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We have studied magnetocaloric properties of a Ni-Mn-In metamagnetic shape-memory alloy

especially designed in order to display low thermal hysteresis. Magnetization and calorimetric

measurements under a magnetic field have been used in order to determine isothermal magnetic

field-induced entropy changes. Results obtained indirectly from magnetization data, quasi-directly

from isofield calorimetric measurements, and directly from isothermal calorimetric runs are systematic

and agree well with each other. We have analyzed the reproducibility of magnetocaloric properties

with cycling from direct isothermal calorimetric measurements. Due to low thermal hysteresis, we

have found that about 80% of the transition entropy change, DSt ’ 25 J/kg K, can be reversibly

induced under successive application and removal of a field of 6 T. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4874935]

I. INTRODUCTION

Caloric effects rely on the thermal response of a given

material to changes in an externally applied field.1 When the

field is modified isothermally the caloric effect is measured

by an entropy change related to the heat exchanged with the

surroundings. When the field is varied adiabatically the

caloric effect is characterized by the induced change of tem-

perature. Ferroic materials show large caloric effects in the

vicinity of their transition to the ferroic phase.2,3 Especially

interesting are those materials where the ferroic transition is

first order and can be field induced thus giving rise to large

isothermal changes of entropy or large adiabatic changes of

temperature, which, to a large extent, are provided by the

transition latent heat. Ferromagnetic materials are prototypi-

cal examples of ferroic materials. Over the last two decades,

a great deal of effort has been devoted to the search for new

ferromagnetic materials displaying outstanding (or giant)

magnetocaloric effects in the vicinity of room temperature

due to their potential application in magnetic refrigeration

devices.4–6 More recently, this objective has been extended

to the study of the electrocaloric effect7,8 in ferroelectric

materials and mechanocaloric effects9,10 in ferroelastic/

martensitic materials.

In a solid state refrigeration device, a giant caloric fer-

roic material is driven through successive cycles across the

ferroic transition.11,12 The corresponding adiabatic changes

of temperature are obtained by adiabatic application and

removal of a field. Optimal efficiency of this cycling process

is favored by (i) a large transition entropy which measures

the amount of heat that can be exchanged with the low and

high temperature reservoirs and (ii) a marked sensitivity of

the transition temperature to an applied field which is

favored by both a fast and large change of the ferroic prop-

erty at the ferroic transition. Notice that these two conditions

require that the ferroic transition displays a significant first-

order character which is often a consequence of a strong

interplay of the primary ferroic property and structure.

However, the possibility of inducing reproducible large adia-

batic changes of temperature requires that the ferroic transi-

tion has sufficiently low thermal hysteresis13–15 which,

unfortunately, is intrinsically associated with first-order

phase transitions and is enhanced when the transition

involves a structural change. Therefore, the low hysteresis

condition competes against the strong first-order character

necessary for a giant caloric response. This is an essential

point that needs to be taken into account in order to design

materials displaying optimal caloric properties for refrigera-

tion applications.

In this paper, we study the magnetocaloric effect in a

Ni-Mn-In metamagnetic shape-memory alloy. Ni-Mn-In

alloys belong to the family of NiMn-based Heusler alloys.

The composition range of interest is, in general, a relatively

narrow region shifted from the 2-1-1 Heusler stoichiome-

try.16,17 In this range, on cooling, the material first becomes

ferromagnetic and further transforms to a paramagnetic or

antiferromagnetic martensite. Interestingly, large strains are

available by magnetically inducing the reverse martensitic

transition and therefore these systems display magnetic

superelasticity. Associated with the complex magneto-

structural interplay at the origin of this striking behavior,18

these materials also show other interesting functional proper-

ties such as magneto-19 and mechanocaloric effects,10,20

magnetoresistence,21 and exchange bias.22 Among these

properties, the magnetocaloric effect in Ni-Mn-In alloys has
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been widely studied.23–25 In the vicinity of the martensitic

transition, these materials display the inverse magnetocaloric

effect26 which means that cooling occurs by adiabatic appli-

cation of a magnetic field. When measured in terms of iso-

thermal field-induced entropy changes, the thermal response

of Heusler materials is perfectly comparable to that of the

best magnetocaloric materials. However, the relatively large

hysteresis associated with the martensitic transition strongly

hampers the available cooling capacity in these alloys and

therefore their performance in cooling devices. In the present

paper, we have studied magnetocaloric properties of a Ni-

Mn-In alloy, especially designed to display large enough en-

tropy changes together with a low-temperature width of hys-

teresis and reasonably large temperature-shift of the whole

hysteresis loop due to application of a magnetic field. The

studied material has been grown with an appropriate compo-

sition for which optimal geometrical compatibility between

low and high symmetry phases is expected. When this condi-

tion is satisfied, it has been shown27,28 that the martensitic

transition exhibits high reversibility and weak degradation

during cycling.

