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a b s t r a c t

Off-stoichiometric alloys based on Ni2MnIn have drawn attention due to the coupled first order magnetic
and structural transformations, and the large magnetocaloric entropy associated with the trans-
formations. Here we describe calorimetric and magnetic studies of four compositions. The results provide
a direct measure of entropy change contributions at low temperatures as well as at the first-order phase
transitions. Thereby we determine the maximum possible field-induced entropy change corresponding
to the giant magnetocaloric effect. We find a large excess entropy change above that of the magnetic
moments, but only in compositions with no ferromagnetic order in the high-temperature austenite
phase. Furthermore, a molecular field model corresponding to magnetic order in the low-temperature
phases is in good agreement, giving an entropy contribution nearly independent of composition,
despite significant differences in overall magnetic response of these materials.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The magnetocaloric effect (MCE) is an intrinsic thermodynamic
property of magnetic solids, manifested as an adiabatic tempera-
ture change or an isothermal entropy change due to application of a
magnetic field. Materials showing a large MCE have been a source
of growing interest because of their potential for environmentally
friendly and energy efficient replacement of vapor-compression
refrigeration [1,2]. Giant MCE is based on a first-order phase tran-
sition and has been observed in materials including the NieMn
based Heusler alloys [3e10] discussed here, as well as Gd5Si2-xGex
materials [11], MnAs-based compounds [12e14] and LaFe13-xSix
related compounds [15,16]. NieMneIn alloys exhibit a large
response, and have magnetic and structural properties that depend
very sensitively on the composition and preparation conditions
[17]. In this report, we examine four different NieMneIn compo-
sitions to better understand the relationship of magnetic and
structural properties vs. composition.

One of the common physical quantities used to characterize
MCE materials is the magnetic field-induced isothermal entropy
change. This quantity can be explored both by calorimetry and
indirectly through magnetization [18e24]. As Fig. 1 illustrates, the
entropy change intrinsic to the first-order transformation is the
maximum possible field-induced entropy change (DSmax), which
can be explored directly through calorimetry in zero field even
though this quantity may not be necessarily accessible through
measurements of DS in available fields. Aside from the practical
importance there is considerable interest in understanding the
underlying physical processes that contribute to this behavior
[25e27]. In this report, we examine the various contributions to the
total entropy in several NieMneIn alloys, including an examination
of the contributions to DSmax.

We describe results based on magnetic and calorimetric mea-
surements. These results provide a consistent picture of the mag-
netic behavior of the low temperature (martensite) phases,
dominated by magnetic order based on interacting local moments.
Furthermore, the entropy jump at the transformation, equivalent to
DSmax, is shown to be very sensitive to the composition. Relative to
the magnetic contribution, a significant excess is found in compo-
sitions exhibiting magnetic order in the austenite (high-* Corresponding author.
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temperature) phase, implying an apparent magnetoelastic coupling
tied to the magnetic order of the austenite.

2. Experiment

2.1. Sample preparation

Bulk polycrystalline NieMneIn alloys were prepared using arc
melting in a protective argon atmosphere from 99.9% pure con-
stituents. This includes the sample used for measurements re-
ported previously [23] along with 3 other compositions prepared
by identical methods. The samples were homogenized at 1173 K for
24 h under argon atmosphere and then quenched to room tem-
perature in water. These heat treating conditions were found to
result in sharp first-order transitions and small thermal hysteresis.
Since the alloywas quenched above the order disorder temperature
[28], B2 crystallographic symmetry will dominate in these samples
with Ni on one sublattice and Mn and In randomly occupying the
other, rather than the Heusler-type L21 ordering obtained at lower
temperatures.

Electron microprobe measurements were carried out using
wavelength dispersive spectroscopy methods on a Cameca SX50,
equipped with four wavelength-dispersive x-ray spectrometers.
Among the four NieMneIn compositions, the final compositions
were found to be Ni49.54Mn36.12In14.34 (the sample used in the
previous report [23]), Ni49.9Mn35.7In14.4, Ni49.53Mn35.22In15.22 and
Ni47.22Mn38.45In14.33. We label these samples as A, B, C and D,
respectively, as shown in Table 1.

2.2. Measurement methods

Iso-field magnetic measurements were carried out using a
Quantum Design Magnetic Property Measurement System. The
temperature-dependent results in 0.05 T shown in Fig. 2 include
prominent features due to the first-order martensitic phase tran-
sitions falling between 200 and 350 K. As shown below, the smaller
responses in the A and B compositions come about since the
austenite (high-temperature) phase for these cases are para-
magnetic rather than ferromagnetic.

Besides the magnetic measurements, calorimetric measure-
ments were performed using a Physical Property Measurement
System manufactured by Quantum Design. Samples were affixed
using a thin layer of grease to the small sample platform of a
standard puck, with the platform connected by thin wires to the
body of the puck. For temperatures away from the structural
transition, the so-called 2-t method [29] was used. Since this
method is not valid for a first order transition, we used themodified
method described previously [23], by which we obtain results
consistent with the 2-t method outside the transition temperature
region.

Fig. 1. Schematic representation of the total entropy in different applied fields along
with the field-induced isothermal entropy change (lower plot) for inverse MCE ma-
terials in the vicinity of a first-order phase transition.

Table 1
NieMneIn compositions (in at. %) and the corresponding experimental results. J and
Tc are from the high-temperature CurieeWeiss fits, and Tmh (martensitic transition
temperature) is the maximum position of the specific heat measured while heating.

Label WDS composition J Tc(K) Tmh(K) g(J/mole K2) qD(K)

A Ni49.54Mn36.12In14.34 2.00 292 347 0.0124 315
B Ni49.88Mn35.70In14.42 1.99 310 333 0.0128 318
C Ni49.53Mn35.22In15.22 2.00 323 299 0.0117 316
D Ni47.22Mn38.45In14.33 2.00 298 257 0.0163 316

Fig. 2. Temperature dependence of the magnetization for the NieMneIn samples at
0.05 T, including (a) A and B samples and (b) C and D samples. All data include results
for both heating and cooling processes, as shown by arrows for sample B in the inset of
the upper figure. For samples C and D, the low-temperature bifurcation corresponds to
field-cooled (FC) and zero-field cooled (ZFC) measurements as shown. An Arrott plot
for sample C is shown in the lower inset. These curves were measured at temperatures
150, 160, 180, 190, and 200 K. The dashed line extending through the origin corre-
sponds to 194 K, the approximate position of the second order transformation as
described in the text.
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