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In-substituted Ni-Mn-Ga alloys

G. Porcari,"* S. Fabbrici,2? C. Pernechele,! F. Albertini,> M. Buzzi,! A. Paoluzi,? J. Kamarad,* Z. Arnold,* and M. Solzi!
1Diparl‘imento di Fisica and CNISM, Universita di Parma, v.le G.P. Usberti 7/A, 1-43100 Parma, Italy
XMIST E-R Laboratory, via Gobetti 101, I-40129 Bologna, Italy
3IMEM-CNR, Parco Area delle Scienze 37/A, 1-43100 Parma, Italy
4Institute of Physics ASCR, v.v.i. Na Slovance 2, 182 21 Praha 8, Czech Republic
(Received 27 July 2011; revised manuscript received 23 December 2011; published 12 January 2012)

A careful characterization of the magnetocaloric effect in Co-substituted Ni-Mn-Ga Heusler alloys, based both
on direct and indirect methods, is presented. In the present paper, adiabatic temperature change values (AT,q) up
to 1.6 Kin 1.9 T were measured across the magnetostructural transformations. The studied samples, with similar
transformation temperatures and comparable entropy changes, show surprising differences of the A7,4. In order
to gain better insight into the behavior of the AT,y peak values among different samples, a qualitative model is
proposed based on magnetization and magnetothermal data.
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I. INTRODUCTION

The magnetocaloric effect (MCE) is an intrinsic response
of magnetic materials to a change of external magnetic field.
This action on the magnetic structure induces an adiabatic
temperature variation, AT,q(H,T), or an isothermal entropy
change,1 Asisor (H,T). The effect is expected to be maximum
in the proximity of second-order magnetic order-disorder
transitions as well as across first-order magnetostructural
or metamagnetic transformations: 3 up to now, the Asjsr
deduced from magnetization or calorimetric measurements is
the usually studied property in order to characterize the MCE.*
However, a direct correlation between large Asisor and high
AT, values is not always straightforward, especially when
dealing with first-order transformations, where artifact values
of the entropy change arising from the presence of hysteretic
phenomena have to be taken into account.>® A proper com-
parison of the magnetocaloric properties of different samples
based on the As;sor values should be limited to similar systems
and across processes occurring at comparable temperatures.*
Nonetheless, quantitative evaluation of AT,y values from
indirect measurements relies on the heat capacity4 c,(H,T),
which should be properly measured.” Concerning the search
for empirical key features related to the improvement of the
MCE in first-order processes, it has been shown that high
adiabatic temperature changes are linked to a high sensitivity
of the transition temperature (7)) as a function of the applied
field® (| ATy |/ oA H), and that a high magnetization variation
among the two phases involved in the transformation (|AM])
contributes to enhance the inverse MCE.%®

Among the most promising materials, as far as the de-
velopment of active magnetic regenerators is concerned,’
a peculiar role is played by the Ni-Mn-X Heusler al-
loys (X =1In, Ga, Sn),lo’11 which show a magnetostruc-
tural martensitic first-order transformation between a high-
temperature cubic austenite and a low-temperature martensite
of reduced symmetry.'> The possibility, by suitably varying
the composition, to change both the structural’® and the
magnetic properties,'* together with the critical temperature
of the reversible transformation (7);), makes these alloys
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very attractive for a variety of applications: previous studies
highlighted their magnetoelastic behavior,®!> which could
be exploitable in innovative sensors and actuators.'>!¢ Con-
cerning the magnetocaloric properties, viable experimental
routes for enhancing both the direct!” and the inverse MCE!®
have been developed, involving the merging of the structural
and the magnetic critical temperatures. Previous works have
demonstrated the possibility to induce a concurrent magne-
tostructural transformation from ferromagnetic martensite to
paramagnetic austenite in Mn-rich Ni-Mn-Ga.'® Subsequently,
the partial substitution of Ni by Co in Mn-rich alloys was
found to selectively lower the resulting magnetic moments in
the martensitic phase while strengthening the ferromagnetic
interactions of austenite.’® This feature allowed for the
realization of a reverse magnetostructural transformation from
paramagnetic martensite to ferromagnetic austenite, enabling
high values of |AM| at the Ty and of |ATy|/uuoAH. The
phase diagram resulting from this substitution on the structural
and magnetic critical temperatures as well as the magnetic
properties has recently been shown.?->?

