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Abstract: Magnetic shape-memory materials are potential magnetic refrigerants, due the caloric
properties of their magnetic-field-induced martensitic transformation. The first-order nature of the
martensitic transition may be the origin of hysteresis effects that can hinder practical applications.
Moreover, the presence of latent heat in these transitions requires direct methods to measure the
entropy and to correctly analyze the magnetocaloric effect. Here, we investigated the magnetocaloric
effect in the Heusler material Ni1.7Pt0.3MnGa by combining an indirect approach to determine the
entropy change from isofield magnetization curves and direct heat-flow measurements using a Peltier
calorimeter. Our results demonstrate that the magnetic entropy change ∆S in the vicinity of the
first-order martensitic phase transition depends on the measuring method and is directly connected
with the temperature and field history of the experimental processes.

Keywords: first-order transitions; magnetocaloric effect; Heusler materials

1. Introduction

The Heusler compounds are known for their multiple phases, which make them
promising materials for both technological applications and basic science. The connection
between structural instabilities and magnetic degrees of freedom seems to be the key point
for the multifunctional properties. Many exotic effects are observed in this class of materi-
als, such as topological phases, giant magnetoresistance, extremely large exchange bias,
non-collinear antiferromagnets, compensated ferrimagnets, semi-metallic ferromagnets,
unconventional superconductors, anomalous Hall effect, caloric and shape-memory ef-
fects [1–13]. In particular, shape-memory materials have been widely studied in the context
of magnetic refrigeration. On heating, these compounds undergo a first-order transition
from a low-symmetry phase called ‘martensite’ (M) to a cubic phase called ‘austenite’ (A)
at temperature TM. This transition has a large latent heat and, consequently, a strong
entropy increment. More recently, it is has been reported that, in materials with marten-
sitic phase transitions, a precursor martensitic (PM) phase appears before the martensitic
transition upon lowering temperature, starting from the austenite. Materials undergoing
a (reverse) martensitic transition have attracted considerable attraction as potential mag-
netic refrigerants due to the large inverse magnetocaloric effect (MCE) associated with the
magnetic-field-induced reverse martensitic transformation (martensite to austenite).

The stoichiometric compound Ni2MnGa has been intensively studied due to its large
≈10% magnetic field-induced strain (MFIS). The martensitic transition in Ni2MnGa is
preceded by a precursor martensitic phase transition around Tpm = 260 K. Both the
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martensite and paramagnetic phases exhibit very strong couplings between the two ferroic
order parameters, i.e., magnetoelastic coupling, which is responsible for the large MFIS.
The large MFIS is also closely linked with the existence of a long-period modulated structure
of the martensite phase in Ni2MnGa. The A–PM and the PM–M transitions are first order
in nature, with characteristic thermal hysteresis and phase coexistence regions, due to the
strong magnetoelastic coupling between the magnetization and the strain caused by a soft
TA2 phonon mode at a wave vector q ≈ 1/3 [2,14].

The multiple phases and the flexibility of the Heusler structure makes this family of
compounds ideally suited for optimizing the magnetic and structural phase transitions
for magnetocaloric applications [15–17]. However, the practical application of giant MCE
materials is necessarily hindered by the nature of the phase transition itself. Although the
MCE is intrinsic to all magnetic materials, being particularly large in the vicinity of first-
or second-order magnetic phase transitions, for the first-order transition, energy must be
spent to overcome the potential barrier between the two phases. This leads to intrinsic
irreversibilities in both isothermal entropy and adiabatic temperature changes, which
can drastically reduce the cooling efficiency [18–21]. In order to optimize the cooling
efficiency, huge efforts have been made to control the characteristics of the magnetic
transition [22,23]. In particular, in NiMnGa, Pt-substitution on the Ni site appears as an
excellent route, since one obtains a series of magnetic shape-memory alloys with properties
similar to NiMnGa, but with a larger internal strain [2,11,14]. On the other hand, one
of the open problems for the application of magnetic materials for magnetic cooling is
the quantitative knowledge of the role played by hysteresis and irreversibility effects.
In [24–28], since the entropy change calculated from magnetization might be overestimated
when compared with the entropy change calculated from specific heat measurements. This
is due to the different characteristics of each technique and measurement history before each
isothermal magnetization measurement. To fully assess the MCE properties of materials
with irreversible behavior, one can directly measure the heat flow, a physical quantity that
is directly connected to the entropy change ∆S. Therefore, heat-flow methods emerge as an
excellent alternative for the investigation of the MCE. In particular, those methods using
small Peltier units to determine the heat flow have proven to be very effective [29–32].
In the present study, we will compare the entropy change ∆S in Ni1.7Pt0.3MnGa, obtained
by the heat-flow method with ∆S calculated based on the Maxwell relation from isofield
magnetization curves.

