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Several magnetocaloric materials have been proposed since the discovery of the Giant
Magnetocaloric Effect. Although some have great potential as magnetocaloric refrig-
erants or working materials in thermomagnetic motors/generators, only a few have
been tested experimentally or had their properties incorporated into validated math-
ematical models. While experiments are limited by material costs and specialized
equipment to determine magnetic field-dependent properties such as specific heat ca-
pacity and magnetization, the development of correlation methods must ensure data
quality and resolution over a wide range of conditions to reduce interpolations errors.
Aiming to keep the number of baseline experimental data points at a minimum, we
propose a fitting procedure to correlate thermomagnetic quantities (i.e., isofield spe-
cific heat capacity, magnetization and isothermal entropy change) that is accurate at
intermediate (i.e., not directly measured) temperatures and applied magnetic fields.
The method has been applied to different first-order materials (La(Fe,Mn,Si)3H,
and MnFeP,As; ) and second-order materials (Gd and GdjgoYx) with a good re-
producibility of the isofield specific heat capacity, entropy-temperature diagram, adi-
abatic temperature change and magnetization behavior around room temperature at

applied fields between 0 and 2 T.

2)Electronic mail: trevizoli@demec.ufmg.br
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I. INTRODUCTION

Thermomagnetic conversion systems, such as active magnetic regenerators (AMR)*# and
thermomagnetic motors/generators (TMM/TMG)*#, are promising alternative technologies
for cooling and energy harvesting, respectively. In the past twenty years, several experimen-
tal apparatuses®™ and validated numerical models®” have been developed. Most of these
works used gadolinium (Gd) as the magnetocaloric material due to its commercial avail-
ability in several geometries (plates, spheres, pins) and well-known thermal and magnetic

properties.

Current developments in this field are motivated by prospectively more efficient mag-
netocaloric devices based on first-order (FOM) or second-order transition materials (SOM)
with better properties than Gd®™. In magnetic cooling, the material can be arranged as
a multilayer AMR*™ to produce greater temperature spans, larger cooling capacities and
higher coefficients of performance (COP). For TMM /TMG, FOMs with high specific magne-
tization associated with an abrupt variation around the transition temperature may enhance

the magnetic force and the produced power.

However, testing and implementing novel materials in lab scale devices and prototypes is
not an easy task. Experimental works are limited by high material costs and accessibility to
a wide range of compositions, which is also a limiting factor regarding the development of
robust correlations and equations of state. Moreover, for most FOM and SOM, the specific
heat capacity, magnetization, isothermal entropy change (ASt) and adiabatic temperature

T2 which is higher

change (AT,q) data are restricted to applied magnetic fields above 2
than the fields state-of-the-art AMR permanent magnet circuits are usually able reach™™.
Although a few works presented properties at lower applied fields, the resolution regarding
intermediate values was still low, sometimes limited to 0.5-T intervals over the 0-1.5 T

rangem’m.

The lack of data at intermediate fields is exacerbated by the non-linearity of the field-
dependent properties (e.g., specific heat capacity, magnetization), giving rise to significant
interpolation errors that are propagated along successive numerical iterations leading to con-
vergence issues or spurious results. Hence, combining high-resolution experimental databases

23H26

(for temperature and magnetic field) with physically-based models (or semi-empirical

interpolation schemes that capture the magnetic field dependence) is the most logical ap-
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proach to generating computationally efficient models.

[T proposed a method to obtain magnetocaloric effect data as a function of

Risser et a
the internal magnetic field for SOM. The method is based on some initial experimental data
and, through thermodynamic equations and shape functions, the outputs are high-resolution
specific heat capacity, magnetization, Ast and AT,y data. The method was tested only
with Gd at fields ranging from 0 to 2 T in steps of 0.05 T, showing good reproducibility and
accuracy.

The research group at the University of Victoria developed a synthetic model based on
Lorentzian curves with empirical constants to fit the specific heat capacity and the entropy
of FOM as a function of temperature and magnetic field. Although the model was cited

98129

in some works , it remains largely unpublished; its capability to predict properties at

intermediate fields (i.e., not directly measured) has not been reported.

1Y proposed a phenomenological model based on a Cauchy-Lorentz function

Hess et a
to correlate the specific heat capacity data of a first-order La(Fe,Mn,Si);3-based alloy as a
function of temperature and magnetic field. All relevant properties, i.e., the entropy curves,
Ast and AT,q, are derived from the correlation, making the model thermodynamically con-
sistent. Although the model reproduced the La(Fe,Mn,Si);3-based alloy data satisfactorily,
no results were presented for intermediate fields.

Maiorino et al*¥ used Artificial Neural Networks to compute the specific heat capacity,
Ast and AT,q of first-order La(Fe,Co,Si)-based alloys. The calculation procedure was in-
corporated into a numerical model to simulate multilayer AMRs, improving its accuracy
compared to the Curie temperature-shift method.

