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ABSTRACT

Temperature-first order reversal curve (FORC) distributions of thermomagnetic phase transitions are a fingerprinting tool to identify
features of the phase transformations of the material. However, they have two major limitations: qualitative character, due to the shift of the
loops with increasing driving forces, and long experimental time. The use of an effective temperature that takes into account the different
driving forces affecting the transformation allows for a more quantitative comparison of the features of the FORC distributions, as it
eliminates the need for an ad hoc selection of the origin of the distribution axes. At the same time, experimental measurements as a function
of this effective temperature are significantly faster than purely temperature loops, hinting at a future possibility of time and cost efficient

FORC characterization of temperature dependent transitions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005076

INTRODUCTION

Magnetic refrigeration and magnetocaloric effect (MCE) are
timely topics of research.’ Since the discovery of the giant magneto-
caloric effect of Gds(Si,Ge), in 1997, magnetic refrigeration is con-
sidered a “promising alternative” for temperature control, producing
a surge in the number of publications on the magnetocaloric effect.
As these materials enable the possibility of designing magnetic refrig-
erators with operation temperatures close to room temperature, there
has been a noticeable increase in the development of refrigerator
prototypes using this principle of operation."” This scientific and
technological interest is mainly due to the environmental friendliness
of magnetic refrigeration, which is energetically more efficient than
the conventional refrigerator devices and does not require the use of
ozone depleting or greenhouse effect related gases.

While magnetocaloric materials can be classified according to
composition, the representation of Ashby plots of the most relevant
properties makes the different families of materials merge when
composition is slightly tuned.” Therefore, the most efficient crite-
rion to classify magnetocaloric materials is based on the order of
their phase transition, which can be either first- (FOPT) or second-
order (SOPT) type. The abrupt change of magnetization vs

temperature associated with FOPT materials produces larger mag-
netic entropy change and adiabatic temperature change than SOPT
materials. However, this is accompanied by thermal hysteresis, rate
dependent behavior, and decreased cyclic performance, which do
not appear in SOPT materials. While the distinction between
FOPT and SOPT materials by means of purely magnetic measure-
ments was usually based on indirect or qualitative procedures,
there have been recent advances in establishing a quantitative crite-
rion that allows this identification,” which has been shown to be
valid for very diverse types of materials such as LaFeSi, Heusler
alloys, cobaltites,” and Tb;Ni single crystals with peculiar magnetic
behavior.” There has also been progress in developing a series of
alloys and compounds to reach the intermediate point where the
transition changed from FOPT to SOPT, as in LaFeSi*’ and
MnFePSi. "’

Despite the broad variety of materials reported in the litera-
ture, this “promising alternative” has not materialized in the con-
sumer market yet. The reason for this delay in reaching the market
has different aspects, but probably the key limitations are related to
the performance of the magnetocaloric materials, being thermal
hysteresis the most relevant one. However, there are alternative
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applications of magnetocaloric materials, such as thermomagnetic
motors, for which there are theoretical studies, indicating that a
moderate thermal hysteresis could be beneficial for the perfor-
mance of the device."' Consequently, as in any other aspect of mag-
netic materials’ research, we should not consider thermal hysteresis
as an intrinsically bad characteristic. Let us just recall that for perma-
nent magnet applications, coercivity is a required property, while it
has to be avoided in the case of soft magnetic materials; the situation
might be analogous with magnetocaloric materials, depending on
the target application. In order to advance with the development of
magnetocaloric materials toward different possible final uses, we
should be able to characterize their thermal hysteresis and, from the
knowledge gained, establish strategies to either minimize it when
needed (like in magnetic refrigeration applications) or optimize it
when it is required (as suggested for thermomagnetic generators).

There have been proposals of new techniques to understand the
behavior of FOPT magnetocaloric materials, such as the extension of
first order reversal curves (FORCs)'” to characterize the interactions
between phases in multiphase magnetocaloric materials'’ and to fin-
gerprint the details of the hysteresis of the thermomagnetic phase
transition.'” In this latter respect, temperature-FORC (T-FORC) is
formally analogous to its more conventional field counterpart, facili-
tating the study of phase transitions that are driven by temperature.
FOPT materials exhibit hysteresis as a function of the driving force
that causes the transition (temperature in our case). Minor loops
measured from saturation to a certain reversal temperature, T;, and
back to saturation are recorded for different values of T,. The set of
reversal curves from T, up to saturation is subsequently processed to
obtain the distribution of hysterons that globally represent the hys-
teretic behavior of the sample and allow fingerprinting the details of
the hysteretic transition,

O*M(T, T,)

P T) = =50 a7

1

In the case of SOPT materials, there is no thermal hysteresis
associated with the transition, and, therefore, T-FORC experiments
cannot be performed. In this case, more conventional field FORC
can be performed to gain insight into the magnetic interactions
present among different magnetocaloric phases.”

