0.7Si1.1 modified by partial substitutiton of La by Pr or Ho[END_REF] or by replacing the Fe atoms with Co [START_REF] Yan | Magnetocaloric effect in the LaFe11.8-xCoxSi1.2 melt-spun ribbons[END_REF], Al [START_REF] Gębara | Measurements of magnetocaloric effect in LaFe11.14Co0.66Si1.2-xAlx (x = 0.1, 0.2, 0.3) alloys[END_REF] or Ni [START_REF] Gębara | Alteration of negative lattice expansion of the La(Fe,Si)13 -type phase in LaFe11.14-xCo0.66NixSi1.2 alloys[END_REF]. Such modifications of chemical composition affect significantly the Curie temperature and change in magnetic entropy.

Most of the papers on La(Fe,Si) 13 -based alloys focus on their processing methods, microstructure and magnetocaloric properties. From the scientific point of view, it is also important to investigate various effects in the vicinity of phase transition observed in the material. An interesting technique used to study the response of magnetic material near the phase transition is modeling of hysteresis curves [START_REF] Basso | Modeling hysteresis of first-order magneto-structural phase transformations[END_REF][START_REF] Gutfleisch | Mastering hysteresis in magnetocaloric materials[END_REF].

The present paper focuses on the possibility to describe the M-H curves near the Curie point with the use of the so-called T(x) model [START_REF] Takács | Mathematics of hysteretic phenomena[END_REF] and its recent modification [START_REF] Chwastek | On some approaches to model reversible magnetization processes[END_REF]. So far, for the description of magnetization curves in magnetocaloric materials the Preisach and the Jiles-Atherton models have been used [START_REF] Basso | Instabilities in adiabatic transformations of first-order phase transitions in a model with bistable units[END_REF][START_REF] Melikhov | Phenomenological modelling of first order transitions in magnetic systems[END_REF]. The favorable features of T(x)-derived descriptions in comparison to other commonly used models are rigorous mathematical foundations and simplicity of use.

Measurements

Measurements of hysteresis curves have been carried out for commercially available samples of La(Fe,Si) 13 compound using a measurement setup depicted in Fig. 1. Quasi-static excitation conditions were determined using the classification criterion discussed in detail in Ref. [START_REF] Gozdur | Classification criterion of quasi-static magnetic hysteresis loops[END_REF]. Figure 2 depicts the magnetic circuit composed of four LaFe 10.8 Co 1.1 Si 1.1 pieces with dimensions 36 x 18 x 5 mm (±100µm tolerance). Figure 3 presents a family of measured hysteresis curves for different ambient temperatures close to the Curie point (300 K) of the examined material. The excitation frequency was kept at 0.1 Hz for the presented curves in order to avoid distortion of loops by eddy currents. 

Modeling

As pointed out in Introduction, hysteresis modeling for magnetocaloric materials is usually carried out using either the mathematical Preisach approach advanced by Mayergoyz [START_REF] Mayergoyz | Mathematical models of hysteresis and their applications[END_REF] or the macroscopic description proposed by Jiles and Atherton [START_REF] Jiles | Theory of ferromagnetic hysteresis[END_REF]. The first model is a typical bottom-up approach, where the hysteresis loop is obtained by summing contributions from a number of individual elementary units ("hysterons"). The drawback of this approach relies in a difficult interpretation of the Preisach distribution function and its correlation to microstructure of the examined material, yet it should be admitted that some successful attempts have been made in the past [START_REF] Basso | Preisach model study of the connection between magnetic and microstructural properties of soft magnetic materials[END_REF][START_REF] Dupré | Relation between the microstructural properties of electrical steels and the Preisach modelling[END_REF]. On the other hand the Jiles-Atherton model is attractive from engineering perspective, as it has a limited number of parameters and a physical interpretation may be attributed to most of them. However this description reveals some drawbacks, related to the assumed form of the basic model equation [START_REF] Gozdur | Modeling hysteresis curves of La(FeCoSi)13 compound near the transition point with the GRUCAD model[END_REF][START_REF] Zirka | On physical aspects of Jiles-Atherton models[END_REF][START_REF] Jastrzębski | Comparison of macroscopic descriptions of magnetization curves[END_REF].

The T(x) phenomenological model based on hyperbolic tangent mapping between the input and output variables may be a valuable and simple alternative to the latter approach. Its foundations are well described in the textbook [START_REF] Takács | Mathematics of hysteretic phenomena[END_REF]. Apart from the original formulation in this paper we consider a modification which introduces a magnetization dependent function
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, where s M is saturation magnetization. The original T(x) description, which interprets the input variable x as reduced field strength and the output variable y as reduced magnetization, is used to compute the irreversible component of total susceptibility. In other words, the original T(x) model is ,,inserted" into an additional relationship, expressing total differential susceptibility.