2. Materials And Methods

Polycrystalline ingots of Ni1.7Pt0.3MnGa were prepared by melting appropriate quan-
tities of Ni, Pt, Mn, and Ga of 99.99% purity in an arc furnace. The ingots were then
annealed at 1173 K for 3 days and subsequently quenched in ice water. The ingots were
then annealed at 1173 K for 3 days and subsequently quenched in ice water. Homogeneity
was confirmed by energy dispersive X-ray spectroscopy (EDX). The sample was found to
be homogeneous with an average composition of Ni1.73Pt0.3Mn0.98Ga0.99. In the following,
we use the nominal composition Ni1.7Pt0.3MnGa. The crystal structure at room temperature
is found to be in the monoclinic-modulated martensite phase. More details on sample
preparation and the structural properties of the sample can be found elsewhere [2,10,11].

The magnetic properties for fields up to 2 T have been obtained using a MPMS3
(Quantum Design). The isofield magnetization curves were measured at 3 K/min. The mag-
netothermal characterization was performed by a heat-flow method adapted to the PPMS
(Quantum Design), as described elsewhere [30,33]. Here we used a standard bare puck
for the PPMS, consisting of a metal base with an electrical connector underneath as a
platform for the Peltier element. In our case, we used a 6× 8× 2.4 mm3 unit (Custom
Thermoelectric, 032019G3008RA) with 32 thermocouple pairs. The calibration of the Peltier
element followed the same procedure described in the literature [30,33]. To read the Peltier
voltage we used the PPMS user bridge as a voltmeter. The heat-flow sensor voltage was
recorded during both heating and cooling cycles with a temperature sweeping rate of
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0.5 K/min between 190 and 350 K for the empty sample platform and for a high purity
copper sample as a standard. With this procedure we determined the heat capacity Csys(T)
of the measurement setup and the sensitivity of the Peltier element A(T) (with A = S/K,
where S is the Seebeck coefficient and K is the thermal conductance of the Peltier element;
A(T)/[µV/K] = 0.2792− 0.0027× T + 1.68464× 10−5 × T2 − 2.36472× 10−8 × T3). We
discarded the initial data of the temperature sweeps (about 10 K) to guarantee a constant
temperature sweeping rate of 0.5 K/min.

We used similar measurement protocols for both employed experimental probes,
magnetization and heat flow. Initially, the sample was cooled to the base temperature well
inside the martensite phase. Then, the data were recorded by heating the sample to the
maximum temperature well in the austenite phase. Once the maximum temperature was
reached, we waited 10 min for a complete thermalization of the system and started the
cooling run down to the minimum temperature. After a period of 10 min for thermalization,
a magnetic field was applied, and heating and cooling runs were carried out again, followed
by the next field. For the heat-flow measurements, the experiments were performed by
increasing the magnetic fields at 1 and 2 T. The magnetization runs were recorded upon
decreasing the magnetic field in several steps from 2 T down to 0.1 T.