By affecting the structural and magnetic critical temper-
atures differently, Co substitution establishes two different
regimes, depending on composition. For lower Co and Mn
content, the martensitic transformation occurs between two
ferromagnetic phases, while in Co- and Mn-rich samples,
a paramagnetic gap between martensite and austenite is
found, owing to the lowering of the Curie temperature of
the martensitic phase well below the T, itself. In such
samples, a dramatic increase of |AM| and |ATy|/moAH
occurs, while the martensitic transformation is always realized
at quite high temperatures (Ty > 380 K).2? The lowering
of the Ty while preserving the magnetic properties can
be obtained by homovalent partial substitution of the sp
element, as shown by Aksoy and co-workers in Ni-Mn-(Ga,In)
samples.?

The aim of the present paper is to describe and discuss the
MCE behavior of two Ni-Co-Mn-(Ga,In) samples (with and
without the presence of a paramagnetic gap) displaying the Ty,
at similar temperatures and representative of the two different
regimes described above.
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For the sake of simplicity in this paper, the alloy charac-
terized by a lower AM at the transformation between two
ferromagnetic phases will be labeled Sample A. The alloy
displaying the paramagnetic gap and the higher AM will be
named Sample B.

The martensitic transformations are first-order irreversible
magnetostructural processes characterized by hysteresis. Ideal
first-order processes are described by the Clausius-Clapeyron
relation,

dH . As
Rour = "am

Real first-order processes, on the other hand, occur in finite
temperature or magnetic-field intervals, being far from step-
like, so that the (0 M /9T )y parameter does not diverge. Thus
the integration of the isothermal curves required by the use of
the Maxwell relation,

A /Hf (8M> dH (2)
§=H o )
’ H; T J

if properly probed, turns out to be analytically allowed.> It is
difficult to understand where the limit lies that establishes the
reliability of one of the two approaches. For this reason, in
this work we decided to report both values related to the two
relations.

The importance of performing direct adiabatic temperature
change measurements in order to properly study the MCE of
Heusler alloys has been underlined. Moya and co-workers>*
stressed that it is difficult to accurately calculate the adiabatic
temperature change by indirect and calorimetric measure-
ments using AT,q = (T /c),)Asisor deduced from the Maxwell
relations.

In order to allow for a better understanding of the correla-
tions between the properties of the martensitic irreversible pro-
cess, a geometrical construction (Fig. 1) provides a schematic
graphical representation of the temperature-dependent entropy
curves with and without an applied magnetic field. Due to
the inverse MCE, it is expected that the strongest adiabatic
temperature change is realized on the heating branch of the
first-order process rather than on the cooling one; thus, we
will focus our analysis on the martensite to austenite path of
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FIG. 1. (Color online) Geometrical construction of the first-order
martensitic process in the s vs T plane. The behavior of AT, peak
value in the two samples can be roughly estimated from Asisor peak
values obtained from M(H) curves also considering the ¢, of the
martensite below the transformation region.
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the transformation. For this reason also, the entropy diagram
of Fig. 1 describes only the heating curves. The dummy s(7)
curves (expressed in arbitrary units) mimicking the shape of
the martensitic transformation directly measured in the M (T')
curves can be constructed if the phase fraction in the transition
region is chosen as the order parameter of the process.> This
construction makes the presented graphical model (Fig. 1)
significant only in the transition region, where the critical
temperatures marking the starting and finishing points of the
transformation in the s(7") curves are assumed to coincide with
those deduced by the magnetothermal characterization. The
construction helps to connect some features of the martensitic
process, namely the AT,q and the Asisor peak values with the
ATy /oA H and the ¢, value characteristic of the martensitic
phase.