T-FORC has allowed confirming that the details of the trans-
formation in Heusler alloys depend on the two extensive variables,
temperature and field."* However, the comparison between the dif-
ferent distributions for different applied fields could only be made
qualitatively because the temperature axis has to be arbitrarily
shifted for each applied field. In this work, we revisit T-FORC anal-
ysis by considering a unified driving force approach that allows us
to avoid this drawback of the previous procedure. By using an effec-
tive temperature (T*), the combined effect of field and temperature
can be analyzed and compared, leading to T*FORC. In addition, a
possible method to reduce the experimental time in this time-
consuming set of experiments is proposed.

EXPERIMENTAL

A Heusler alloy sample with composition Niys ;Mnjse6In;35Co45
was kindly provided by Dr. Tino Gottschall and Professor Oliver
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FIG. 1. Temperature and field-dependent magnetization loops, showing that the
austenitic transition can be driven both by temperature and magnetic field. In
between loops, the sample was taken to a completely saturated state (see
Experimental for details of the procedure).

Gutfleisch. Further details of sample preparation as well as composi-
tional and microstructural characterization can be found elsewhere."

The temperature and field-dependent magnetization curves were
measured in a vibrating sample magnetometer using a maximum
applied field of 9T. The first order reversal curves of magnetization vs
temperature upon cooling were recorded for applied fields of 1T and
2T. As seen in Fig. 1, the martensitic—austenitic transition can be
driven both by temperature and by a magnetic field. Therefore, as
FORC analysis requires the saturation of the transformation in
between experiments to have the sample in a reproducible state, the
sample was heated well above the transition temperature (up to
310K) in zero field in between each minor loop measurement. For
field-dependent loops, the sample was cooled down in zero field well
below the transition temperature (down to 175K). In both cases, a
dwell time of 100s at the reset temperature was used. Temperature
dependent hysteresis loops were measured at a rate of 2 K/min, while
field-dependent hysteresis used a rate of 45 Oe/s.

RESULTS AND DISCUSSION

The use of T-FORC has been previously shown to be suitable
to fingerprint details of the thermal hysteresis of magnetocaloric
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materials. These experiments are performed at a constant applied
field, and the temperature of the sample is varied between satura-
tion, reversal temperature, and back to saturation. However, when
the applied field increases, the saturation hysteresis loop of the
studied sample moves to lower temperatures. Figure 2 shows the
saturation M(T) hysteresis loops of the Niys;Mnss6ln;s5Coy4,
sample for applied fields of 1T and 2T, where the center of the loop
(marked as a vertical dashed line) shifts from 277 K to 270 K with
increasing field.

Consequently, to be able to compare the T-FORC distribu-
tions of the same sample under different field conditions, the tem-
perature axis has to be referred to the center of the saturation loop.
This has the undesired effect of giving positive and negative T,
temperatures in the vertical distribution axis. Therefore, the transla-
tion of the origin prevents a comparison of the details of the distri-
bution. However, it is still possible to qualitatively compare their
shape. As shown in Fig. 3 (adapted from Ref. 14), both distribu-
tions show analogous features, with a major peak (Pkl) located at
larger T, temperatures and a minor peak (Pk2) located at smaller
Ty,. However, it is not possible to investigate in this way if the dis-
tribution shifts with the field, as the experimental temperature axis

100F 17T

0 5 10 15 20
T, (K)

M (emu/qg)

100 FIG. 3. T-FORC distribution of Niss7Mnssglns35C04 for applied fields of 1T
and 2T. Adapted from Ref. 14.

had to be shifted to the center of the saturation loop before pro-
cessing the distributions.

To solve this difficulty, we can take into account that the
magneto-structural phase transition in Ni-Mn-In-Co can be driven
both by temperature and by a magnetic field. Both driving forces

provide energy to the sample in order to advance along the phase
: ) — transformation. This is formally similar to the case of the M(H)

M (emu/q)

L 1 1 1 1
220 240 260 280 300 hysteresis loops of interacting superparamagnetic nanoparticles,
where both field and temperature have an (competing) effect on
T (K) the value of magnetization. In that case, a phenomenological

approach that linked the effect of temperature and field on the
magnetic properties via an effective temperature could be pro-
posed.'® Despite the intrinsic differences between the two experi-
mental systems, it was recently demonstrated that, following a
similar approach, it is possible to define an effective temperature

