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For magnetocaloric materials the total entropy diagram S(T) in different magnetic fields is of central
importance. From such a plot the isothermal entropy change ASrand the adiabatic temperature change
AT,q can be well-defined. Aim of this work is to investigate the reversible magnetocaloric effect of
Heusler alloys under cycling in terms of the S(T) diagram. For this purpose we selected three different
Heusler alloys of Ni—Mn—In with transition temperatures between 200 k and room temperature. The
S(T) diagrams of the three materials cover all conceivable shapes and are therefore representative for
inverse magnetocaloric Heusler alloys. First we comprehensively analyzed the magnetocaloric properties
of this model system using calorimetry, magnetometry and direct measurements of the adiabatic tem-
perature change AT,q and subsequently combined those results into the S(T) diagram. It turns out that
under certain measurement conditions significant discrepancies can appear. With the help of in-situ
optical microscopy, this effect could be attributed to kinetic relaxation effects in the pure martensite
phase before the actual AT,y experiment. Furthermore we found that the S(T) diagram obtained under
continuous heating and cooling fails to describe the reversible magnetocaloric properties of minor loops
under cycling. Utilizing cyclic measurements of the adiabatic temperature change together with calo-
rimetric data it is however possible to determine the reversible magnetic field induced entropy change
ASrin fast operation comparable to real device conditions which can be applied to every magnetocaloric
material with a first-order transition.
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1. Introduction

Recently, magnetic refrigeration at ambient temperature draws
a lot of attention because of its great potential for energy efficient
cooling [1—6]. Especially Heusler alloys are interesting candidates
as rare-earth free refrigerants because of the large magnetocaloric
effect of the martensitic transition [7—10]. The ternary Heusler
compounds Nisg Mnsg_y Iny with 14 < x < 16 exhibit a magneto-
structural transition of first-order type between paramagnetic
martensite and ferromagnetic austenite [11—13]. This so-called in-
verse magnetocaloric effect is due to the fact that the isothermal
entropy change ASr as well as the adiabatic temperature change
ATyq have an opposite sign in comparison to ASt and ATy of con-
ventional magnetocaloric materials [14,15].
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Fig. 1 shows a schematic of the S(T) diagram for an inverse
magnetocaloric effect. The magnetic field lowers the transition
temperature and for instance under isothermal conditions a heat
transfer from the surroundings to the sample takes place and an
increase in entropy is observed (vertical arrow in Fig. 1). If the
magnetization process is done adiabatically the total entropy does
not change and the temperature of the material is decreased
(horizontal arrow in Fig. 1). From a thermodynamic point of view
both AStand ATyq are well defined by the S(T) diagram in different
magnetic fields [16].

For the application of magnetic refrigeration, materials are
needed which can operate in magnetic field changes limited to
about 1 T in cycling frequencies up to 10 Hz with large reversible
magnetocaloric effects [17]. However, standard characterization
techniques like magnetic measurements and calorimetry are quasi-
static and do not fulfill these operational conditions. On the other
hand, the adiabatic temperature change can be obtained in field
rates comparable to the alternating fields in magnetic refrigerators
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Fig. 1. Illustration of the S(T) diagram of an inverse magnetocaloric transition between
martensite and austenite for heating and cooling. A magnetic field lowers the transi-
tion temperature resulting in a ASyor ATyq depending on the conditions.

and also can be measured under cycling. Unfortunately, such
measurements are only rarely reported in the literature [18—21].
More often only the isothermal entropy change ASrobtained from
quasi-static M(T) or M(H) curves is considered, calculating ATy
indirectly from this data [22,23].

The problem is that the reversibility of the magnetocaloric effect
under cycling is normally not accessible by utilizing the Maxwell
relation or the Clausius—Clapeyron equation. One possible way is to
perform calorimetry under cycling [24] but as already mentioned
these techniques are not as fast as in cooling device application. In
principle also the reversible ASrand ATyg can be extracted from the
S(T) diagram (Fig. 1). In order to drive the transition reversibly, the
applied magnetic field should be strong enough to overcome the
thermal hysteresis of the material. Therefore the entropy curve
under heating in field (dashed line in the center of Fig. 1) needs to
be moved beyond the cooling curve without magnetic field (solid
line in the center of Fig. 1) because the reversible transition only
takes place between these two curves.

