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Optimizing the performance of magnetocaloric materials is facilitated by understanding the thermo-
magnetic transitions they undergo, including the order of these transitions and their strength. Those ex-
hibiting strong first-order phase transitions (FOPT) are accompanied by large heating and cooling responses
but with relatively small cyclic responses, while materials with second-order (SOPT) character exhibit
moderate heating and cooling responses. However, the lack of hysteresis could partially compensate for the
lower magnitudes with a more cyclic response. One way to effectively maximize the cyclic response,
combining the advantages of FOPT and SOPT, is to fine tune the transition towards the borderline of FOPT-
SOPT, which can minimize hysteresis. For the well-known La(Fe,Si);3 family, it is challenging to identify and/
or evaluate the critical point where FOPT crossovers to SOPT based on conventional techniques. To address
these ambiguities, in this work, we apply the field dependence exponent n criteria to a series of lowly
hysteretic and high-performance La(Fe,Mn,Si);sH magnetocaloric materials with compositions close to the
critical one. Even if the sample with the lowest hysteresis resembles characteristics of SOPT, it is evidently
identified as undergoing FOPT from the n criteria: (1) existence of n > 2 overshoot and (2) n at the transition
temperature, Nansition, 1S 0.37. This proximity to the critical composition (N ansition=0.4) further explains the
low hysteresis observed. This FOPT character of the series is confirmed by temperature-dependent >’Fe
Mossbauer spectrometry studies, fitting the hyperfine field to the Bean-Rodbell model instead of the usual
Brillouin function. As it is a zero-field method, the confirmation by Mdssbauer spectrometry gives further
strength to the n-criterion.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Over 20% of the total electricity consumption landscape accounts
for temperature control applications and the trend is expected to
grow further as global warming and financial development of
equatorial countries continue (which population will have a larger
demand of refrigeration systems) [1-3]. Domestic refrigerators have
been based on the expansion/compression of gases since the early
development of the technology. However, despite their ability to
cover desired temperature control ranges, these systems are energy
inefficient (due to the compressor) and use hazardous or con-
taminating chemicals (such as chlorofluorocarbons, liquefied am-
monia or hydrochlorofluorocarbons). There has been research on the
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possibility of magnetocaloric refrigeration devices that will solve the
mentioned problems of conventional systems, such as larger energy
efficiency and the use of green materials [4-9]. They are based on the
magnetocaloric effect (MCE), which involves reversible changes in
temperature/entropy of magnetic materials subjected to magnetic
field variation in adiabatic/isothermal conditions, with the relevant
magnitudes being the adiabatic temperature change (ATy) and the
isothermal entropy change (ASi,). To maximize the effect, the
magnetization must be strongly temperature/field dependent; con-
sequently, the magnetocaloric effect is directly related to the study
of thermomagnetic phase transitions [10].

First-order thermomagnetic transitions (FOPT) in magnetocaloric
materials typically lead to obtaining giant MCE [11-16]. Although a
giant response is highly desirable, the reversibility in the magnetoca-
loric response is reduced because the nature of FOPT involves thermal
hysteresis [17,18]. This undesirable hysteresis severely reduces the re-
sponse of the material under working conditions. The straight-forward
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solution to avoid hysteresis is to change from FOPT to second-order
phase transition (SOPT). However, this is usually at the expense of a
largely compensated magnetocaloric response. Despite this, thermal
hysteresis can be reduced by magnetic field, so it is not necessary to
completely change the order of the transition from FOPT to SOPT but
approaching the critical composition where FOPT crossovers to SOPT. In
other words, regardless of the magnetic field change, the closer the
SOPT materials are to the critical point, the better their magnetocaloric
responses will be. Conversely, the optimization of FOPT materials is
more complicated since it relies on the magnetic field change, which
can partially overcome the thermal hysteresis. For moderate magnetic
field changes of 1-2T, the typical range employed in real devices,
magnetocaloric materials with moderate FOPT character are optimal,
i.e., close to the critical composition but keeping the first-order char-
acter [19-21]. It is therefore crucial to determine the critical compo-
sition to develop new materials with optimized performance. However,
materials near the borderline of both transitions can be difficult to label
as FOPT or SOPT, which can affect the optimization process.