The paper is organized as follows. In Sec. II, the experi-

mental set-up, sample characteristics, and methods are

described. The obtained magnetization and calorimetric results

are presented and briefly discussed in Sec. III. In Sec. IV, we

discuss magnetocaloric properties of the studied material.

Finally, in Sec. V, the main conclusions are summarized.

II. EXPERIMENTAL DETAILS AND ALLOY DESIGN

A polycrystalline sample of nominal composition Ni51

Mn33.4 In15.6 was prepared by arc-melting the pure metals

under an argon atmosphere in a water-cooled Cu crucible.

For homogeneity, the sample was remelted several times

and, subsequently, the ingot was vacuum sealed in a quartz

tube and annealed at 900 �C for 48 h followed by quenching

in ice water. Specimens were cut with a diamond saw. A

105.7 mg sample with the shape of an eighth of an ellipsoid

with 3.7, 2.7, 2 mm semi-axis was used for neutron diffrac-

tion and magnetic measurements, and a 372.5 mg sample

with quarter ellipsoid shape with 5.4, 4.3, 3.6 mm semi-axis

was used for calorimetric measurements. In all measure-

ments, the magnetic field was applied along the direction of

the long semi-axis.

The phase diagram of Ni-Mn-In alloys is shown in

Fig. 1. Transition temperatures are plotted as a function of

the valence electron concentration (e/a). Continuous lines

are the fits to experimental data for quasi-stoichiometric

Ni50Mn50�xInx alloys published in Ref. 19. Symbols corre-

spond to published data for alloys of the Ni-rich,

Ni51Mn49�xInx, family. Open symbols are from Ref. 30 and

solid symbols correspond to the alloy studied in the present

paper. While the martensitic transition line for Ni-rich alloys

is very close to quasi-stoichiometric alloys, the Curie line of

the parent phase is located at slightly higher temperatures.

Neutron diffraction measurements were carried out by

using the D1B high resolution neutron two-axis diffractome-

ter at ILL under a flux at 2.52 Å. The polycrystalline sample

was placed in an irradiated cylinder in permanent rotation

with the use of a rotator device in order to prevent prevalent

contributions to the diffraction spectra. 1 h exposure time

measurements were performed under isothermal conditions.

Analysis of neutron diffraction patterns collected at 325

and 280 K (shown in Fig. 2) evidences the existence of a

structural phase transition. The pattern collected at 325 K

can be indexed with a cubic cell (space group Fm3m no.

225) with a¼ 6.008(2) Å. This structure corresponds to the

parent phase. At 280 K, the neutron diffraction pattern can

be indexed with a monoclinic cell (average structure)

with a¼ 4.394(1) Å, b¼ 5.640(2) Å, c¼ 4.340(1) Å, and

b¼ 86.88(3)�. This is the martensitic phase.

Hysteresis is to a large extent determined by a geometric

compatibility condition between parent and martensitic

phases in martensitic materials. When this condition is satis-

fied the martensitic transition occurs with very low hystere-

sis.28 Theoretically, it has been shown that this condition can

be quantified through the cofactor conditions which can be

determined once lattice parameters of the high and low

FIG. 1. Phase diagram of Ni50Mn50�xInx (continuous lines). Symbols corre-

spond to Ni51Mn49�xInx alloys (squares: Tm, triangles: Tp
c ). PP: paramagnetic

parent phase, FP: ferromagnetic parent phase, PM: paramagnetic martensite,

FM: ferromagnetic martensite. Tm: martensitic transition, Tp
c : Curie tempera-

ture of the parent phase, Tm
c : Curie temperature of the martensitic phase.