132 proposed a set of thermodynamic equations to calculate intermediate-field

Paixao et a
(higher than 0) specific heat capacity and entropy curves for any caloric (i.e., magneto,
electro, elasto or barocaloric) material. These properties are the most complex to be exper-
imentally characterized. The input data are the zero-field specific heat capacity and AT,q
at any applied field, which require less sophisticated equipment and methods. However, the
method only works at finite-field data if the experimental AT,q4 is available.

The present work advances a mathematical procedure to compute the thermomagnetic
properties of FOM and SOM, having as input specific heat capacity data at discrete val-

ues of temperature and applied magnetic fields (baseline data). Fitting expressions are

proposed for the specific heat capacity at intermediate temperatures and magnetic fields.
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Based on thermodynamic relationships, fitting expressions are also proposed for entropy
and magnetization as a function of temperature and applied magnetic field ranges within
the baseline data envelope. Relevant magnetocaloric properties, Ast and AT,q4, are derived
from the entropy expressions. The model was tested against data for La(Fe,Mn,Si);sH,
(FOM), MnFePAs; , (FOM with hysteresis) and Gd alloys (SOM). The results accurately
reproduced the baseline data and correlated the properties at intermediate fields with re-
markable consistency. The routine is available as an open-source code to be tested and

improved by the magnetocalorics community.

II. MATHEMATICAL MODEL

A. Algorithm Structure

Figure[1| presents the algorithm to develop the correlations for the specific heat capacity,
T — s diagram, isothermal entropy change, adiabatic temperature change and magnetization
as a function of temperature and magnetic field. Note that the intermediate fields are the

applied magnetic field intensities between the values provided as baseline experimental data.

The algorithm is divided into ten steps. The input data consists of experimental (baseline)
data on the isofield specific heat capacity, initial (or reference) entropy and magnetization
as a function of temperature and magnetic field. In Fig. [} the blocks/text in black are the
algorithm calculations, while those in blue are (optional) verification steps. The parts in red
are the points where the temperature and magnetic field ranges and increments (resolution)

can be modified.

The algorithm was implemented as an open-source code in Python using the cross-
platform integrated development environment Spyder. The FOM and SOM versions of

the code are available online at: https://github.com/lorenzosc/material _properties.

Each step of the algorithm is explained in detail in the sections below. For a better

understanding of the methods, the reader will be directed, at each step, to the results for

La(Fe,Mn,Si);3H, presented in Section [III Al
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FIG. 1. Structure of the data fitting algorithm for magnetocaloric properties.




B. Input Experimental Data

The algorithm initially receives the temperature and applied magnetic field ranges (Texp
and Hey,) of the baseline experimental data. The subscripts ‘i’ and ‘f” denote the initial
(lowest) and final (highest) values of the range (see Fig. [I). The temperature and field

increments are also received, with the following recommendations:

e At least four magnetic fields with fixed increments are preferred (e.g., 0, 0.5, 1.0, and
1.5 T). However, the code can be easily adapted if non-uniform increments are avail-
able. Some databases with three magnetic field values and non-uniform increments
were tested (e.g., 0, 1.0 and 1.5 T), and the algorithm may work well after some

modifications, although it is more susceptible to interpolation errors;

e The temperature data need to cover values well below and above the magnetic tran-
sition temperature (Tj.qns), as this helps to improve the overall precision of the inter-
polation. In some cases, some data points at the ends of the interval may need to be
discarded to improve accuracy. Although no limitation on the temperature increment
was noted, the use of uniform increments is encouraged. Also, the region surrounding

Tirans Must be precisely characterized.

As can be seen from Fig. [1| Step 1 reads five different files from experimental measure-
ments: (A) isofield specific heat capacity (c) as a function of Tiy, and Heyp; (B) reference
(initial) entropy value (so) as a function of Hey, at the initial temperature (7;); (C) isother-
mal entropy change as a function of Ty, and Hep,; (D) adiabatic temperature change as a
function of Ty, and Heyp; (E) reference (final) magnetization value (M) for all Hey, at the

final temperature (7t). It should be noted that:

e The isofield specific heat data are the main input. In (A), if no intermediate field

1‘32

specific heat data are available, the method of*“ can be used. The baseline isobaric

specific heat data for La(Fe,Mn,Si);3H, are presented in Section [[ITA] Fig. [d[a) (open
symbols);

e In (B), s is a reference value for the initial entropy to build the 7' — s diagram. In
the absence of experimental data, it can be approximated by so(73,0) =~ ¢(73,0)/2 and
so(Ti, H) =~ ¢(T;,0) /2 + Aso(T, AH )4
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e The (C) and (D) data help verify the fitting procedure against the experimental results.

Although such a comparison is not mandatory, it is recommended as a consistency

check;

e In (E), My is used to built the magnetization curves. As will be explained later, My is
evaluated at T} to reduce the influence of demagnetizing field losses on the predicted

magnetization curves.

For some input data, especially the specific heat capacity, the temperature range may
be too extensive or measured with a high resolution (small temperature increments), giving
rise to noise in the experimental data. Thus, data treatment may be necessary to remove
some points or cut out temperature intervals to reduce this effect. This data treatment is
illustrated in the algorithm before Step 2 (see Fig. [1)) and it is already implemented in the
code. The user is directly guided to set the cut-out ranges and/or change the data resolution,

with no need to rebuild the input data file.