For the identification of the order of phase transitions undergone by
magnetocaloric materials, the common methods used by the com-
munity are [10,22]: the shapes of the MCE curves (FOPT: abrupt; SOPT:
gradual/smeared out shape), existence of hysteresis, the collapse on
universal curve (SOPT: perfect collapse on single curve; FOPT: no col-
lapse of the rescaled curves), Banerjees criterion (FOPT: negative slope;
SOPT: positive slope) or calorimetric ones (FOPT: singularity; SOPT:
discontinuity in the heat capacity). All of these methods are affected by
subjective interpretation of the data analysis, except for the Banerjee’s
criterion, which is a quantitative criterion. However, it shows dis-
crepancies with other methods as it can be significantly affected by the
presence of magnetic impurities or if the materials cannot be described
by mean field theories [20,23,24]. Recently, the field dependence ex-
ponent n has been found addressing the limitations of these conven-
tional techniques to determine the order of phase transitions and the
critical composition [22,25]. The identification of FOPT is clearly in-
dicated by the criterion of overshoot of n > 2 near the transition
temperature, while the absence of this overshoot indicates for SOPT.
Moreover, n=0.4 at the transition temperature for zero field distinctly
distinguishes the critical point when transforming from FOPT to SOPT,
n < 0.4 indicates FOPT and n > 0.4 indicates SOPT [25]. As a result,
using the value of n, we can distinguish not only the order of the
transformation, but also its strength (moderate/strong FOPT) de-
pending on the proximity to the critical composition.

In this work, we have further applied this exponent n criterion to a
series of high-performance and weakly hysteretic (therefore, challen-
ging to evaluate for the order of phase transition) La(Fe,Mn,Si);sH
compounds in order to shed more light in the evaluation of the order of
the transition as well as the possibility of tuning the sample compo-
sitions towards the critical point. These results are compared to those
of an independent method based on the temperature evolution of the
hyperfine field obtained by >’Fe Méssbauer spectrometry.

2. Materials and methods

The studied La(Fe,Mn,Si);3y granules (Calorivac-H) were manu-
factured by Vacuumschmelze GmbH & Co. using powder metallurgy as
described in [26,27|. After loading the alloys with hydrogen, the
granules were sieved to 500 - 800 um for further investigation. Their
nominal compositions are given in Table 1. The Mn content will be
used as the sample designation in this work: Mn0.11, Mn0.28, Mn0.42
and Mn0.55. The phase constituents were studied by X-ray diffraction
(XRD) using a Bruker D8 ADVANCE A25 diffractometer with Cu-Ku
radiation performed at room temperature. Rietveld refinements were
carried out by TOPAS 5.0 software. Mossbauer spectra were obtained
using a conventional constant acceleration transmission spectrometer
with a ’Co(Rh) source (925 MBq activity) and an o-Fe foil as calibration
sample. Méssbauer spectra of powder samples containing 5 mg Fe/cm?
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Table 1
Nominal compositions of the studied series.

Sample ID Nominal Composition
MnO0.11 La;Fe11.63Mno11Siq127
Mn0.28 La;Feq1.38Mng2sSiy 34
Mno0.42 La;Feq21Mng 45Siq 36
Mn0.55 LaiFe11,00Mno 55Si1.36

were recorded at various temperatures under vacuum using a home-
made cryofurnace to follow the evolution of the hyperfine structure.
The fittings of the spectra were conducted by MOSFIT software.

Magnetization (M) vs. magnetic field (H) measurements up to
15T were performed in a Vibrating Sample Magnetometer (VSM,
LakeShore 7407) under isothermal conditions from 240 to 360 K. The
isothermal entropy change (AS;,) was indirectly determined, via
Maxwell relation, from the isothermal magnetization measure-
ments. The discontinuous measurement protocol [10] was used to
remove the prior sample history between measurements, which
prevents spurious results irrespective of the order of the thermo-
magnetic phase transition [10,28].

The magnetic field dependence of AS;, adopts a power law ex-
pression in the form AS;s,  H", [29] where its exponent n depends on
both magnetic field and temperature (T). It can be calculated as follows:

n(T, H) = d1n|ASis|/d In |H]- (1)

Based on the analysis of this magnitude, we are able to distinguish the
order of phase transitions undergone by magnetic materials as ex-
plained before [22,25].

