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ABSTRACT

In this work, we studied the nature and dilemma of the inverse magnetocaloric effect using NisoMn;sIn;, magnetic shape memory alloy. In
this context, the inverse magnetocaloric effects of NisoMn;sIn;, magnetic shape memory alloy polycrystalline samples were investigated as a
function of annealing heat treatments by the thermo-magnetometry method. Two forms of NisoTiMn;4In;, magnetic shape memory alloy
were studied: one that predominantly undergoes a magnetic phase transition and the other that exhibits both a magnetic and martensitic
phase transition. The magnetic behaviors and magnetocaloric properties of these alloys were analyzed to investigate the competition
between magnetic and lattice contributions to the total entropy change. Finally, the mutually contradictory role of magnetic and lattice con-
tributions was demonstrated.
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I. INTRODUCTION It was demonstrated that the electronic contribution is negligi-
ble, whereas the lattice contribution is the primary factor.
Gottschall et al. fruitfully discussed the role of the magnetic contri-
bution to the inverse magnetocaloric effect and explained the
dilemma of the inverse magnetocaloric materials.” Although the

The discovery of the giant magnetocaloric effect in NiMnIn'
triggered not only the studies on the magnetocaloric effect but also
the discussion about the identification of different contributions to
the total entropy change. There are very instructive studies on this

issue.””” The total entropy change AS, of an alloy exhibits magneto- ~ huge change in magnetization is essential for the giant magneto-
structural transition is usually described s’ caloric effect, it acts at the same time against the available lattice
entropy change AS,,, as the two contributions have opposite signs.
AS; = ASjgt + ASe; + ASpuag. (1) Consequently, the transition becomes arrested when both contribu-
tions compensate each other.
Here, Sy, is the entropy change of the lattice, whereas AS,; and In this study, we propose a straightforward way to demon-
AS,,,q¢ are the electronic and magnetic contribution, respectively. strate the dilemma of inverse magnetocaloric effect in the magnetic
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shape memory alloy utilizing competing interactions between mag-
netic and lattice contributions to the entropy change. The
NisoMn;s6ln; 4 magnetic shape memory alloy exhibits a structural
transition at 347 K and a magnetic transition with a Curie tempera-
ture at 292 K with a latent heat of 50.12 ] kg_1 K~1.'® The charac-
teristic martensitic transition temperatures of the NisoMnsgln,y
magnetic shape memory alloy are reported as 342 K martensite
start (M), 319 K martensite finish (Mg), 341 K austenite start (Ay),
and 358 K austenite finish (Af) with a 47.66]kg_1 K™! latent
heat.'® It is also reported that the substitution of Ni with Nb or Ti
decreases the structural transition temperatures with a detrimental
effect of decreasing the latent heat.'”*"

Furthermore, it is reported that the entropy change is corre-
lated with the temperature difference between the Curie tempera-
ture of the austenite phase T4 and the martensitic temperature
(My).”™* Therefore, the isothermal entropy change |AS| is
expected to be largest whether Té — M; is close to zero, namely,
martensitic  transition and  magnetic transition  occur
concurrently.””™*” For NisoMnso_In,, it is reported that the mag-
netic phase transition of the austenite phase and martensitic trans-
formation gradually converges in a narrow composition range of
14 <x < 16. Because the free energy anisotropy is quite small
around the converging point and the phase stability is quite subject
to composition, the magnetocaloric property can be easily con-
trolled by tailoring the composition around this region.””*® The
composition of NigTi;Mnsgln, 4 falls within this narrow composi-
tion range; therefore, structural transition and Curie temperature
might overlap with the substitution of Ti for Ni.

Another significant aspect of NiMnln is the effect of heat
treatment on the magnetic properties. The applied heat treatment
below and above order-disorder (ODO) temperature causes differ-
ent magnetic properties and for NiysCosMnsggln;s 4 single crystal,
it was reported as 900 K.”” At this stage, as a first step, we applied
heat treatment below ODO, namely, 573 K for 24 h, to have ferro-
magnetic austenite within the entire temperature range, in other
words, martensitic transformation is completely suppressed almost
a pure magnetic (M) sample. In this manner, first, we revealed
thermal, magnetic, and magnetocaloric properties of the M
NiyTiMnseln;4 sample, which exhibits a ferromagnetic austenite
magnetic behavior in the entire temperature range. Afterward, we
revealed the thermal, magnetic, and magnetocaloric properties of
the NigoTi;Mnjeln;, sample which has both martensitic and mag-
netic transition (M&M) by a heat treatment above ODO, namely,
1173 K for 24 h. Consequently, by comparing the magnetocaloric
properties of the M sample and the M&M sample, we have been
able to demonstrate the competing magnetic and structural contri-
butions to the entropy in an inverse magnetocaloric
Ni4gTian36In14 material.