3. Results

The temperature-dependent magnetization curves M(T) of Ni1.7Pt0.3 MnGa measured
in both cooling (blue) and heating (red) cycles in a small magnetic field of 1 mT are shown
in Figure 1. We obtained the martensitic and ferromagnetic transition temperatures upon
cooling (heating) TC(H)

M and TC(H)
FM from the M(T) curves. Upon cooling, the paramagnetic–

ferromagnetic transition started at 342 K, followed by a sharp increase in the magnetization
until 331 K. After that, M(T) still increased, but with a strongly reduced rate until we
reached the temperature where a sudden drop in the magnetization indicates the marten-
sitic transition. The martensitic finish temperature TC

M = 296 K. The peak and drop in the
M(T) curve are caused by the large magnetocrystalline anisotropy of the martensite phase.
We observed similar features in M(T) for the heating cycle; however, this was with a pro-
nounced hysteretic behavior between both transitions. For the ferromagnetic–paramagnetic
transition, the hysteresis width was about 4 K; for the martensitic transition, the hysteresis
width was significantly larger, around 10 K. The hysteresis was taken as the difference
between the respective starting temperatures on heating and the finish temperatures on
cooling (see Figure 1). The hysteresis width observed in the present work was larger in
comparison with previously reported results [2]. We note that we recorded M(T) at a very
small magnetic field of only 1 mT. As the magnetic field stabilizes the phase with the higher
magnetic moment—in this case the martensitic phase—we expect the hysteresis of the
inverse transition to increase with increasing field.

Figure 2 shows the effect of the magnetic field on the magnetization M(T), measured
upon heating and cooling in various magnetic fields up to 2 T in the vicinity of the
martensitic phase transition. As expected, the external magnetic field shifts the martensitic
transition towards lower temperatures, thus stabilizing the ferromagnetic austenitic phase.

Ni1.7Pt0.3MnGa shows a second-order and a first-order phase transition, with thermal
hysteresis in both. In the following, we investigate both transitions in detail. First we
present the magnetic entropy ∆S obtained from the isofield magnetization curves. Accord-
ing to classical thermodynamics, the magnetic entropy change ∆S as a consequence of an
increase in magnetic field can be indirectly determined by using the magnetization curves
displayed in Figure 2 and the following expression:

∆S = S(T, H)− S(T, H = 0) =
∫ H

0

[
∂M(T, H′)

∂T

]
H′

dH′ (1)

Hereafter, ∆S is defined as the entropy change upon variation in the applied magnetic
field at a constant temperature. It includes magnetic, electronic, and structural contribu-
tions. It is worth noting that the MCE in the vicinity of the martensitic transition of the
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Ni2MnGa family of compounds has, so far, been studied mostly for heating runs, i.e. for the
case of the reverse martensitic transformation from the martensitic to the austenitic phase.
However, the characteristic temperatures of the direct martensitic transformation are lower
than those of the reverse one. This affects the magnitude of the magnetization change
across the transitions. Moreover, the direct martensitic transformation is an exothermic
process, whereas the reverse one is endothermic. Evidently, the magnetocaloric properties
of a ferromagnetic shape-memory alloy upon direct and reverse transformations will not
be the same.

The isothermal entropy changes ∆S for heating and cooling, calculated from M(T) for
magnetic field changes from 0 to 0.2 T, from 0 to 0.4 T and so forth up to 2 T in 0.2 T steps, are
depicted in Figure 3. ∆S exhibits two peaks centered at 310 K and 340 K, which are related
to the martensitic ∆SM and the paramagnetic–ferromagnetic ∆SFM transitions, respectively.
For a magnetic-field change of 0.2 T, we find, upon heating, ∆SM = −0.2 J/kgK and
∆SFM = 0.4 J/kgK. The peak at the ferromagnetic–paramagnetic transition increases
continuously upon increasing the magnetic field change, reaching ∆SFM = 2.1 J/kgK
for µ0∆H = 2 T, while ∆SM changes sign reaching ∆SM = 1.5 J/kgK for µ0∆H = 2 T.
Moreover, we found that, although there is a slight shift in the temperature position of the
peaks, the amplitude of ∆S is quite similar for both heating and cooling cycles.
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Figure 1. Low-field (µ0H = 1 mT) magnetization curves for cooling and heating cycles for
Ni1.7Pt0.3MnGa exhibiting structural and magnetic transitions.
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Figure 2. Selected isofield magnetization curves at different fields between 0 < H ≤ 2 T, as indicated,
on both heating and cooling for Ni1.7Pt0.3MnGa exhibiting structural and magnetic transitions.
The inset illustrates the H − T phase diagram.
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Figure 3. Magnetic entropy change ∆S as a function of temperature for different field changes µ0∆H
of Ni1.7Pt0.3MnGa.