FIG. 2. Thermal hysteresis of Nigs7Mnasg ¢In135C04 2 for applied fields of 1T and
2T. The center of the saturation loop, shifting to lower temperatures with increas-
ing field, is marked as vertical dashed lines.
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T* that accounts for the energy (either thermal or magnetic) sup-
plied to the magnetocaloric sample in order to drive the transi-
tion."” This effective temperature is defined as

N,
AT o H @)

T*=T ,
+MASS,, 0

where y, is the magnetic permeability of vacuum, N, is the
Avogadro constant, M is the molar mass, m; is the saturation mag-
netic moment per atom, and AS,, is the entropy change of the tran-
sition per unit mass. Unlike the case of superparamagnetic
nanoparticles, the effective temperature is directly proportional to
both temperature and field, as both make the material transform
into the other phase.

Analogous to the T-FORC distributions as a function of Ty
and T,, the effective temperature approach allows us to express the
distributions as a function of effective magnitudes T*, and T*,,
related to the original magnitudes via Eq. (2), obtaining T*FORC
representations. These transformed distributions for applied fields
of 1T and 2T are shown in Fig. 4. We can notice that now the verti-
cal axis does not have to be referred to the center of the saturation
loops, but it is expressed as absolute temperature. This allows for a
more reliable comparison of the distributions as a function of field.
Qualitatively, features are the same as with the untransformed vari-
able, with distributions consisting of a major (Pkl) and a minor
(Pk2) peak. It can be observed that while the location of the major
and minor peaks of the distribution (Pkl and Pk2) does not dis-
place along the vertical axis with the application of a magnetic
field, there is a minor influence of the magnetic field on the loca-
tion of the major peak along the horizontal axis, suggesting the
eventual appearance of a kinetic arrest, which was experimentally
found for this sample."”’

In addition to a more quantitative comparison of the features
of the distributions, the use of the unified driving force, combining
thermal and magnetic energies, would allow performing T*FORC
experiments in a shorter experimental time than the one required
for T-FORC. One of the major limitations of T-FORC is the long
time required to collect the experimental data. Figure 1 shows, for
comparison, the typical set of experiments needed for a FORC dis-
tribution as a function of temperature or as a function of field.
While thermal experiments took 36 h to be performed, including
the time for the actual measurements plus the time for erasing the
memory of the sample in between experiments, field loops would
only take 17 h, allowing for a more effective use of experimental
time when minor loops have to be collected. The use of T* will
allow us to compare the information of different field and tempera-
ture loops. However, to be able to make an accurate comparison
between the field and temperature-FORC distributions in the effec-
tive temperature representation, it would be necessary to use a
material with a larger separation between the martensitic transition
and the Curie temperature of the austenite. It would also be advan-
tageous to have a more gradual transition in the temperature scale,
to be able to capture a finer resolution in the reversal temperature
axis of the FORC distribution (currently, the finer resolution in T,
of Fig. 1 is limited to 1 K due to instrumental constraints).
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FIG. 4. T*FORC distributions of Niys7MnzsgIn435C04, for applied fields of 1T
and 2T.

This approach can also be extended to other types of phase
transformations, for which the magnetic field is replaced by other
driving forces (such as the electric field, pressure, or combinations
of several of them). In addition, it has to be taken into account that
any hysteretic process would be rate dependent. This is particularly
true for the type of magnetocaloric materials considered in this
study. There have been previous studies in the literature analyzing
the influence of rate dependent hysteresis in FORC.'®'” Those
authors use a phenomenological model suitable to describe the
influence of the speed of the application of the driving force to be
able to model the effects on the FORC distribution. In the case of
magnetocaloric materials, a general kinetic model of the transfor-
mation should be developed, but that is beyond the scope of the
current work. Therefore, at the current stage, this T*FORC
approach can be used for fixed excitation frequencies (typically
similar to those used in experimental refrigeration devices), with
the possibility extending it to a frequency-independent approach
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once the general kinetic model of the phase transformation is
developed.

CONCLUSIONS

The use of an effective temperature that combines the effect of
the different driving forces of the austenitic transition in
Niys;Mns46In,35Co,, allows for a more quantitative comparison
of the FORC distributions obtained under different experimental
conditions. The shift of the distribution toward larger effective hys-
teretic temperatures indicates the existence of a kinetic arrest of the
transformation when the field is increased.

The use of this unified driving force approach also allows for a
faster measurement of the reversal curves required for the T*FORC
distributions, being a promising method for a more efficient char-
acterization of temperature and field-dependent hysteretic behavior,
as well as for transformations affected by other driving forces.
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