Il. EXPERIMENTAL DETAILS

The NiyoTi;Mnseln; 4 (M) sample was prepared by arc melting
and subsequent annealing in quartz tubes under Ar atmosphere at
573K for 24 h (below ODO temperature) and quenched into cold
water, as reported in Ref. 27 The other sample which we referred to
the M&M NigTi;Mnseln;, sample was also prepared by arc
melting and then annealed at 1173K for 24h (above ODO
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temperature), and quenched into cold water, as we did in our previ-
ous studies.'””” During arc melting, oxidation was prevented by
repeated backfill of high-purity Ar gas followed by evacuating the
chamber to vacuum. To remove the residual oxygen from the
chamber, a Ti sponge was used as an oxygen getter before melting.
To improve homogeneity, the sample was flipped and re-melted
four times.

X-ray powder diffraction, differential scanning calorimetry
(DSC), energy dispersive spectroscopy (EDS), and magnetization
measurements were used to study the samples. The samples were
hand-crushed in an alumina mortar and then x-ray diffraction pat-
terns of finely powdered samples were recorded in a Rigaku
smart-lab powder diffractometer (Cu-Koy; 35° <0 < 85° step incre-
ment: 0.02°) at two different temperatures of 177 and 333 K. The
crystal structures were refined from the whole diffraction profiles
by the Fullprof Rietveld method.”® The composition of the alloy
was determined using EDS with a ZEISS EVO 40 system micro-
probe at three locations within four different grains after homoge-
nization. Differential scanning calorimetry (DSC) measurements
for both samples were performed in a temperature range between
200 and 425 K with a 10 Kmin™" heating/cooling rate. For temper-
ature and magnetic field-dependent magnetization measurements,
a physical property measurement system (Quantum Design),
equipped with a vibrating sample magnetometer (VSM) option,
was employed. The measurements were performed between 10 and
400 K under constant applied magnetic fields of 0.1, 1, 3, 5, and
7T with a temperature step size of 5K. Samples are weighted
before the measurements on a sensitive scale (107> gram) and
placed into capsules and measured with a contamination-free half-
cylinder brass sample holder. Contamination and the reproducibil-
ity of the measurements were regularly controlled as described in
Ref. 29. The magnetic field-dependent magnetization curves

[M(H)] were performed with a magnetic field up to the 5T with 1
the adopting MH loop process’’ and the magnetic field was swept :

at a rate of 0.05 T/s. The M(H) curves were carried out with a tem-
perature protocol to avoid spurious results induced by the hystere-
sis of transformation® first samples were initially cooled down to
the martensitic transformation temperature in the zero magnetic
field then the sample was heated up to the desired temperatures.
The data were recorded during several cycles of increasing and
decreasing field.

lll. RESULTS AND DISCUSSIONS

The compositions (in at. %) of the samples were determined
by EDX analysis and the composition of the M sample was
observed as Niyo 19.+1.40Ti1.20+0.10MN35.16:0.90IN13 544080, Meanwhile,
the composition of the M&M sample was observed as Nigg,,
+1.20T11.00+0.10MN36 20+0.90IN13 40:0.80- Experimental values found
from EDX match very well with the desired nominal composition
values. DSC curves of the M sample are shown in Fig. 1(a), as one
can see there exists no sharp peak which indicates the lack of struc-
tural transition. Therefore, we labeled 305 K as T.. Meanwhile, for
the M&M sample, the DSC curve is shown in Fig. 1(b), and the
characteristic temperatures for the martensitic transition are deter-
mined to be My=317K, M;=304K, A,=316K, and A;=328K
from the sharp peaks observed in the DSC data. There exists no
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FIG. 1. DSC curves of (a) the M and (b) the M&M samples.