In order to further investigate the role played by the first-order nature of the marten-
sitic transition and the effect of the magnetic transitions on the properties of the MCE in
Ni1.7Pt0.3MnGa, we performed direct heat-flow measurements using a Peltier calorimeter.
The basic idea of this method is to use a Peltier element as a heat-flow sensor (instead of a
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heat pump), which allows for the determination of the total heat exchange between the
sample and the heat reservoir [33].

The Peltier voltage, a value that is directly proportional to the heat capacity
Cp(T) = Vp/[Trate A(T)] [30], as a function of temperature for both cooling and heat-
ing processes for magnetic fields of 0, 1 and 2 T is depicted in Figure 4. Here Trate is the
temperature sweeping rate, in our case 0.5 K/min. As expected, the Peltier voltage shows
a peak around the martensitic transition, which is a signature of the presence of latent heat
and the first-order nature of the transition. There is also a large hysteresis between the peak
position on cooling and heating cycles. On heating (cooling), the application of a magnetic
field shifts the transition to higher (lower) temperatures, with a shift of about 2 K for a
magnetic field µ0H = 2 T compared to zero field. For the paramagnetic–ferromagnetic
transition the Peltier voltage does not show a peak, as expected for a second-order phase
transition. Only a small shoulder is observed at 0 T, which is almost completely sup-
pressed by the application of a magnetic field of 2 T. Moreover, a small thermal hysteresis of
approximately 5 K is observed between the cooling and heating cycles for the paramagnetic–
ferromagnetic transition.

2 8 0 3 0 0 3 2 0 3 4 0
- 3 . 0
- 2 . 5
- 2 . 0
- 1 . 5

1 . 5
2 . 0
2 . 5
3 . 0

V p(m
V)

T ( K )

µ0 H  ( T )
 0
 1  
 2

 N i 1 . 7 P t 0 . 3 M n G a  

h e a t i n g

c o o l i n g

Figure 4. The Peltier voltage obtained with a rate of Trate = 0.5 K/min of Ni1.7Pt0.3MnGa at
several fields. For H = 0, the sharp peak is associated with a first order martensitin transition and
the ferromagnetic–paramagnetic transition present a shoulder-like peak, which is located slightly
above. The vertical dashed-dotted and dashed-dotted-dotted lines indicate the martensitic and
ferromagnetic–paramagnetic transitions, respectively. The blue and red colors correspond to cooling
and heating cycles, respectively.

4. Discussion

We can calculate the heat capacity as well as the entropy change ∆S =
∫ T

0
Cp(T′)

T′ dT′

from the Vp curves [30], which allows us to directly compare the result of the heat-flow
measurements with those from the magnetization data presented in Figure 3 and, therefore,
to estimate the role played by irreversibilities and hysteresis effects on the properties of the
MCE. The isothermal entropy change derived directly from the heat flow and that from the
magnetization data are compared in Figure 5 for magnetic field variations µ0∆H = 1 T and
2 T .
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Figure 5. Temperature dependence of the isothermal entropy change, ∆S, in Ni1.7Pt0.3MnGa (a) upon
heating and (b) upon cooling, determined directly from the heat flow and indirectly from magnetization.