FIG. 2. Neutron diffraction patterns of the sample in the parent (325 K) and

martensitic (280 K) phases.
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symmetry phases are known.27 From the obtained cell

parameters above and below the martensitic transition, we

have determined these cofactor conditions by using the pro-

cedures explained in Ref. 31. From the analysis, we have

obtained quite a good compatibility of parent/twinned

martensite interfaces. Specifically, we have found that the

middle eigenvalue of the stretch tensor U, k2¼ 0.9981(15),

and the norms XI and XII for type I and II twins are 0.9985

and 1.0084 (for ê ¼ ½110�=½1�10�), respectively. Ideal com-

patibility requires that k2¼ 1 and XI or XII¼ 1. Our values

deviate from ideal compatibility by less than 0.2% which

anticipates that thermal hysteresis should be very small in

the studied material.

Magnetization was measured by using a superconduct-

ing quantum interferometer device (SQUID, Quantum

Design). Measurements were done under applied fields rang-

ing between 0.005 and 5 T in cooling-heating cycles between

280 and 320 K at a rate of 0.4 K/min.

Calorimetric measurements were performed by using a

purpose-built calorimeter capable of operating under exter-

nal magnetic fields described in Ref. 33. The set-up allows

isofield measurements to be performed by scanning the

temperature and isothermal measurements to be done by

scanning the magnetic field.

III. RESULTS: MAGNETOMETRY AND CALORIMETRY

A. Magnetometry

Fig. 3 shows magnetization versus temperature measure-

ments Mp(m)(T, H) during heating and cooling runs across the

martensitic and ferromagnetic transitions for selected values

of the applied magnetic field (isofield measurements).

Hereafter, the sub-indices p and m will indicate measure-

ments performed during reverse and forward martensitic

transitions. Results show that the paramagnetic martensite

phase structurally transforms on heating to a ferromagnetic

parent phase. The Curie point of the parent phase is located

from measurements at low applied magnetic field at Tc

’ 309.5 K as indicated in the inset of Fig. 3. The existence of

a martensitic transition is revealed by the sharp change of

magnetization as temperature is increased or decreased. This

behavior is in agreement with the significant first-order char-

acter of the martensitic transition. The corresponding change

of magnetization, DMtp(m), can be estimated for each applied

magnetic field as the magnetization difference at the transi-

tion temperature between extrapolations of the linear behav-

ior of Mp(m) vs. T curves well above and well below the

transition. Transition temperatures have been identified with

inflection points in the magnetization curves. We will denote

Tp and Tm as the corresponding transition temperatures of the

reverse (heating) and forward (cooling) transitions. Note that

the difference Tp� Tm (�4 K) provides a measure of the

thermal hysteresis of the transition. It is found that to within

error hysteresis remains independent of the applied magnetic

field. Note that the value of the hysteresis is quite small

and is comparable to that of low-hysteresis martensitic

materials.31

DMtp(m) and transition temperatures are plotted as a func-

tion of the applied magnetic field for heating and cooling

runs in Figs. 4(a) and 4(b), respectively. It is interesting to

note that as magnetic fields are increased, the martensitic

transition temperatures shift towards lower temperatures.

From the rates dTp/dH and dTm/dH corresponding to the

reverse and forward transitions, respectively, and the changes

of magnetization at the transition, transition entropy changes

DStp(m) can be estimated from the Clausius-Clapeyron equa-

tion. That is

DStpðmÞ ¼ �l0DMtpðmÞ ðT;HÞ
dTpðmÞ

dH

� ��1

: (1)

The obtained results are shown in Figure 4(c). It is obtained

that the transition entropy change (absolute value) slightly

decreases with increasing the applied magnetic field.

B. Calorimetry

1. Isofield calorimetry

Thermal curves obtained from temperature scans per-

formed at a rate 0.4 K/min and selected applied magnetic

fields (isofield measurements) are shown in Figs. 5(a) and

5(b). Positive peaks (endothermal) correspond to reverse

martensitic transitions, while negative peaks (exothermal)

correspond to forward transitions. The figures clearly show

that as the applied field is increased the peaks shift to lower

temperatures. No anomaly associated with the occurrence of

the paramagnetic-ferromagnetic transition at Tc is detected in

the thermal curves due to the overlap of both first- and

second-order structural and magnetic transitions and the

prevalence of the peak associated with the structural transi-

tion which involves a large latent heat. The maxima of the

thermal curves must be identified with the temperatures Tp

and Tm. These temperatures are plotted in Fig. 4(b). Note

that the obtained values slightly deviate from those deter-

mined from the inflection point of magnetization curves.