II. EXPERIMENTAL

The samples studied in this work were prepared by arc
melting the stoichiometric amounts of pure elements and were
subsequently homogenized by annealing at 900 °C for 72 h.
M(T) isofield measurements as well as M(H) isothermal
curves on heating were performed using an MPMS Quantum
Design SQUID magnetometer, stabilizing the temperature
before each measurement. AT,q was evaluated applying fields
up to 1.90 £0.05 T in an electromagnet with a maximum
field rate of ~2.2 T/s. The probe used to perform the direct
measurements of adiabatic temperature change was built using
a Cernox HT-BR temperature sensor, the response of which is
mostly independent of the external magnetic fields. Its mass
(m ~3 mg) and its time response (#; ~ 135 ms at room
temperature) guarantee the possibility to perform accurate
and fast measurements. The sensor chip was fixed with an
epoxy resin in a rigid housing to avoid mechanical stresses
on the Cernox during the measurement when the sample is
attached to it. To improve the adiabaticity of the system, the
measurements were done in a purpose-built chamber able to
guarantee a maximum vacuum level of P ~ 10~* mbar, while
a thermoconductive paste was used to improve the thermal
contact. Preliminary tests of the assembled probe involved
a comparison of the AT,y values measured across the 7, of
pure gadolinium with the literature data.’®?’ The optimum
gadolinium mass deduced from these tests proved to be of the
order of 0.2 g. Considering the higher ¢, of the alloy,”*° with
respect to the gadolinium one,’® a minimum mass of 0.1 g was
considered sufficient to perform reliable measurements.

This assumption has been verified while measuring differ-
ent masses of the same stoichiometry; samples with a mass of
0.15 g were actually used. The error related to the adiabatic
temperature change measurement is mainly due to the electric
noise of the sensor chip during the experiment.

DSC measurements, carried out on the martensitic phase
of the two samples, have been executed with a DSC 821
METTLER TOLEDO driven by STAR® software. Before
performing the experiments, the heat flow, the temperature
accuracy, and the tau lag of the instrument were calibrated
measuring a reference sample of indium. The heat flow
accuracy of the instrument was verified to be =1 uW, while
the sample signal was about 7 mW.
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FIG. 2. (Color online) M(T) isofield curves on heating of the
martensitic transformation with 0.5 < uoH < 5T onthe low AM al-
loy (NigsCosMnj3oGayg—Sample A) (field step woH = 0.5 T). Upper
inset: Ty vs H phase diagram deduced from isofield curves. Lower
inset: ac susceptibility plot showing the martensitic transformation.

III. RESULTS AND DISCUSSION

Sample A, NigsCosMn3oGayg, exhibits a steplike marten-
sitic transformation at 340 K on heating between two
ferromagnetic phases (the 7j; on cooling being 330 K)
(inset of Fig. 2). Sample B, NigCo9Mn3,Gajgln,, shows,
on the other hand, a paramagnetic gap between the Curie
transition of martensite (7cy = 240 K) and the onset of
magnetically ordered austenite (inset of Fig. 3). The latter
sample shows large AM and ATy /pnoAH values, while
the martensitic transformation is temperature-broadened. The
partial substitution of 2% Ga with In, while preserving the
magnetic critical temperatures,23 lowers the T, of the parent
quaternary composition Nig; CogMn3,Ga;g from 436 to 340 K
on heating (from 421 to 315 K on cooling). Due to the increased
distance between the martensitic transformation and the Curie
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FIG. 3. (Color online) M(T) isofield curves on heating of the
martensitic transformation with 0.5 < uoH <5 T on the high
AM alloy (Nig;CogMns,Gagln,—Sample B) (field step puoH =
0.5 T). Upper inset: Ty, vs H phase diagram deduced from isofield
curves. Lower inset: ac susceptibility plot showing the onset of the
paramagnetic gap.
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transition, the AM and ATy /uoAH values (see Table I and
Ref. 22) are further improved when compared to the quaternary
In-free composition.