C. Specific Heat Capacity Fitting Equation and Interpolation for

Intermediate Fields

In Step 2, a mathematical expression is proposed to fit the ¢(T, H) x T data with field-

dependent coefficients. For FOM, the Pearson type IV asymmetric distribution®* is used:

2
T—k(H) ko (H)
[1+< o ) > }
—ka(H)
ks (H)?
[1 t <454(H)2> ]

exp [—ks)(H) arctan (T — kiizq_) k2(H)) + arctan <2k]j4(£[)> )] (1)

—ka(H)

caie( T, H) = ko(H) + k1 (H)

where ko(H) to ke(H) are the field-dependent fitting coefficients. In Section [IT A] Fig. [4a)
illustrates the fitted curves (solid lines) and the experimental data for La(Fe,Mn,Si);3H,.
Next, in Step 3, interpolations are carried out to determine the values of kqo(H) to k¢(H)
at intermediates fields. Linear, quadratic or cubic fits can be tested for better accuracy.
Notice, however, that before Step 3 (see Fig. , one must specify the temperature and

magnetic field increments (ATg, and AHg) to generate the specific heat capacity curves
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at intermediate fields. Then, the new set of interpolated field-dependent constants are re-
inserted into Eq. [I| to calculate the specific heat capacity curves at intermediate fields, as

illustrated in Fig.[2(a). In Section[[ITA] Fig. [4b) exhibits these curves for La(Fe,Mn,Si);3H,.

Eq. (2) Eqg. (2)
Eq. (1) Eq. (1) C0 = Conp =
| } ¥ )
ko(Hexp) ko(H fir) Eq. (3) Eq. (3)
ke(H.xp) ke(H fir) ko (Hory) Ko (HL )
LHexp - Iif,-t<T k6(Hexp) kG(Hfir)
)
@) L>Hexp — Hpip—) (b)

FIG. 2. Steps 2 and 3 of the data fitting algorithm. Calculation of the specific heat capacity at
intermediate fields: (a) FOM; (b) SOM.

For SOM, the zero-field specific heat capacity is discontinuous around 7},,,s, whereas the
intermediate-field curves are continuous and differ from the one at zero-field. As a result, a
single fitting expression can be employed for the intermediate-field data but not for 0 T, for
which a different approach is used.

Again, at least four baseline specific heat capacity curves are required (recommended),
and, if possible, one of the intermediate-field values should be as close as possible to 0 T (<
0.5 T). For instance, for SOM, considering 0, 0.5, 1 and 1.5-T baseline fields, the following
fitting expressions are proposed for the intermediate-field ¢(7, H) x T data (0.5 to 1.5 T):

MNT, H) = <@> (Tt — T + ) 2)

Cpeak

t  ko(H) + ko(H)T + ky(H)T + ke(H)T*®
e (T, H) = 1+ ki (H)T + ks (H)T + ks(H)T'5 (3)

where ¢ is an experimental or fitted specific heat capacity, cpeax is the maximum specific

heat capacity among all the (baseline) experimental magnetic fields (it is treated as a con-
stant in the analysis and, probably, corresponds to the peak value at 0 T') and § is a constant
arbitrarily taken as 6 = 20 K. For SOM, no equation was sufficiently accurate to be applied
directly to the experimental data. Thus, it was first necessary to perform a variable trans-

formation (converting cx = cexp into ¢*) using Eq. 2} Then, Eq. [3]is applied to ¢' to find the
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field-dependent fitting coefficients ko(H) to k¢(H). The variable transformation is proposed
to simplify the data (¢ has a close to linear dependence with temperature), making possible
to employ a simpler fitting expression (Eq. .

For SOM, Step 3 also has some particularities:

e As the specific heat capacity behaves differently at low fields (0 to 0.5 T). An interpo-
lation involving all the experimental data is employed to predict the specific heat at
intermediate fields within this range. To avoid affecting the quality of the results at

low fields, intermediate-field data as close as possible to 0 T are necessary.

e For the higher fields (> 0.5 T), a similar approach adopted for FOM determines the
interpolated field-dependent constants. The new set of coefficients ko(H) to ke(H) is
inserted in Eq. [3[ to calculate the transformed c' variable. After that, Eq.[2| calculates
the intermediate field specific heat capacity making c, = cgq, see Fig. (b)

Notice that, since Eq. |3 is a polynomial fit, oscillations may occur at the edges of the
interval. Although one can reduce the fluctuations by adjusting the value of §, the edges
should be removed if the oscillations persist. The edges removal procedure is already imple-
mented in the code, and hence, the data output is made available in accordance with the

user-defined temperature range.