This is likely to be due to the fact that calorimetric and mag-

netization measurements have been performed on different

specimens. Nevertheless, hysteresis is very similar in both

FIG. 3. Magnetization versus temperature curves at selected applied mag-

netic fields [indicated in the legend] obtained upon heating (continuous

lines) and cooling (dashed lines). The inset shows a low-field measurement

from which the Curie temperature has been identified. Tc is indicated with

the arrow.
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cases. Partial integration of the thermal curves given in Figs.

5(a) and 5(b) from a temperature Tm
0 below the end tempera-

ture of the forward transition to a temperature T enables en-

tropy curves at each applied magnetic field to be obtained.

These curves describe the variation of the entropy with tem-

perature for reverse and forward transformation processes

from a reference entropy Sm
0 associated with the martensitic

phase. That is

SpðmÞðT;HÞ ¼ Sm
0 þ

ðT

Tm
0

1

T

_qpðmÞðT;HÞ
_T

dT; (2)

where _qpðmÞ is the thermal signal provided by the calorimeter

and _T is the local temperature rate. It is worth noting that in

the preceding expression, integration is performed with

respect to a suitable base-line and thus only the contribution

to the entropy from the transition is taken into account. Note

that total integration up to a temperature above the end tem-

perature of the reverse transition or the start temperature of

the forward transition provide the martensitic transition

entropy change DStpðmÞ ¼ SpðmÞðT;HÞ � Sm
0 for the reverse

and forward transitions, respectively. The obtained values

for heating and cooling runs are plotted in Fig. 4(c) and can

be compared to the estimates derived from the Clausius-

Clapeyron equation. Reasonably good agreement is obtained

for all values to within errors.

At each temperature in the interval between the reverse

or forward transformation regions, the fraction of parent

phase xp(m)(T, H) can be computed from normalization of en-

tropy curves with respect to transition entropy. That is

xpðmÞðT;HÞ ¼
SpðmÞðT;HÞ � Sm

0

DStpðmÞ

: (3)

The dissipated energy, Ediss, associated with transforma-

tion hysteresis can be estimated as the area of the hysteresis

cycle in entropy-temperature space. Therefore, it can be

expressed as

Ediss ¼ DSt

ðTp
0

Tm
0

xpdT þ
ðTm

0

Tp
0

xmdT

" #
; (4)

where Tp
0 is a temperature above the end temperature of the

reverse transition, and DSt is the transition entropy change

computed as an average value between heating and cooling

runs, DSt ¼ ðDSp þ DSmÞ=2. It is interesting to compare this

FIG. 4. Magnetization changes DMtp(m) from the martensitic transition as a function of the applied magnetic field, l0H, are plotted in (a). Panel (b) shows tran-

sition temperatures as a function of the applied magnetic field from both magnetometry (solid symbols) and calorimetry (open symbols) measurements. Red tri-

angles refer to heating runs and blue circles refer to cooling. With the same symbols, panel (c) shows the transition entropy changes obtained either from the

isofield calorimetric curves or from the Clausius-Clapeyron equation. For the sake of comparison, violet squares indicate the quasi-direct maximum

field-induced entropy change obtained at each applied field change l0DH. Orange squares correspond to the maximum value of the field-induced entropy

change obtained from magnetization curves. Panel (d) shows the latent heat (enthalpy changes L of the martensitic transition) computed from the isofield calo-

rimetric curves (red and blue solid symbols) and the dissipated energy Ediss (green solid squares) on a logarithmic scale.
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dissipated energy with the transition latent heat that can be

estimated as L ’ TtDSt, where Tt¼ (TpþTm)/2. The latent

heat and the dissipated energy are plotted (on a logarithmic

scale) as a function of the applied magnetic field in Fig. 4(d).

Both energies remain independent of the applied field to a

good approximation. Results show that the dissipated energy

is very small, two orders of magnitude lower than the latent

heat (Ediss=L ’ ðTp � TmÞ=Tt � 10�2).