It is found that Co substitution of Ni-Mn-Ga alters the
relative stability of the martensitic and austenitic structures,
hence affecting the transformation temperature. Due to the
pronounced dependence of the magnetocaloric properties on
temperature, the samples discussed herein are considered
representative of the two regimes described above (ferro-ferro
and para-ferro martensitic processes) as their transformation
temperatures are almost coincident. The lower insets of Figs. 2
and 3 indicate the presence of the thermal hysteresis typical of
the first-order martensitic transformation. Sample A displays a
hysteresis of about 10 K while that of Sample B exceeds 25 K.
The irreversible nature of the martensitic process manifests
itself also as a hysteresis in M (H) curves. The corresponding
values have been estimated as about 10 T for Sample A and
about 5 T in Sample B.

A complete isothermal and isofield magnetic characteriza-
tion has been carried out for the heating martensitic branch of
the two samples. The isofield magnetization measurements of
Sample A at different static magnetic fields up to ugH =5T
display a first-order transformation around 7, (Fig. 2): the
saturation magnetization jump between the two phases reaches
AM = 15 £ 1 Am?/kg, the austenite being the higher moment
phase. The same characterization for Sample B (Fig. 3)
shows a broadened martensitic transformation associated
with a remarkable variation of the magnetization (AM =
60 +2 Am?/kg): this is due to the concurrent lowering
of magnetic moments in martensite while increasing the
austenitic saturation magnetization (My). The ATy /uoAH
parameter has been extrapolated by linear fitting the critical
temperatures in the (7) versus H) phase diagram (upper
insets of Figs. 2 and 3), built from the isofield magnetization
curves. For Sample B, a striking value of ATy /uoAH =
—5.49 £ 0.18 K/T is obtained, while for Sample A, a value
of ATy /noAH = —1.2£0.07 K/T is reported (Table I). It
is worth noting that the AM and ATy /oA H measured for
Sample B turn out to be approximately two and five times the
typical values reported for the other Ni-Mn-X compositions,
respectively.®10:23:31

M (H) isothermal curves (Figs. 4 and 5) were collected in
a field span of ugH =35 T devoting particular attention to
the initial magnetic state before performing each subsequent
M (H) measurement. In fact, when dealing with field-induced

TABLE 1. Martensitic transformation features and MCE peak
values on heating of Sample A (without the paramagnetic gap and
low AM) and Sample B (with the paramagnetic gap and high AM).

woAH  Sample A Sample B
AM (Am?/kg) 15+1 60+ 2
ATy /oAH (K/T) —1.24+0.07 —5.49+£0.18
— Asisor (J/Kg K) Cl-Clap —125+£1.6 —-109+£0.7
—Asior J/Kg K) Maxwell 2T —10.6+1.6 —6+0.8
—Asior J/Kg K) Maxwell 5T —13.8+3.3 -9.7+19
ATy (K) 19T —-1.05+£0.15 -1.6+0.15
RCP (J/kg) 2T ~30 ~100
RCP (J/kg) 5T ~70 ~280
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FIG. 4. (Color online) M (H) isothermal curvesup to uoH =5T
performed on the low AM alloy (NigsCosMn3oGayy—Sample A):
330 < T <346 K.

first-order processes, as in this case, the system could remain
partially transformed in the higher magnetization state after
removing the saturating field if the cooling martensitic trans-
formation is not crossed.>® In order to avoid this situation,
the samples were cooled well below T}, after each isothermal
sweep of the magnetic field. In Fig. 6, Asisor(T) curves are
reported for both samples. The data have been calculated
by means of the Maxwell relation [Eq. (2)] in field spans
of woH =2 and 5 T in order to compare, respectively, the
first value with the directly measured AT,q(7') data presented
in the paper, and the latter with other Asis7(7) from the
literature data. The obtained peak values are compared with the
results from the Clausius-Clapeyron equation (1), calculated
around both the field- and the temperature-induced transitions.
The Clausius-Clapeyron equation is justified in the case
of complete magnetic-field-induced transformation. Although
for Sample B a uoH = 5 T field span is not sufficient to fully
induce the martensitic transformation (see Fig. 5), it is still
possible to estimate Asjsor from Eq. (1) if we deduce the AM
parameter from the M(T) isofield curves. This value, which