A similar approach was applied by Kádár previously to the Preisach description [START_REF] Gy | The bilinear product model of hysteresis phenomena[END_REF][START_REF] Gy | On the product Preisach model of hysteresis[END_REF], what resulted in a modification of the congruency feature for minor loops. The magnetization dependent function
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was interpreted by Basso and Bertotti as a measure of surface of active domain walls, subject to magnetization process [START_REF] Basso | Hysteresis models for the description of domain wall motion[END_REF]. In this way the interaction of domain walls with microstructure was treated independently from the domain structure itself. The physical processes responsible for losses and reversible susceptibility were not linked to saturation phenomena. This gave rise to the socalled State-Independent Hypothesis [START_REF] Carpentieri | State-Independent Hypothesis to model the behaviour of magnetic materials[END_REF].

A symmetrical minor loop is described within the T(x) framework with the following algebraic equation
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H is quasi-static coercive field strength, M s stands for the saturation magnetization, a is a normalization 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
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In the hybrid product-T(x) model quasi-static irreversible differential susceptibility 1) and ( 2), whereas total differential susceptibility is calculated from
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The last equation may be integrated analytically, what is an important practical advantage.

It is easily seen that the hybrid model has one degree of freedom more than the original T(x) description, what may blur the conclusions drawn from the analysis. In order to compare the performance of both models, an additional term linear with H was added to the relationship [START_REF] Weiss | Le phénomène magnétocalorique[END_REF]. The possibility to take into account the reversible magnetization processes in this way is mentioned in the textbook [START_REF] Takács | Mathematics of hysteretic phenomena[END_REF].

During modeling we have fixed the values of saturation magnetization to those determined previously [START_REF] Gozdur | Scaling of anhysteretic curves for LaFeCoSi alloy near the transition point[END_REF] and the values of coercive field strength to their experimental counterparts. We have found out that the original T(x) description with linear term cH describes quite well the hysteresis curve for the lowest temperature considered (293.5K). However, upon the temperature increase the discrepancies between the measured and the modeled curves were more and more visible. Interestingly, the value of c parameter has dropped practically to zero for K. For estimation we have used the solver procedures available in a popular spreadsheet, the constraint for c was set to

The hybrid product-T(x) model offered an improved description of magnetization curves closer to the Curie point, what may be inferred from Figure 4. For lower temperatures the calculated values of permeability were lower than those obtained from experiment. It can be stated that both considered models yielded qualitatively correct descriptions of varying hysteresis loop shape versus temperature. In order to gain some insight on the possibilities of both models to describe the hysteresis loop shapes quantitatively, we have determined the errors for the remanence points of the curves depicted in Fig. 4. For 295.5 K the T(x) model underestimated the value by 10.3%, whereas the hybrid one overestimated it by 15.2%. For 299.5 K both modeled values were lower than the measured one. The error for T(x) description was 56.5%, for the hybrid model it was equal to 18.6%. These values may be compared to those obtained from another description i.e. the GRUCAD model (93% and 5.8%, respectively) [START_REF] Gozdur | Modeling hysteresis curves of La(FeCoSi)13 compound near the transition point with the GRUCAD model[END_REF]. It should be remarked that information on quantitative measures and performance of other models is rarely found in literature [START_REF] Basso | Modeling hysteresis of first-order magneto-structural phase transformations[END_REF][START_REF] Melikhov | Phenomenological modelling of first order transitions in magnetic systems[END_REF].

Conclusions

In the paper we have focused on the variations of hysteresis loop shapes in the neighborhood of the Curie point. In order to describe the effect we have chosen two phenomenological models based on hyperbolic tangent mapping. We have found out that both approaches were to some extent useful for a quantitative description of the vanishing hysteresis curve as temperature approached the transition point. We have noticed that the parameter responsible for reversible contribution has suddenly dropped to zero for the T(x) model. For the hybrid product-T(x) description its counterpart behaved in a similar way, but the variation was less abrupt. Therefore we indicate the latter approach as the preferred one for the description of hysteresis curves of La(Fe,Si) 13 close to the Curie point. At the same time it has to be admitted that the original T(x) model describes very well the dependencies for lower temperatures, what leads to a conclusion about its usefulness in practical modeling applications. Relatively high levels of errors for remanence might be related to fixing some of model parameters to specified values, what limited the number of degrees of freedom for the models.
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