2. Isothermal calorimetry

Taking into account the fact that in the studied materials

the transition shifts to a lower temperature under an applied

magnetic field, isothermal calorimetric measurements have

been performed according to the following protocol. In the

case of the forward transition (exothermal), the sample is

first magnetized under a high applied field (l0H¼ 6 T) at

low temperature (martensitic phase) and then heated up to

the full parent phase. It is then cooled down to the measure-

ment temperature. Keeping this temperature constant, the

removal of the magnetic field drives the structural transition

to a state with a higher fraction of martensite, which gives

rise to a negative (exothermal) peak in the calorimetric

signal (i.e., DS< 0). On the other hand, for the reverse

transition the sample is first cooled down at zero field to a

full martensitic state, and it is then heated up to the measure-

ment temperature. When the magnetic field is isothermally

increased, the reverse transition occurs giving rise to a posi-

tive (endothermal) peak. For these measurements, the mag-

netic field sweeping rate was 70.44 T/min for forward and

reverse transitions, respectively.

Examples of calorimetric curves (represented as heat

released/absorbed per unit of magnetic field change vs. mag-

netic field) corresponding to the first isothermal magnetic

field scans obtained at selected temperatures are shown in

Figure 6(a). Panels (b) and (c) show the results corresponding

to magnetic field cycling at selected temperatures.

Calorimetric curves are represented here as released/absorbed

heat flow versus time. Examples shown in panel (b) start in

FIG. 5. Isofield calorimetric curves at selected values of the applied mag-

netic field. (a) Heating runs, (b) cooling runs, and (c) entropy curves for

cooling (dashed lines) and heating (continuous lines) runs.

FIG. 6. (a) Calorimetric curves obtained upon first application of the mag-

netic field (negative peaks) and first removal of magnetic field (positive

peaks) at several representative temperatures. Panels (b) and (c) show calori-

metric curves obtained upon consecutive magnetic field scans at selected

temperatures. Calorimetric curves in panel (b) correspond to cycles that

begin with an application of the magnetic field (0 T! 6 T), whereas calori-

metric curves shown in panel (c) are those where the magnetic field is first

removed (6 T! 0 T). The upper figures in panels (b) and (c) show the time

variation of the applied magnetic field.
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the martensitic phase by application of the field [as indicated

in the upper plot of Fig. 6(b)], while in (c) the system is ini-

tially in the parent phase and the field is first removed [as

seen in the upper plot of Fig. 6(c)]. It is worth pointing out

that measurement protocol prevents the influence of hystere-

sis in the first application/removal of the magnetic field. In

subsequent cycles, only the reversible contribution is

detected.

IV. MAGNETOCALORIC EFFECT

The magnetocaloric effect in the vicinity of the magne-

tostructural martensitic transition can be quantified from the

entropy change induced from the isothermal application or

removal of a given magnetic field. This entropy change can

be obtained from both magnetization (indirect method) and

calorimetric measurements (quasi-direct and direct meth-

ods). From magnetization curves, it can be determined as

DSpðmÞ½T; 0ðHÞ ! Hð0Þ� ¼ l0

ðHð0Þ

0ðHÞ

@MpðmÞ
@T

� �
H

dH; (5)

which is obtained from integration of the Maxwell relation

ð@S=@HÞT ¼ l0ð@M=@TÞH. Results giving DS computed

from this indirect method as a function of T for heating (p)

and cooling (m) runs at given values of the magnetic field

are shown in Fig. 7, for fields (applied/removed) up to 5 T.

Clearly, the magnetocaloric effect increases in magnitude by

increasing the applied magnetic field. For a field of 5 T, a

maximum value of about 15 J/K kg is obtained. Note that the

magnetocaloric effect is inverse, which is consistent with the

fact that transition temperatures shift to lower values under

an applied magnetic field.

Isothermal field-induced entropy changes can also be

obtained from isofield calorimetric data. From this quasi-direct

method, entropy changes are computed from substraction, at

each temperature, of the calorimetric entropy curves shown in

Fig. 5(c). As previously indicated, integration of calorimetric

curves is performed with respect to a base line, which excludes

any background entropy contribution related to a difference of

heat capacity, DC, between both martensitic and parent phases.