The behavior of ∆S measured in the temperature interval of the martensitic transfor-
mation upon heating and cooling is of particular interest because it can give insights into the
importance of irreversible effects that are relevant for cooling applications. We first discuss
the ∆S curves obtained directly from the heat-flow experiment (see Figure 5). In principle,
one expects that ∆S recorded on cooling mimics the dependence of the isothermal magnetic
entropy change on heating with just a change in the temperature position of the peaks,
indicating the transitions. For the ferromagnetic–paramagnetic transition, the behavior
for both cooling and heating processes is similar. In the heating processes, we find that
∆SFM reaches 1.7 J/kgK and 2.2 J/kgK for magnetic field changes of 1 and 2 T respectively,
at 338 K and in the cooling process the maximum of ∆SFM appears at 333 K, with maximum
values of 1.5 J/kgK and 2.2 J/kgK for magnetic field changes of 1 and 2 T, respectively.
More interestingly, for the martensitic transition upon cooling, contrary to ∆S obtained
from magnetization curves, we observe an inverse magnetocaloric effect at 299 K with
∆SM of 0.4 J/kgK for µ0∆H = 1 T and 0.5 J/kgK, for µ0∆H = 2 T. The origin of the
apparent discrepancy between the ∆SM from cooling and heating cycles can be explained
based on the strong hysteresis of the temperature and magnetic-field induced thermoelastic
martensitic transformation in Ni1.7Pt0.3MnGa (see inset of Figure 2). Upon heating, around
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the martensitic transition temperature, the application of a magnetic field easily converts
the martensite into ferromagnetic austenite, corresponding to the observed positive peak.
Upon cooling, at zero magnetic field, there is a temperature-induced conversion of the
sample to the martensite phase. In the applied magnetic field, it is necessary to determine
the entropy change, and the converted sample does not return to the austenitic phase and
the ‘negative’ MCE is governed by the magnetic properties of both phases.

We now compare the entropy change, determined based on magnetization curves
and by the heat-flow method (see Figure 5). It is worth mentioning that both measure-
ments were performed using the same measurement protocol, as described in Section 2.
We observe that the peak positions in the entropy change from the heat-flow experiment
agree reasonably well with those determined from the magnetization curves for the heating
process. However, for the cooling cycle, the thermal hysteresis for the ferromagnetic–
paramagnetic transition is larger in the heat-flow experiments. The fact that ∆S associated
with the ferromagnetic–paramagnetic transition, obtained by the heat-flow method, is
larger than that obtained from magnetization, can be attributed to the small thermal hys-
teresis observed at this transition, which is not detected by the indirect magnetization
method. Moreover, we observed a significant difference in ∆S(T) around the martensitic
transition, which is first-order in nature. We note an inverse MCE in the heat-flow data
for both magnetic field changes, µ0∆H = 1 T and 2 T. In ∆S(T) determined indirectly
from magnetization data this is only observed for a magnetic field change of µ0∆H = 1 T.
In 2 T, we find a direct MCE. We argue that the difference in the ∆S(T) curves is associated
with the first-order-type of the transition and the two different methods used to determine
∆S(T). It can be explained considering the paths of the experimental processes in the phase
diagram of the compound. While the magnetization curves were obtained in temperature
cycles with 0.2 T steps from 0 to 2 T, making the sample cross the phase boundaries, shown
in the phase diagram in the inset of Figure 2, several times, the heat-flow measurements
were recorded at constant fields of 1 and 2 T, respectively, i.e. each phase boundary was
only crossed once.

5. Conclusions

In summary, we studied the magnetocaloric effect in the Heusler compound Ni1.7Pt0.3MnGa
using a direct and an indirect method to determine the entropy change at the martensitic
transformation. Our experimental results revealed that in the vicinity of the first-order
martensitic phase transition the magnitude of the magnetic entropy change ∆S depends on
the thermal history of the sample and the measuring method. Apparent discrepancies in
∆S(T) determined indirectly from magnetization curves and ∆S(T) obtained directly from
heat-flow calorimeter experiments point directly at the weakness of the indirect method in
the study of first-order type phase transitions. Our study exemplifies the power of heat-
flow calorimeter technique based on Peltier elements for the investigation of first-order
phase transitions.
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