80
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T T T T T T

0 1 2 3 4 5

FIG. 5. (Color online) M (H ) isothermal curvesupto uoH =5T
performed on the high A M alloy (Niy; CogMn3,Ga,¢In,—Sample B):
295 < T < 365K.
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FIG. 6. Comparison between the Asi,r values of the two dif-
ferent samples, in a uoH =5 T field span. These values refer to
the first-order martensitic transition on heating. Lower inset: Asisor
curves up to woH = 2 T. The lines are guides for the eyes.

can also be obtained by extrapolating the M (H ) curves of Fig. 5
beyond puoH = 5 T, can be considered a reliable estimation;
in fact, the AM values calculated both from M (T) and M(H)
curves on Sample A, where the transformation is fully induced
in a 5 T field, are found almost coincident.

In Fig. 7, the AT, as a function of temperature across
the first-order martensitic transformation in a field span of
noH = 1.9 T are reported for the two samples. The direct
measurements (Fig. 8) were performed taking care of crossing
the cooling martensitic transformation after every adiabatic
magnetization. Despite the higher Asisor peak value of Sample
A, a remarkable 50% increase of the |AT,q| maximum value
is reported for Sample B, which shows the paramagnetic gap.
Sample A, despite its steplike fully induced transformation,
shows lower |AT,q| values. Figure 8 shows the two AT,y peak
values of Sample A and Sample B as measured by the purpose-
built probe: the high signal-to-noise ratio achieved by our setup
is clearly visible, the uncertainty of these measurements being
of the order of 0.1 K. In Table II, the AT,y peak values found
in the literature around the critical temperatures of several

0.0
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——Ni,, Co,Mn_,Ga,In,

High AM
-1.64 °

T T T T T
340 345 350 355 360

T(K)

32I0 3é5 3..’I’>O 35‘55
FIG. 7. Comparison between the AT,(T) of the two different
samples in heating, in a o H = 1.9 T field span. The lines are guides

for the eyes.
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FIG. 8. (Color online) Comparison between the two peak values
of AT,y of the two alloys directly measured. It is interesting
to compare the field-induced AT,y with the sensor noise, which
correspond to the error reported in the paper.

Ni-Mn-based Heusler alloys are compared. Concerning the
first-order martensitic transformation on heating reported
herein, the value of the quaternary alloy Ni-Co-Mn-Ga
(Sample A) turns out to be close to most of the literature data,
while the In-substituted one (Sample B) outreaches it by more
than 50%, approaching the best reported values.

As for the temperature domain of the adiabatic temperature
jump reported in Fig. 7, Sample A, as expected in nearly
steplike first-order processes,’ shows a plateau between 335
and 338 K, which corresponds to the width in temperature
of the martensitic transition in M(T) curves, calculated by
considering Ay and A, as the points where the second-order
derivative of the M(T) curves shows a maximum and a
minimum, respectively. On the other hand, the widening
of the martensitic transformation in Sample B extends the
temperature range (~10 K) where significant values of ATy
can be exploited.

In the literature, when comparing samples with similar
stoichiometries displaying comparable critical temperatures,

TABLE II. AT,(T) values directly measured across the marten-
sitic first-order transformation (on heating) for different Ni-Mn based
Heusler alloys in a uoH = 1.9 T field span. AT4(T) values related
to other transformations (7); on cooling and 7) are also listed.