This effect can be taken into account from the temperature de-

pendence of the entropy change since

DC

T
¼ @DSt

@T
: (6)

This slope is plotted in Fig. 5(c) and is taken into account

when substracting the calorimetric entropy curves in order to

obtain field-induced entropy changes. The results obtained

from this method are depicted as solid lines in Fig. 8 for

fields (applied/removed) up to 6 T. The magnetocaloric

effect increases in magnitude by increasing the applied mag-

netic field and tends to reach a saturation value for fields

above 5 T. The maximum value of the field-induced entropy

change has been plotted in Fig. 4(c), which shows that the

saturation value coincides, as expected, with the total transi-

tion entropy change. It is worth noting that at each field, the

field-induced entropy change obtained from calorimetric

measurements is slightly larger than the entropy change

obtained from magnetization measurements [see Fig. 4(c)].

While the difference could be ascribed to the fact that differ-

ent specimens are used in calorimetric and magnetization

FIG. 7. Field-induced entropy changes at selected values of the applied/re-

moved magnetic field (indicated in the figure) from magnetization

measurements.

FIG. 8. (a) Magnetic entropy change DS(l0DH) obtained from quasi-direct

computation are plotted with colored lines. Each color refers to the field

change l0DH. Black solid circles refer to entropy changes from the first

magnetic field ramps from isothermal calorimetry. Open circles refer to

entropy changes from subsequent field cycling. Dashed lines are a guide for

the eye. The reversibility region is dashed with grey lines. (b) Transformed

fraction curves upon heating and cooling at zero field and high field

(l0H¼ 6 T). The reversible region that separates the loops at zero and 6 T is

dashed with grey lines.
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measurements, it must also be considered that the quasi-

direct calorimetric method only takes into account the contri-

bution to the entropy change arising from the transition

itself. Since the contribution from outside the transition has

the opposite sign (@M/@T< 0) to the contribution from the

transition (@M/@T> 0), indirect estimations based on mag-

netization measurements should (in absolute values) be

lower than the quasi-direct estimations. In any case, note that

only the high temperature contribution from outside the tran-

sition is relevant since in the martensitic phase @M/@T ’ 0 to

a good approximation.

Isothermal calorimetry provides a method to directly

determine field-induced entropy changes. From thermal

curves obtained at T by sweeping the magnetic field, entropy

changes can be computed as

DSpðmÞ½T; 0ðHÞ ! Hð0Þ� ¼ 1

T

ðHð0Þ

0ðHÞ

_qpðmÞðT;HÞ
_H

dH; (7)

where _H is the rate at which the field has been swept. The

integration baseline must be chosen in such a way that in

addition to the contribution from the transition, the effect of

a difference of heat capacities between both parent and mar-

tensitic phase is taken into account. Therefore, this method

should provide estimations comparable to those obtained

from the calorimetric quasi-direct method. Results obtained

in the first cycle by application and removal of a magnetic

field of 6 T are shown as solid symbols in Fig. 8(a). The

agreement with quasi-direct measurements is very good.

Only the right-hand side of the curves corresponding to tem-

peratures close to the ferromagnetic-paramagnetic transition

shows some discrepancies. These differences arise from the

conventional magnetocaloric effect associated with this

ferromagnetic-paramagnetic transition which is taken into

account in direct calorimetric measurements, but not in

quasi-direct measurements. The same conventional contribu-

tion at high temperatures is in fact observed in magneto-

caloric curves obtained from magnetization measurements

(see Fig. 7).

Results obtained upon further magnetic field cycling (up

to 6 T) are shown in Fig. 8(a) as open symbols. Compared

with the first cycle, a lower field-induced entropy change is

obtained. Interestingly, these values are reproducible from

cycle to cycle and thus define a reversible region which is

shown as a shadowed area in Fig. 8. For an applied field

l0DH¼ 6 T, the maximum value of the reversible entropy

change is 20 J K–1 kg–1 which represents more than 80% of

the total magnetocaloric entropy change obtained at the first

magnetic field ramp.

The reversibility of the magnetocaloric effect depends

crucially on competition between the width of thermal hys-

teresis and the sensitivity of transition temperatures upon an

applied magnetic field. A narrow hysteresis and a large shift

of transition temperatures with the applied field favor revers-

ibility. For a given hysteresis, substantial reversibility occurs

when the shift of forward and reverse transition temperatures

is larger than hysteresis. That is, the magnetic field-induced

shift of the whole hysteresis loop must be larger than thermal

hysteresis. This is illustrated in Fig. 8(b) which shows

hysteresis loops (represented as the fraction of parent phase

vs. temperature) for applied magnetic field of zero and 6 T.