D. T-s Diagram and the Magnetocaloric Effect

After obtaining the intermediate field specific heat capacity data, the temperature-

entropy (7" — s) diagram can be built. In Step 4, the entropy curves are determined

by 825133037,

s(T,H) = so(T,, H) + /Tf c(T,H)

T
where sq is the previously mentioned reference entropy evaluated at the initial temperature.

dT (4)

Figure |5 presents the 7' — s diagram for La(Fe,Mn,Si);3H,. The isothermal entropy change,
AST, and the adiabatic temperature change, AT,q, can be determined as a function of T’

and H as follows:

AST == 8(T7 Hf) — S(T, Hl) (5)
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S(T} + ATy, Hy) = (T}, Hy) (6)

A comparison of the above quantities with experimental data for La(Fe,Mn,Si);3sH, FOM
is presented in Fig. [ffa) and (c), respectively.

E. Magnetization Fitting and Interpolation for Intermediate Fields

The isothermal entropy change, ASt, can be calculated indirectly from specific heat
capacity or magnetization data®*3®.  Also, when the ASt and AT,y data are obtained
experimentally from specific heat capacity measurements, experimental magnetization data
are generally not available. Here, a procedure is proposed to generate magnetization curves

(M(T,H) x T x H) from the entropy data. In Step 6, the following relation is used*”:

B 9s(T, H)
M(T,H) = M, T,H—/ —
(T, H) o(T, H) . ol

dT (7)
where the reference magnetization, My, is obtained from experimental data or adjusted from
a similar material. Notice that the field-dependent M is evaluated at T;. Moreover, since a
paramagnetic phase exists at the highest temperatures, the M (T, H) x T curves for a fixed H
are built from the highest to the lowest temperature to reduce demagnetization losses23% 41,
Therefore, to perform Steps 6 to 9, one needs to know M, (or have it characterized) at
different applied fields at the highest temperatures.

From Steps 6 to 8, the procedure is analogous to that for the specific heat capacity. First,
to reduce errors, Eq. |7 is applied only to the entropy curves obtained from the experimen-
tal (baseline) specific heat capacity data (and not to all intermediate fields in the 7' — s
diagram), to produce a set of magnetization curves called M. For the sake of the fit-
ting procedure, the resulting M x T curves are considered the baseline magnetization data
for the experimental temperature and magnetic fields, i.e., Meae(Texp, Hexp). Figure (a)
presents the M, results for La(Fe,Mn,Si);3H, obtained from Eq. Note that if experi-
mental magnetization data are available, the above calculation procedure based on Eq. [7] is
not necessary, and the data are the input for the next step.

Step 7 consists of fitting the Meae(Toxp, Hexp) X T' curves for any applied magnetic field.

For FOM, the following expressions are proposed:
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) = e ®
MY(T, H) = sech [exp(gM*(T, H))} 9)
MYT,H) = ao(H) + alng) arctan[(%i?) + g] (10)

where Eq. is the Gaussian Cumulative distribution®® and ao(H) to az(H) are field-
dependent constants. Notice that a single fitting equation was not effective when applied
directly to Mecaic(Texp, Hexp). Thus, it was necessary to calculate a dimensionless variable
(M*) first, making M, = M.y, followed by a variable transformation (M") using Eq. |§|
Then, Eq. [10] was applied to M* to find ag(H) to az(H).

In Eq. [8 M can be an experimental or calculated magnetization (from Eq. @ Also,
Mmin(H) and My (H) are the minimum and maximum magnetizations, whose values at
intermediate fields are obtained from interpolation.

Next, in Step 8, the field-dependent constants, ag(H) to asz(H), are interpolated (using
linear, quadratic or cubic polynomials) to determine their values at intermediates fields.
The new set of interpolated field-dependent constants are re-inserted in Eqs. to [§ in
that order, making M, = My, to produce the magnetization curves at intermediate fields,
as illustrated in Fig. 3|(a). In Section [[ITA] Fig. [7b) shows the magnetization curves for
La(Fe,Mn,Si);3H,.

For SOM, Step 6 is identical and Eq.[7]is used to obtain the so-called Mcac(Texp, Hexp) X T
curves for all baseline applied magnetic fields. In Step 7, a Boltzmann (or reverse) Sigmoid

function given by?4,

H
i T) o (11)
e
L exp| (")
is applied directly to Meate(Texp, Hexp) to determine the field-dependent constants ag(H) to
az(H), as seen in Fig. 3(b).

M(T, H) = ao(H) +

Next, to evaluate if the magnetization fitting can reproduce the ASt derived from the
experimental specific heat capacity data as satisfactorily as the T' — s diagram (Eq. , ad-
ditional verification is performed in Step 9. The ASt from magnetization data is calculated

from®7:
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I
l Eq. (7)
Eq. (8) Eq. (8)
M, = My, M, = Mgy
(o] [Eao] | o
[ Ea. (10 | [Eq.(10) |
ao(lzlm) ao(I:rf,-,) ao(Hexp) ao(H sir)
'a.s.(Hm) 'a;(Hf,-t) éé.(Hexp) .a;(Hf,-,)
L'Hexp_’HfitJ @ L'Hexp—’HffrJ (b)

FIG. 3. Steps 7 and 8 of the data fitting algorithm. Calculation of the magnetization curves at
intermediate fields: (a) FOM; (b) SOM.