The aim of this work is to compare measurement techniques
using different magnetic field sweeping rates to evaluate both pa-
rameters ASt and ATy, combining them in the S(T) diagram and
finally investigate the reversible magnetocaloric effect of three
selected Heusler alloys of the Nisg Mnsg_y Iny system. As will be
pointed out later, the different character of the martensitic transi-
tion in these three compounds is representative and monitors the
transition behavior of Heusler alloys in general. We will show for
this model system that in some cases significant deviations can
appear when comparing measurements obtained on different
temperature heating rates due to kinetic effects. As a consequence
the S(T) diagram (quasi-static mode) fails to predict the magneto-
caloric properties reasonably.

2. Experimental details

Samples of Niggg Mnssg Inis2, Nigge Mnsse Injag and Nisgo
Mnsso Inigg were prepared by arc melting and subsequent
annealing at 1173 K for 24 h under Argon atmosphere followed by
water quenching. Scanning electron microscopy confirmed that the
material is single-phase. The exact stoichiometry was determined
by inductively coupled plasma-optical emission spectrometry (ICP-
OES). Magnetic measurements were obtained by a commercial
vibrating sample magnetometer (LakeShore VSM). For the experi-
mental determination of the entropy change a differential scanning
calorimeter (DSC200 F3 Maia) with a heating and cooling rate of
10 K min~! was used.

We used a home built instrument for the determination of the

adiabatic temperature change AT,q, described in detail in Ref. [25].
The noise level of the measurement amounts to +0.01 K and the
absolute error of the AT,y is about +0.05 K. The attainable magnetic
field in this device is limited to ugH = 1.93 T. Measurements were
obtained in both the continuous mode (constantly heating or
cooling) and the discontinuous mode (overheating by 50 K to T and
undercooling by —50 K to T, after each field application). A detailed
discussion on the differences between the continuous and the
discontinuous protocol can be found in the supplemental material.

The heat capacity at various fields has been measured in an
adiabatic calorimeter integrated in a cryocooler and provided with
a superconducting magnet of 9 T. This adiabatic installation has also
been used for quasi-static cooling measurements of the heat ca-
pacity, with heating and cooling rates of around 1 mK s, following
the method described in Ref. [26]. With the adiabatic insulation
provided by the calorimeter, the AT,q and ASt parameters have
been directly measured applying field changes at a slow rate lower
than 1 T min~ L. The temperature increases upon field changes, AT,g,
have been measured adiabatically and the heat absorbed to main-
tain a constant temperature when changing the field, T-ASy, has
been determined as described in Ref. [27]. The measurement errors
are below 5%.

Temperature and magnetic field dependent in-situ optical im-
aging was performed in a magneto-optical Kerr microscope with
polarized light and a 2.5x objective. The heating and cooling rates
of the cryostat were varied from 3 K min~' down to 0.05 K min~". A
magnetic field of 1.1 T was applied by a magnet assembly with a
rate of approximately 0.2 Ts~.

3. Results and discussion
3.1. Calorimetric study

In the Nisg Mnsg_x Iny Heusler system large entropy changes can
be observed due to the martensitic transformation. In Fig. 2 (a) the
magnetization curves of the three compounds under investigation
are shown in 0.1 T, 1 Tand 2 T. These materials have been selected
for this study since their transition temperatures and also the
characteristics of the transformation are representative for Ni—Mn
based Heuslers in general. The compound Nisp, Mnssg Inysg
transforms near room temperature close to the Curie point of the
austenite phase T4 = 314K and shows a sharp transition with small
thermal hysteresis. In contrast to that, the alloy NigggMnssglnys2
transforms at low temperatures of about 240 K. The thermal hys-
teresis and the transition width are much larger in this case. The
third compound NigggMns356In14g transforms in a mid-region be-
tween the other two. Therefore, the three materials together reflect
the typical transition behavior of Heusler alloys with magneto-
caloric effects in general.

For first-order magnetocaloric materials the driving force of the
effect is the shift of the transition temperature by the application of
a magnetic field because the phase with higher magnetization is
stabilized [28]. This is clearly evident from the magnetization
measurements shown in Fig. 2(a). In addition to that, calorimetric
measurements of the heat capacity under heating protocol in 0 T,
1 Tand 2 T are shown in Fig. 2(b). The shift of the transition tem-
perature can also be observed. For instance the peak position of the
compound NigggMnss0lnys, with the lowest transition tempera-
ture shifts by about —6.9 KT~

Furthermore it can be seen that the peak heights and areas of
the three representative alloys differ significantly. The material
Nisg2Mnss0lni4g shows a very sharp and high transition peak.
However, this is tailing off with decreasing transition temperature
in the other two materials. In order to quantify this behavior the
entropy change of the complete transition AS; was determined
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