An additional figure of merit of the magnetocaloric materials
used in this work is the temperature averaged entropy change, TEC,
which avoids the artificially large refrigerant capacity of shallow
responses [30]. It relates to the maximum average of the AS;, over a
temperature span (6T) and can be calculated as:

T+0.56T

1
TEC (8T) = ﬁmax( J‘Hm

ASiSD(T’)dT’), 2)

where Ty is the temperature corresponding to the peak value of AS;s.
3. Results and discussion

The amount of the desired NaZnis-type (1:13) phase together
with the crystal parameters are evaluated by XRD. Detailed de-
scription of the crystal structure as well as presented symmetries of
1:13 phase can be found in ref.[31]. Fig. 1 shows the Rietveld
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Fig. 1. Rietveld refinement of the XRD patterns collected at room temperature for the
studied series.
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Fig. 2. (a) Isothermal entropy change, (b) thermal hysteresis and (c) reversible TEC response of La(Fe,Mn,Si);3y series for 1.5T.

refinement of the room temperature XRD of the studied La
(Fe,Mn,Si);3H series. Ry, factor close to 5% and goodness of fit (GoF)
close to 1.5 are achieved for all refinements employing 1:13 and a-Fe
phases, which illustrates a good fit of the results. Only minority a-Fe
phase (from a minimum content of 3.4(5) to maximum content of
5.4(9) wt% in the series) in addition to the main 1:13 phase is ob-
served, revealing the excellent quality of the samples. The lattice
parameter for the 1:13 phase reduces from 11.6244(3) to 11.5541(4)
A for Mn0.11- Mn0.55 samples.

Although this system was originally studied due to its soft magnetic
character [32], it is nowadays widely investigated for its excellent
magnetocaloric properties [33]. Regarding the magnetocaloric perfor-
mance of the series, Fig. 2 (a) shows the temperature dependence of
the isothermal entropy change for 1.5T, where the samples are ob-
served to exhibit direct MCE. Their peak values of isothermal entropy
change (JASPX|) decrease almost linearly from 21.53 to 9.8 kg 'K™! with
increasing Mn content. These magnitudes are comparable to those
recently reported for La(Fe,Si);3 family [33-41]. In addition, it can be
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Fig. 3. First-order phase transition evidence by the (a) overshoot n > 2 criterion and (b) Nansition Smaller than the critical point criterion (neansition = 0.4; represented by the black

dash line).
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Fig. 4. Mossbauer data of Mn0.55 and Mn0.11 samples at various temperatures se-
lected according to their phase transition temperatures (FM = ferromagnetic, PM =
paramagnetic).

noticed that the shapes of the MCE curves for Mn0.42 and Mn0.55
samples are more gradual than those of Mn0.11 and Mn0.28. For the
measurements made in heating protocol, the data are presented with
solid symbols while those in cooling protocol are with open symbols.
The shaded regions between these heating and cooling MCE curves
correspond to the cyclic/reversible magnetocaloric responses that can
be obtained. In addition, the thermal hysteresis between heating and
cooling AS;s, curves for 1.5T are shown in Fig. 2 (b). A decrease in
thermal hysteresis is observed with increasing Mn content. For Mn0.42
and Mn0.55 samples, their hysteresis is rather low even for lower
magnetic fields (2.2 and 2.3 K respectively). Such low values might
even be due to the thermal inertia of the experiments. These ob-
servations, when using conventional methods to identify the order of
phase transition, could lead to interpret that Mn0.42 and Mn0.55 re-
semble SOPT character, which will be further analyzed by the exponent
n analysis and Modssbauer spectrometry. We can also analyze the cyclic
response, with Fig. 2 (c) showing the reversible contribution to TEC(3)
and TEC(10) magnitudes based on the results for 1.5 T. A non-mono-
tonic trend is observed for both 3 and 10K temperature span, which
are specifically selected for covering the realistic performance range of
future devices [30], reaching a maximum for Mn0.28 with very at-
tractive values. The compositional range to achieve better reversible
performance is relatively narrow, making further optimization very
challenging. This is because there is a link between the reduction of
hysteresis (which increases TEC,,,) and the decrease of the maximum
|ASPk (which has deleterious effects on TEC,).