ASp = /ij<%—]\7{>dH (12)

Figure 8| compares the two ASt results for La(Fe,Mn,Si);3Hy FOM. Although this step
is not mandatory, it assures the quality and consistency of the fitting routine.

Lastly, in Step 10, the algorithm organizes the fitted data (specific heat, entropy, MCE
and magnetization) as a function of temperature and intermediate fields in output files.
These files can be used in mathematical models to simulate thermomagnetic conversion

systems such as active magnetic regenerators and thermomagnetic motors/generators.

IIT. RESULTS AND DISCUSSIONS

A. La(Fe,Mn,Si);sHy, FOM

Figure [4](a) presents the experimental specific heat capacity data (open symbols) for a
La(Fe,Mn,Si);3H, alloy with T}.qns ~ 297 K#3. The temperature and magnetic field range
from 270 to 320 K (0.1-K increments) and 0 to 1.5 T (0.5-T increments). Since this material
presents minimal thermal hysteresis, an average value of the heating and cooling curves is
considered. As will be discussed further, the algorithm can predict the heating and cooling
curves that characterize hysteretic FOM.

As can be seen from Fig. (a), the temperature range is quite extensive, and there is some

13
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FIG. 4. La(Fe,Mn,Si)i13Hy (T, H) x T curves: (a) experimental data (open symbols) and curves

fitted to the data using Eq. [1| (solid lines); (b) calculated specific heat capacity at intermediate
fields from 0 to 1.5 T (0.1-T increments).

noise in the input data. Thus, the data were treated before Step 2 to improve the fitting
quality. More specifically, the 5-K range at the end of the interval was cut out. Thus, the
fitting is valid from 270 to 315 K. Figure [f{(a) also presents the curves fitted to the baseline
(experimental) applied magnetic fields (solid black lines). Figure [[(b) shows the calculated
specific heat capacities at the intermediate fields between 0 and 1.5 T (0.1-T increments).
The Root Mean Square Error (RMSE) for the specific heat capacity was evaluated at
different applied magnetic fields as follows: (i) at 0 T, RMSE = 17.5 J/kg.K (4.2% of the
minimum and 1.1% of the peak values); (ii) at 0.5 T, RMSE = 9.4 J/kg.K (2.2% of the
minimum and 0.8% of the peak values); (iii) at 1 T, RMSE = 6.6 J/kg.K (1.5% of the
minimum and 0.6% of the peak values); and (iv) at 1.5 T, RMSE = 5.0 J/kg.K (1.2% of
the minimum and 0.5% of the peak values). The RMSE results showed that the deviations
between the fitted curves and the experimental data are small, decreasing as the applied
field increases. This demonstrates the robustness of the proposed correlating procedure as
well the quality of the adjustment of the Pearson type IV (Eq. (1)) over the specific heat data
for FOM (also observed in Fig.[11]a) in the next section). In Fig. [d|(a), even in the presence
of some noise on the measured data, the fitting was quite good capturing well the peak and

trends of the experimental data.

Figure |5| presents the 7" — s diagram for La(Fe,Mn,Si);3Hy obtained from Eq. 4] using
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the calculated specific heat capacities at the intermediate fields shown in Fig. [4b). The
temperature and applied magnetic field range from 270 to 315 K (0.1-K increments) and 0
to 1.5 T (0.1-T increments).
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FIG. 5. La(Fe,Mn,Si)13H, T — s diagram from the predicted ¢(T, H) data to intermediate fields

from 0 to 1.5 T, in increments of 0.1 T.

From the T'— s in Fig. [§ one can calculate the main parameters associated with the
magnetocaloric effect and compare them with the experimental data. For La(Fe,Mn,Si);3H,,
Fig. @(a) shows the calculated ASt together with the data measured at the baseline applied
magnetic fields. Figure |§|(b), in turn, presents the results interpolated at the intermediate
fields. Figure [6]c) and (d) present the corresponding results associated with AT,q. The
open symbols represent the experimental data and the solid lines are the correlation results.

The RMSE for the isothermal entropy change was evaluated at different applied fields: (i)
at 0.5 T, RMSE = 0.20 J/kg.K (3.3% of the peak value); (ii) at 1 T, RMSE = 0.27 J/kg.K
(3.1% of the peak value); (iii) at 1.5 T, RMSE = 0.3 J/kg.K (3.0% of the peak value).
Analogously, for the adiabatic temperature change the RMSE are as follows: (i) at 0.5 T,
RMSE = 0.10 K (6.6% of the peak value); (ii) at 1 T, RMSE = 0.14 K (4.7% of the peak
value); (iii) at 1.5 T, RMSE = 0.15 J /kg.K (3.9% of the peak value). In practice, considering
that a FOM is designed to operate around the peak MCE value, one can conclude that the
correlation results are reliable. However, some differences are observed in the range 280
< T < 295 K where the model under predicts the experimental data. This is the same
region where the noise is observed in the specific heat capacity data (see Fig. [(a)), and
indicates the necessity to use high quality experimental data. Notice also that the last 5 K
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of the temperature interval had to be cut out in order to improve the fitting quality.
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FIG. 6. Magnetocaloric properties of La(Fe,Mn,Si);3Hy: (a) ASt experimental data (open sym-
bols) and calculated values (solid lines) at the baseline applied magnetic fields; (b) calculated ASt
at intermediate fields from 0 to 1.5 T (0.1-T increments); (c) AT,q experimental data (open sym-
bols) and calculated values (solid lines) at the baseline applied magnetic fields; (d) calculated AT,q

at intermediate fields from 0 to 1.5 T (0.1-T increments).