Comparing panels (a) and (b), it is clear that the reversible

region of the magnetocaloric effect corresponds to the tem-

perature interval that separates these two loops [shadowed

area in panel (b)]. In other words, reversible values for the

magnetocaloric effect are found within a temperature inter-

val bounded by the start of the forward martensitic transition

at zero field and the start of the reverse transition under an

applied field. Actually, in this temperature region, the mag-

netic field carries the state of the material through a minor

hysteresis loop,29 and the reversibility in the magnetocaloric

effect is directly related to the reversibility in the fraction of

material that undergoes the forward and reverse transition in

the cycle. Of course, when the size of the shift in martensitic

transition temperatures due to the magnetic field is large

enough, the minor loops approach the full transformation

loop and a maximum reversible magnetocaloric effect is

obtained.

Magnetocaloric properties of Ni-Mn-In alloys with com-

position similar to the material studied in the present paper

have been reported in Refs. 30 and 34. In the first of these

papers, the authors studied the influence of composition on

magnetocaloric properties in Ni51Mn49�xInx alloys. The mar-

tensitic transition was found to show minimum hysteresis

close to x¼ 15.6 which corresponds to the composition stud-

ied in the present paper. From our results, this minimum

value is explained due to the optimal compatibility between

parent and martensitic structures. Interestingly, a maximum

isothermal magnetic field-induced entropy change associated

with the martensitic transition was also observed close to the

same composition, x¼ 15.6. Actually, this is the result that

we would expect taking into account the fact that for

x¼ 15.6 martensitic and magnetic transitions are almost

coincident, and the transition entropy change in Ni-Mn-In

alloys is known to decrease when increasing the separation

between magnetic and martensitic transitions.35,36 This

behavior is a consequence of the competition between struc-

tural and magnetic contributions to the entropy change which

have opposite signs.37

In Ref. 34, adiabatic field-induced temperature changes

for an alloy with x¼ 15.6 have been reported. For the studied

alloy, the hysteresis was much larger than in our case.

During heating, temperature changes of 1 K/T were obtained

while changes of 0.5 K/T were found during cooling. These

values are slightly lower than our estimations of the shift of

martensitic transition under an applied field obtained in the

present paper.

V. SUMMARY AND CONCLUSIONS

We have studied MCE at room temperature in a low hys-

teresis Ni51Mn33.4In15.6 metamagnetic shape-memory alloy

by means of magnetometry and differential scanning calorim-

etry measurements. Good consistence has been found between

both experimental methods and the derivation of the MCE

features using direct, quasi-direct, and indirect methods.

The alloy composition has been designed so that high

and low symmetry phases satisfy optimal geometric
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compatibility conditions. Compatibility has been quantified

by cofactor conditions. From lattice parameters determined

from neutron scattering experiments, we have shown that

these conditions deviate less than 0.2% from the expected

ideal situation in our alloy. This ensures that the martensitic

transition in our alloy occurs with a high degree of reversibil-

ity measured by a thermal hysteresis as low as 4 K.

Despite the fact that transition temperatures show only

moderate sensitivity to an applied magnetic field, the small

hysteresis of the transformation enables large reversible en-

tropy changes up to 20 J K�1 kg�1 with successive applica-

tion and removal of a magnetic field of 6 T. Overall, for a

given magnetic field, in the vicinity of a magnetostructural

first-order transition, the magnetocaloric reversible region

extends from the start temperature of the forward transition

at zero field to the start temperature of the reverse transition

under applied field. The rule indeed applies to direct,

quasi-direct, and indirect kind of measurement used to quan-

tify the magnetocaloric effect.

It is worth mentioning that a similar strategy to the one

followed in the present paper was already proposed by

Srivastava et al.32 in order to design Heusler alloys with low

hysteresis. A Ni45Co5Mn20Sn10 alloy with k2 only slightly

greater than 1 was shown to display a relatively low thermal

hysteresis of about 6 K. Similar to our case, the compatibility

condition was found to occur in an alloy with martensitic

and Curie temperatures very close each other. Whether or

not this is a general condition related to the interplay

between magnetism and structure in this class of Heusler

alloy or simply a mere coincidence is a point that warrants

further investigation in the future.
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