1s0
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The magnetic field dependence exponent n has been recently
reported to distinguish FOPT with a characteristic fingerprint. It has
been found applicable to several families of magnetocaloric mate-
rials [14,19,20,22,42-45] even in complex samples [46]. In addition,
it can be used to reveal the coexistence of overlapping thermo-
magnetic phase transitions, either being FOPT+SOPT [47,48] or a
combination of SOPTs [49,50]. While for ferromagnetic samples n
remains positive, a recent work on the n analysis to evaluate for
antiferromagnetic to ferromagnetic magnetoelastic transitions re-
ports that n values are negative at temperatures close to such
transitions [51]. For the studied La(Fe,Mn,Si)3H series, their ex-
ponent n values, as shown in Fig. 3 (a), begin at the magnitude of 1 at
low temperature (due to their ferromagnetic state). Exponent n va-
lues are then observed to decrease to a minimum and then abruptly
increase, showing an overshoot of n > 2 near their transition tem-
peratures, indicating the FOPT character of all samples. Eventually,
the n values decrease towards n =2 (marked as gray dash line) due to
the paramagnetic state. The maximum and minimum n values near
the transition temperatures plotted as a function of Mn dependence
in Fig. 3 (b) further illustrate that the FOPT overshoot decreases with
higher Mn content. This indicates that the FOPT character decreases
with Mn additions, which can be ascribed to the observed decrease
in the sharpness of the MCE curve shapes for higher Mn content in
Fig. 2 (a). A further investigation of n values at the zero field tran-
sition temperatures, Nansition, @S Shown in Fig. 3 (b) reveals that they
are all below the critical point criterion, Nansition = 0.4 (marked as
black dash lines). In addition, in the absence of a-Fe contribution, the
Neransition Values will be lowered as indicated by the error margins in
panel b. This further indicates that the studied compositions are
within the FOPT region of La(Fe,Mn,Si);3y. The observed increase in
Neransition With Mn additions indicates that the FOPT character de-
creases with Mn content, which agrees to the maximum n values
obtained from the FOPT overshoot (left y-axis of Fig. 3 (b) re-
presented by solid symbols connected by a gray line). It must be
highlighted that the n.ansition Of MN0.55 sample is relatively near to
the critical point (black dash line), whereby this proximity explains
the negligible hysteresis observed in Fig. 2 (a). Moreover, it is pos-
sible to estimate the critical composition by extrapolating the
Neransition Values up to 0.4, which corresponds to a Mn content
of 0.58(2).

The phase transition is further studied by >’Fe Méssbauer spec-
trometry, for which the results of the ends of the series, i.e., Mn0.11
and Mn0.55, are shown in Fig. 4 (a). At 77K, in the ferromagnetic
state, the hyperfine structures result from a magnetic sextet with
broadened lines well described by a discrete number of magnetic
components or a continuous hyperfine field distribution. At high
temperatures, in the paramagnetic state, the spectra show an
asymmetric quadrupole doublet that can be well described by, either
at least three quadrupole components, or a discrete distribution of
quadrupolar splitting linearly correlated to that of isomer shift. The
refined values of the hyperfine parameters for both ferromagnetic
and paramagnetic states are listed in Table 2. At intermediate tem-
peratures, two main phenomena are observed. (i) Some lines emerge
to form a magnetic sextet clearly attributed to the a-Fe phase (gray
line), in agreement with XRD and Rietveld refinement results (Fig. 1).
In addition, (ii) below the estimated temperature of the complete
magnetic order, we observe the superposition of a magnetic sextet
(dark cyan line; magnetic) with broadened lines and a quadrupolar
doublet (orange line; paramagnetic) growing in the center of the
spectrum, both attributed to Fe species in the 1:13 phase. At this
stage, it is difficult to accurately distinguish between the two com-
ponents (the lower boundary value of the hyperfine field competing
with the higher boundary value of the quadrupolar splitting), but it
is important to note that the physical characteristics of the hyperfine
parameters of the 1:13 phase result from average values that are
independent of the fitting model.
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Table 2
Refined values of the hyperfine parameters estimated from the Mossbauer spectra: isomer shift (IS), quadrupolar shift (2¢), hyperfine field (Byr) and quadrupolar splitting (QS).
Sample FM state Transition temperature * 1 (K) PM state
<IS> % 0.01 (mm/s) < 2¢> *0.01 (mm/s) <Byus> 0.5 (T) <IS> % 0.01 (mm/s) <QS> * 0.01 (mm/s)
Mn0.11 0.15 0.00 312 340 -0.03 0.45
Mn0.28 0.14 0.00 293 312 0.00 0.50
Mn0.42 0.15 0.00 27.7 287 0.02 0.51
Mn0.55 0.15 0.01 275 265 0.02 0.51
FM state is taken at 77 K while PM at 1K above the transition.
a 30 T T T T T c T T e 30 T T T T
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Fig. 5. (a) Hyperfine field fitted to the Brillouin function and (b) temperature difference, §, between the transition temperature obtained from the fitting versus experimental
results. (c) Reduced magnetization for the critical composition in the Bean-Rodbell model (» = 1) fitted to the Brillouin function and (d) § as a function of the order parameter 7 in
the model. (e) Hyperfine field fitted to the Bean-Rodbell model and (f) obtained order parameter 7 (left axis) compared to the 0.4- Ny.ansition from the previous results from

exponent n criterion (right axis).