Sample stoichiometry Ref. Ty (K) ATH(K) AT (K)
Ni47MIl33G2120 32 355 1

Ni4g'3Mn37_5Sl’114_2 33 314 —0.32
Ni54}5Ml’120‘5G325 34 335 0.8 1.8 (TICWOOI)
N154.75Mn20425Ga25 35 335 0.8 1.2 (TA‘;[OOI)
Ni5()Ml’134Il’116 23 225 —1.15 1.6 (TC)
Ni50Mn34In14Ga2 23 225 —-0.75 1.1 (T[)
Ni50CO]MH3ﬁsH]3 6 295 —1.1 1.15 (T()
Ni5()Ml’13511’115 36 295 —1.65 1.9 (TC)
NisoMnssIn;sGe 36 308 —1.54 1.4(T))
NisoMnjsIn Al 36 303 18 1.75 (T.)
Ni45CO5Mn3()G32() 337 —1.05

Ni41 C09Mn32Ga1()In2 333 —-1.6

Ina uoH = 3 T field span.
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high |AT,| are generally expected to correspond with large
Asior.* However, the difference of the AT,y measured in
our two samples does not match with their As;jsor calculated
by isothermal magnetization measurements (the peak value
of AT, is 50% higher for Sample B, while its Asjs,r peak
value is lower both in 2 and 5 T field spans). It appears that
the differences between the AT,y peaks are more likely to
be connected with different AM and ATy /uoAH values;
however, comparing the sensitivities to the applied field of the
critical temperatures, while we have the correct indication that
Sample B is the most promising composition,® the difference
in the ATy /uoAH values (—5.48 versus —1.2 K/T) is
not reflected in the experimental AT,y values (—1.6 versus
—1.05 K).

In order to correlate the main properties of the martensitic
transformation, we apply the graphical model reported in
Fig. 1 to our measurements. In this qualitative sketch, the
slopes of the curves between A;_g and Ay_o and A;_y and
Ay_py provide a mean evaluation (which is only qualitative)
of the ¢, /T parameter across the “in-field” martensitic
transformation.* The “in-field” s(T) curve turns out to be
shifted by the applied magnetic field so that

(As—o — As—n) R (Apo — Ay—n) = (ATy/moAH) AH,

where ATy /oAH is the fitted value up to 5 T reported in
Table I.

The samples presented here can be compared by exploiting
the relation'*** AT,y = —(T /cp,u)Asisor as the following
conditions, in fields up to 2 T, are realized: (i) A;—o < Af_p,
sothatc, /T = (ds/dT)y is coincident with the hypotenuse
DE built on the ATy and Asisor peak values (see Fig. 1),
and corresponds to the slope of the entropy curve directly
measurable from calorimetric techniques; (ii) the value of
heat capacity far below the transformation is similar between
the two samples.”®" Considering the diagram of Fig. 1, a
proportion between the triangles AB D and the one drawn by
the AT,q and Asisor provides

AB : ATy = (Asisor + CB) : Asior. (3)

Here, As;isor is the peak value calculated from the Maxwell
relations in a field span uoAH = 2 T, AB is the temperature
difference between the two second-order derivative peaks of
the M(T) curves corresponding to o H = 0T and 2T (As—¢ —
As_g), and CB' ~ ABtana = (A,_o — A;_py)tana. The
segment B B’, which is the contribution of the entropy shift of
the martensite under external magnetic field, for uoAH =2 T
field span is considered ~0.4 J/Kg K (inset of Fig. 6 and
Ref. 6). It has to be emphasized that the above relation for
C B’ is an approximation. The specific heat before A; has been
measured with a DSC calorimeter and turns out to be about
515 J/kg K for both samples, with an error of 2.5%. This
result is in agreement with other literature data.’®° From this
measurement, tan o results 1.55 J/Kg K for both Sample A and
Sample B. The values related to a field change of uoH =2 T
are listed in Table III.