The T' — s data for the baseline fields (0, 0.5, 1.0 and 1.5 T) can also be used in Eq.
to obtain Mac(Texp, Hexp). For La(Fe,Mn,Si) 3Hy, having experimental data for M, at all
baseline fields, and at temperatures ranging from 310 K to 320 K, may be necessary since
some data points may need to be discarded. Recall that in Fig. (a) the upper temperature
limit was reduced from 320 K to 315 K. Thus, M, was evaluated at 315 K to construct
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the magnetization curve using Eq. . Figure (a) presents the Meae(Texp, Hexp) results and
Fig. [7|b) shows the calculated magnetization curves in the 0 to 1.5 T interval, with 0.1-T

increments.
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La(Fe,Mn,Si)3Hy.

Finally, Fig. [8| compares the ASt calculated from the T'— s diagram (black solid lines),
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Eq. [12| (red dashed lines), and the experimental data (open symbols) for La(Fe,Mn,Si)q3H,.
The RMSE for ASt obtained from the magnetization data are as follows: (i) at 0.5 T, RMSE
= 0.28 J/kg.K (4.7% of the peak value); (ii) at 1 T, RMSE = 0.35 J/kg.K (4.0% of the peak
value); (iii) at 1.5 T, RMSE = 0.3 J/kg.K (3.0% of the peak value). Although the RMSE
have some increasing in respect to the T' — s diagram results, the procedure proved to be
reliable and the magnetization data calculated from Eq. [7| and Egs. are in accordance
with the expected ranges and trends. For FOM, as in Fig. m (and Figs. in the next

section), the expected abrupt magnetization variation is observed.

B. MnFeP,As;, FOM with hysteresis

In this section, the proposed algorithm is applied to experimental data for a MnFeP As;_,
first-order hysteretic material. The hysteresis was characterized through measurements of
the specific heat capacity following heating and cooling protocols**. The temperature ranges
from 250 to 300 K (0.1-K increments), while the applied magnetic field varies between 0 and
1.5 T, in steps of 0.5 T. The peak specific heat capacity at 0 T is observed at around 272.8
K for the cooling curve and around 275 K for the heating curve.

Figure [9)(a) presents the experimental specific heat capacity data (open symbols) and
the fitted curve from Eq. [1| (black solid lines). Notice that only the curves for 0 and 1.5
T are presented to improve the visualization of the thermal hysteresis. From the proposed
equations, it is possible to obtain the T'— s diagram, presented in Fig. |§|(b), and the M x T
curves, in Fig. [9(c), for the cooling (in blue) and heating (in red) procedures.

The results confirm the expected thermal hysteresis behavior®*4. Thus, the fitting pro-
cedure is effective at correlating the thermomagnetic parameters at intermediate fields for
both heating and cooling curves, capturing well the peak, trends and differences between the
heating and cooling protocols observed in the experimental data. This is also demonstrated
by evaluating the RMSE for the specific heat capacity: (i) at 0 T-cooling, RMSE = 17.9
J/kg. K (3.5% of the minimum and 0.9% of the peak values); (ii) at 0 T-heating, RMSE =
19.45 J/kg.K (3.8% of the minimum and 0.9% of the peak values); (iii) at 1.5 T-cooling,
RMSE = 18.73 J/kg.K (3.7% of the minimum and 0.9% of the peak values); and (iv) at 1.5
T-heating, RMSE = 18.47 J/kg.K (3.7% of the minimum and 0.8% of the peak values).

Considering only the heating process for brevity, Fig. |10 presents the ¢(T, H) x T curves,
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FIG. 9. MnFePyAs; results at 0 and 1.5 T for heating (red) and cooling (blue) processes, demon-
strating the presence of thermal hysteresis: (a) ¢(T, H) x T' curves comparing experimental data
(symbols) and fitted curve from Eq. [1] (solid lines); (b) predicted T — s diagram from Eq. {4} (c)
predicted M x T curves from Eqgs.

T — s diagram and M x T behavior for fields between 0 and 1.5 T, in steps of 0.1 T.
Also, Fig. [11}a) compares the ASy calculations with the experimental data, and Fig. [LT|(b)
presents the correlation results for intermediate fields, derived from the T'— s diagram shown
in Fig. [L0](b).