The temperature dependence of the average hyperfine field
(<Byr>) of the 1:13 phase for zero applied field is employed to
further corroborate the order of the transitions. One widely em-
ployed method to identify FOPT from the Mdssbauer experiments is
to fit the experimental <Byr> in the ferromagnetic range using a
Brillouin function, where the separation between the experimental
transition temperature and that obtained from the Brillouin fitting (8
parameter) indicates the FOPT character [52-54]. Fig. 5 (a) shows the
different Brillouin fits (with %2 spin due to the itinerant character of
the 1:13 phase [53,55]) while Fig. 5 (b) presents the obtained & va-
lues. These results apparently suggest that the FOPT character could
be evidenced as & > O for all the series although it decreases with Mn
additions. Even so, the § value for Mn0.55 sample is still far from
zero, despite being close to the critical composition as shown in the
analysis based on exponent n. To evaluate this discrepancy, we
employ the Bean-Rodbell model [56]. This model, like the Brillouin
function, is based on mean-field assumptions but it includes a
magneto-volume coupling term that allows it to reproduce either
SOPT or FOPT by changing the order parameter » (where<1 in-
dicates SOPT, >1 for FOPT and =1 for the critical point). It has been
shown that Bean-Rodbell model accurately reproduces the char-
acteristics of the La(Fe,Si);3 system [55,57-59]. As an example, Fig. 5
(c) shows how the Brillouin fitting for the critical point (» = 1) can
lead to & values that clearly differ from 0, in agreement with the
results of Fig. 5 (b), with § values different from 0 even for samples
close to the critical point. By performing a systematic Brillouin fit-
ting of simulated data for different » values, Fig. 5 (d) shows § as a

function of the order parameter, 7, where § = 0 is only reached for
the n = 0 case, i.e., for SOPT without magneto-volume effect. This
shows that the Brillouin fits cannot clearly differentiate between
FOPT and SOPT as there is no evident threshold value for the critical
composition. However, Brillouin fits can indicate a reduction in the
magneto-volume coupling. Thus, we have alternatively employed
the Bean-Rodbell model to determine the order of the transition
from the <Byr> data, as shown in Fig. 5 (e) (with %2 spin and a
compressibility value of 8.610°'2 Pa! [57,58]). The obtained order
parameter, 7, as a function of Mn content is shown in the left y-axis
of Fig. 5 (f) while the right y-axis presents 0.4-N¢;ansition, Which is the
proximity to critical composition based on the n criteria. It is now
observed that the Mossbauer fits and magnetocaloric-based n cri-
teria show excellent agreement, indicating the FOPT character of the
studied series and the reduction of the magneto-volume coupling
with increasing Mn content. We can highlight that both methods
clearly evidence the proximity of the critical composition for the
Mn0.55 sample. It should be noted that while this Mdssbauer fit
makes it possible to recognize the first-order character, it is not as
straightforward as the exponent n criterion, considering that ob-
taining exponent n does not require any fitting procedure.

4. Conclusions
New methods based on the analysis of the field dependence of

the magnetocaloric effect have been employed to unambiguously
determine the order of phase transition in a series of low hysteretic
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high-performance La(Fe,Mn,Si);sH materials. Their excellent cyclic
performance arises from their proximity to the critical composition
where FOPT crossovers to SOPT, making it challenging for conven-
tional methods to distinguish the character of the transition. The
field dependence exponent n shows the FOPT criterion of n > 2
overshoot near the transition temperatures for all the samples, in-
cluding the one with lowest hysteresis. In addition, the analysis
determines a reduction of the FOPT character as Mn content in-
creases. Using the Nansition = 0.4 criterion for the determination of
the critical composition of FOPT— SOPT, the corresponding Mn
content of this series is calculated to be 0.58(2). Furthermore, tem-
perature dependent Mgssbauer spectrometry is used as a com-
plementary technique to evaluate for the order of the phase
transition, where the FOPT character of the series is further con-
firmed by examining the temperature evolution of the hyperfine
field. As it is a zero-field technique, the agreement between the
identification of the order of the phase transition using Mossbauer
spectrometry and the n-exponent criterion is a significant con-
firmation of the validity of the latter methodology. It turns out,
however, that the exponent n analysis and criterion provide a more
straightforward approach to evaluating FOPT since they uniquely
identify the critical composition and its proximity without requiring
complicated fitting models, in contrast to the Mossbauer results,
which should be analyzed in combination with fits to a Bean-Rodbell
model, rather than to the more usual Brillouin function.
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