The difference between the two AT,q values deduced from
this tentative model (in uoAH = 2 T) turns out to be ~45%,
while the experimentally measured values differ by ~50%
in uoAH = 1.9 T. The simple construction presented above
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TABLEIII. Segment values of Fig. 1 for a field change of uoH =
2T.

AB CB Asisor ATSe
Sample (K) J/KgK) (J/KgK) (K)
Ni45CO5MIl3()Gaz() —-2.8 4.7 10.6 -1.9
Ni41C09Mn32Gal6In2 —10.3 16.3 6 —2.8

gives a more reliable evaluation of the difference between
the AT,y peak values when compared with the estimation of
the same quantity on the basis of the ATy /uoAH values
or the Asjsor peak values taken alone. An evaluation of the
errors linked with the calculated data from Eq. (3) leads
to uncertainties of the order of 40%—50%, confirming the
qualitative character of this construction. Even if the directly
measured AT,y peak values are included between the error
bars of the calculated ones, they still turn out to be smaller
than expected. This gap has already been observed across the
first-order process of other magnetocaloric materials.'!3 Its
nature can be partially explained considering several aspects,
such as, for instance, the imperfect adiabaticity induced
by the finite applying field rate. We have estimated from
Fig. 8 that this effect is responsible for a lowering up to
10% of the two directly measured values, allowing for a
reduction of the theoretical and experimental spread down
under 40%. Therefore, we believe that faster field sweep rates
could slightly improve the direct measurement. Another issue
involves the reactivity of the magnetostructural transformation
to fast field changes. However, it has been shown®’ that the
martensitic transformation should be fast enough to respond
to the application of the magnetic field even for sweep rates as
high as 2 T/s, as in our case. The origin of the reported gap
is still an open question. Further studies on the transformation
kinetics and on the role of microstructure on the phase
boundaries movement should be carried out.

IV. CONCLUSIONS

In conclusion, we report a thorough characterization of the
MCE in Ni-Co-Mn-(Ga,In) alloys by exploiting both direct
and indirect measurements. The possibility to independently
engineer the structural and magnetic critical temperatures of
the alloy allows us to achieve remarkably high |AT,q| values
among the Heusler alloys, although significantly lower than
those of other reference materials (Gd, Gd-Si-Ge, Mn-As,
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La-Fe-Si). By inducing the paramagnetic gap, an enhancement
of 50% of the adiabatic temperature jump has been realized as
compared to the parent composition, which does not display
this feature. Therefore, the Ni-Co-Mn-(Ga,In) alloy turns out
to be among the most promising Heuslers for magnetocaloric
applications.

Future developments in these materials will require, on
the one hand, a search for novel compositions characterized
by the presence of the paramagnetic gap in order to obtain
a further increase of the AM and the ATy /uoAH. On the
other hand, it will be necessary to understand the role played
by the width of the martensitic transformation on the MCE
and on the physical parameters affecting it. For instance, a
prominent feature affecting the transformation width is the
elastic strain set by the structural discontinuity between the two
phases.!! Temperature-dependent structural characterization®’
highlights the fact that the transformation width is linked
with the cell volume variation among the martensitic and
the austenitic phase (the wider the transition is, the larger
is the AV). This finding highlights the potential value of
studying novel compositions for which such structural discon-
tinuity is enhanced. Concerning the characterization methods
commonly employed on the MCE, a seeming discrepancy
of the trends connected to the Asior and AT, peak values
among different samples has been reported herein. In order to
understand this event, a geometrical construction built on the
temperature-dependent entropy curves, and accounting for the
magnetic features connected to the transformation, is proposed
here as a qualitative guide to predict an upper limit of the
adiabatic temperature change. The values calculated from this
model account for the differences observed among the directly
measured peak values. We believe that this model can help to
clarify the interplay between the magnetocaloric properties of
these systems and the specific-heat behavior. The construction
proposed here could also be applied, in principle, to the cooling
curves, taking care to coherently change all the parameters.
However, additional studies are required in order to understand
the origin of the observed discrepancies between the directly
measured AT,q values and the calculated ones.
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