The RMSE values for the isothermal entropy change are as follows: (i) at 0.5 T, RMSE
= 0.14 J/kg.K (1.6% of the peak value); (ii) at 1 T, RMSE = 0.21 J/kg.K (1.6% of the peak
value); (iii) at 1.5 T, RMSE = 0.26 J/kg.K (1.8% of the peak value). Comparing Figs. [f]a)
and [11(a) and the RMSE, the MnFeP,As;, correlating procedure presented slightly higher
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quality results than La(Fe,Mn,Si);3Hy, which can be possibly associated with the use of

input specific heat capacity data with less noise.
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FIG. 10. MnFeP4As .y fitting results from 0 to 1.5 T, in increments of 0.1 T, considering only the

heating process: (a) ¢(T, H) x T curves; (b) T'— s diagram; (c) M x T curves.

C. Gd and GdY-alloys

Lastly, the fitting algorithm is applied to SOM data for Gd** and Gdgs.79Y5.21 (or simply
GdY)?4, for which T},qns are around 290 and 270 K, respectively. For Gd, the temperature
data range from 260 to 314 K, while for the GdY data the range is from 243 to 309 K, in
steps of 1 K. The experimental magnetic fields vary between 0 and 2.0 T, in steps of 0.5 T.

Figure[12|(a) presents the experimental specific heat capacity data (symbols) and the fitted
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curve from Egs. (solid black lines), while Fig. [I2|b) shows the corresponding calculated
values at intermediate fields, from 0 to 2 T, in increments of 0.1 T. Notice that, as previously
explained, since for SOM the fitting curves are polynomials, some temperature ranges must
be cut out to remove oscillations. Hence, for Gd and GdY, the fitted temperatures range
from 260 to 310 K and 243 to 300 K, respectively, with steps of 0.1 K.

In this section, the RMSE will be evaluated only for applied fields greater than or equal
to 0.5 T. Thus, the Gd specific heat capacity values are as follows: (i) at 0.5 T, RMSE =
0.51 J/kg.K (0.21% of the minimum and 0.16% of the peak values); (ii) at 1 T, RMSE =
0.14 J/kg.K (0.06% of the minimum and 0.05% of the peak values); (iii) at 1.5 T, RMSE =
0.29 J/kg.K (0.11% of the minimum and 0.09% of the peak values); and (iv) at 2 T, RMSE
= 0.33 J/kgK (0.12% of the minimum and 0.11% of the peak values). The corresponding
values for the GdY-alloy are: (v) at 0.5 T, RMSE = 0.60 J/kg.K (0.28% of the minimum and
0.20% of the peak values); (vi) at 1 T, RMSE = 0.56 J/kg.K (0.25% of the minimum and
0.19% of the peak values); (vii) at 1.5 T, RMSE = 0.48 J/kg.K (0.21% of the minimum and
0.17% of the peak values); and (viii) at 2 T, RMSE = 0.36 J/kg.K (0.15% of the minimum
and 0.13% of the peak values). The specific heat prediction for SOM, if in one hand, the
model quality is reduced at low fields (from 0 T up to 0.5 T) due to the impossibility to

find a single equation to be adjusted over the zero and the intermediate-field data. As a
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consequence, the predicted magnetocaloric effect, showed next in Fig. (b) are less accurate
at low fields. On the other hand, to the fields higher than 0.5 T the model did a quite good
job in reproducing experimental data for specific heat, presenting the lowest RMSE values.

Hence, Eqgs. are very accurate on predicting specific heat capacity.
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FIG. 12. ¢(T,H) x T curves for Gd and Gdgs79Y521: (a) experimental data (open symbols -
Gd, solid symbols - GAY) and fitted curve from Egs. (solid lines) for the baseline fields; (b)

calculated specific heat capacities for intermediate fields between 0 and 2.0 T, in steps of 0.1 T.

From the results shown in Fig. [12[(b), one can build the T — s diagrams of Fig. from
which AT,y and ASt can be evaluated. Figure (a) shows a comparison of the calculated
ASt and the experimental data for the baseline applied magnetic fields, while Fig. (b)
presents the correlation results at intermediate fields between 0 and 2.0 T in steps of 0.1 T.

The RMSE values for the isothermal entropy change are evaluated, for Gd, as follows: (i)
at 0.5 T, RMSE = 0.13 J/kg.K (9.8% of the peak value); (ii) at 1 T, RMSE = 0.06 J/kg.K
(2.1% of the peak value); (iii) at 1.5 T, RMSE = 0.10 J/kg.K (2.8% of the peak value); (iv)
at 2 T, RMSE = 0.06 J/kg.K (1.4% of the peak value). For GdY, the RMSE are slightly
better: (v) at 0.5 T, RMSE = 0.03 J/kg.K (2.3% of the peak value); (vi) at 1 T, RMSE =
0.03 J/kg.K (1.1% of the peak value); (vii) at 1.5 T, RMSE = 0.03 J/kg.K (0.8% of the peak
value); (viii) at 2 T, RMSE = 0.01 J/kg.K (0.1% of the peak value). Comparing the RMSE
results for Gd and GAY, the input specific heat data were provided by different sources, and
hence, the higher accurate results for the correlating procedure observed to GAY may be

related to the input data quality. Additionally, it is expected that the peak MCE for Gd
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would be higher than the GdY allow, however, this may also be related to the Gd lower

quality grade of the sample measured.
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Figure |15 shows the magnetization results for SOM, where the Mac(Texp, Hexp) data are
obtained from Eqs. [7]and [III C| Notice that experimental magnetization data (not corrected

for demagnetizing fields) were available and are, therefore, compared with the proposed
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fitting in Figs. [I5[a) and (b) for Gd and GdY, respectively. Figure [15]c) and (d) show the
M(T, H) x T curves calculated from Eq. at intermediate fields from 0 to 2.0 T, in steps
of 0.1 T. For SOM, a smooth phase change is observed in the magnetization experimental
and calculated results.

The RMSE values of the magnetization for Gd are as follows: (i) at 0.5 T, RMSE =
10.26 emg/g (9.1% of the maximum value); (i) at 1 T, RMSE = 1.21 emu/g (3.9% of the
maximum value); (iii) at 1.5 T, RMSE = 0.84 emu/g (0.7% of the maximum value); (iv) at
2 T, RMSE = 0.5 emu/g (0.4% of the maximum value). For GdY the RMSE values are:
(v) at 0.5 T, RMSE = 14.22 emg/g (11.6% of the maximum value); (vi) at 1 T, RMSE =
3.42 emg/g (2.6% of the maximum value); (vii) at 1.5 T, RMSE = 1.45 emg/g (1.1% of the
maximum value); (viii) at 2 T, RMSE = 1.85 emg/g (1.33% of the maximum value). As
can be observed in Fig. [I5|(a) and in accordance with the RMSE values, the deviations from
the experimental data and the calculated magnetization are more significant at lower fields,
where the data were not corrected for demagnetizing fields. Overall, a good reproduction of
the magnetization data is observed at higher fields (> 0.5 T). For the 0.5 T, the prediction
is more accurate at T" > Tyqns (paramagnetic phase). This is because the specific heat
capacity data (input) is not corrected for demagnetizing fields either, impacting on the
predicted magnetization by Eq. |7l Therefore, the strategy to built the M x T" curve in Eq.
starting from the highest temperature improves the precision of the predicted data even for

the zero-field data. Again, if the magnetization experimental data are available, Eq. [7]is not

necessary, and the intermediate fields data can be directly obtained from Eqgs. [8{10| (FOM)
or Eq. 11| (SOM).
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CONCLUSION

This work proposed a fitting procedure to correlate the thermomagnetic properties and
magnetocaloric effect of first- and second-order magnetocaloric materials as a function of
temperature and applied magnetic field. The procedure comprises simple semi-empirical
expressions whose primary input is experimental data for the specific heat capacity as a
function of temperature at discrete magnetic fields (baseline data). Thermodynamically
consistent equations are employed to derive expressions for entropy, magnetization and other
relevant parameters, such as the isothermal entropy change and the adiabatic temperature

change, at any field intensity and temperature within the baseline data range.

The routine, implemented in Python using cross-platform integrated development envi-
ronment Spyder, is made available as a open-source code at
https://github.com/lorenzosc/material_properties. The method was successfully tested for
different first-order materials (FOM), La(Fe,Mn,Si);3H, and MnFeP,As;_, and second-order
materials (SOM), Gd and Gdjgo.x Yx-

For FOM, the specific heat capacity was successfully fitted by the Pearson type IV equa-
tion, which captured the data trend effectively, even with some noise in the baseline data.
For SOM, the fitting was poorer at low fields, as no single equation could correlate the strong
non-linearities observed at zero and intermediate fields. As a result, the magnetocaloric ef-
fect calculated at low fields (< 0.5 T) was less accurate. However, at fields higher than
0.5 T, the model reproduced the data for the specific heat capacity, ASt and AT,q with

remarkable accuracy.

As expected, the fitting results for hysteretic FOM (MnFeP,As; ) exhibited the ex-
pected behavior of a distinguished reversible region in the entropy diagram, different peak
temperatures for the specific heat capacity and different transition temperatures for the

magnetization curves*,

The procedures to obtain the magnetization curves also proved reliable, as the expected
abrupt magnetization changes typical of FOM and the smooth phase change characteris-
tics of SOM were effectively captured by the models. The fitting for Gd and GdY was
compared against experimental data (not corrected for demagnetizing fields), showing good
performance at higher fields (> 0.5 T). For 0.5 T, however, the fitting is more accurate

for T > T}qns (paramagnetic phase). Additionally, the strategy to build the M x T' curve
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starting from the final temperature enhanced the precision of the predicted data even for
the zero-field data.

As a final recommendation, only high-quality experimental data should be used as input
to reduce physical inconsistencies and interpolations errors. The fitting performance at
intermediate fields is greatly improved when at least four field intensities are used in the
baseline data. Also, proper correction for demagnetizing fields helps improve the reliability

of the predicted data.
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