indication of T¢ in Fig. 1(b); therefore, we guessed that the mar-
tensitic transition and magnetic transition occurred concurrently in
the M&M sample. The latent heat of the M&M sample is calculated
as 43] kg~ ' K™'. Therefore, the substitution of Ti instead of Ni
decreases the latent heat, which is in line with the literature.'”* In
addition, the Curie temperature T4 of the austenitic phase is inde-
pendent of the ratio of Mn and In of these Heusler compounds.”’
Figure 2 shows the XRD pattern of the samples, since the heat
treatment is a major factor, the powders were not heat treated after
grinding not to alter the thermal history of the samples.
Figures 2(a) and 2(b) present that the M sample shows an austen-
itic phase at 173 and 333 K, respectively. There exists a minority
phase which refers to a small fraction of the M sample transform-
ing from martensite to austenite, shown as * in Figs. 2(a) and 2(b).
The calculated lattice parameter of the austenite phase is 6.01 (1) A
with a cubic Fm-3m structure (SG 225), meanwhile for the
minority phase is cubic with a lattice parameter of 5.94 (1) A. In
Figs. 2(a) and 2(b), there is a clear shoulder at the major austenite
peak (220) which may indicate some residual martensite and/or
crystal defects induced by grinding. Figures 2(c) and 2(d) show the
transformation from martensite to austenite of the M&M sample at
173 and 333 K, respectively. A mixed phase situation is observed
where the dominant phase is Pmma (SG 51) and the minority
phase is Fm-3m structure (SG 225). A small fraction of martensite
is still exists at high temperatures might be due to residual stress
introduced by grinding, which broadens the transformation.
Moreover, at low temperatures, the martensite has a high number
of peaks which refers to an incommensurate modulated monoclinic
symmetry. The calculated lattice parameters of the M&M sample at
173K for the majority phase are a=4.2546(3) A, b=5.7513(3) A,
and ¢=4.2725(3) A and for the minority phase is a=6.0211(1) A.
Meanwhile, the calculated lattice parameters of the M&M sample

at 333K for the majority phase are a=4.2449(3) A, b=5.7502
(3) A, and ¢=4.2799(3) A and for the minority phase is a = 6.1466
(1) A. The change of the XRD data is clearly shown in the inset of
Fig. 2(d) which shows there is a significant difference between the
M and M&M samples at 333 K. Regarding the M sample, there
exists a small fraction of the (220) peak, meanwhile, all other peaks
related to the structural transition are almost absent. Thereby, the

results of XRD confirm the deduction of DSC data which is the ;
lack of structural transition in the M sample and the existence of :

martensitic transition in the M&M sample.

Figures 3(a) and 3(b) show the temperature dependence of
magnetization of M and M&M samples, respectively, measured at
several applied magnetic fields. From Fig. 3(a), for 0.1 mT measure-
ment, while cooling, at T¢ 305K, a sudden increase occurs from
the paramagnetic/antiferromagnetic phase to the ferromagnetic
phase which is effective at low temperatures. While further cooling,
there exists a split of around 150K between FC and FH. As the
applied magnetic field increases, the values of the magnetization
values also increase. The saturation magnetization of the M sample
is observed as 130 Am*kg™" for 7 T. As the applied magnetic field
increased, magnetization curves shifted to higher temperatures,
which indicates that the M sample will show a conventional magne-
tocaloric effect similar to Fe-based®” or CoMn-based alloys.”” In a
recent study by Fabbrici et al,”” similar results were observed for
nominal composition NigMnsgln s (Nigg;Mnsy,In,;, measured
composition) where authors annealed the sample first 1073 K for
72 h. It was observed below T¢ =314 K not only the observed stabi-
lization of ferromagnetic austenite within the entire temperature
range but also the observed saturation magnetization of
125 A m? kg_l.33 Moreover, the authors made Cu substitution, for
instance, NiggMn3sCugln;¢ in which the martensitic structural tran-
sition is still absent. Subsequently, with the application of post-heat
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FIG. 2. X-ray diffraction pattern of (a) the M sample at 173 K, (b) the M sample at 333K, (c) the M&M sample at 173 K, and (d) the M&M sample at 333 K. The inset

shows PM and M&M samples at 333 K.

treatment at 1173 K for 24 h, the martensitic structural transition
appeared in their work. Similar saturation magnetization values of
~130 Am®kg™' were also reported in a recent study’’ for the
NiysCosMnse6ln; 34 single crystal, heat treated at 573K for 3 h.
Moreover, Bruno et al.”” suggested some secondary annealing heat
treatments below the ODO temperature have been observed to
result in a reduction in M; temperatures and eventually suppression
of the transformation as we observed for the M sample in Fig. 3(a)
in the current study. According to the results of the magnetization
curves given in Fig. 3(a), the martensitic transformation was
completely suppressed by applying the heat treatment and the M

sample showed only magnetic properties. The microstructural
feature responsible for the suppression of the martensitic transition
is related to the L2; morphology observed in heat-treated samples
below ODO, and it has been stated that it may be due to the
extreme sensitivity to the size of the domains.””

In addition, it is reported that at a change of only 1at. %
Mn-In ratio, the transition shifts approximately 100K for
NisoMnsssIn;.s (335K) and NisgMnsyslngss (230K),” which
might explain the spread of values reported in the literature con-
cerning magnetic properties of nominally identical samples.
Among the other things, there exists a hysteresis between field
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FIG. 3. (a) Thermomagnetization data of the M sample 0.1 mT (1st measurement and 2nd measurement multiplied ten times), 1, 3, 5, and 7 T (1st measurement and 2nd
measurement) and (b) thermomagnetization data of the M&M sample 0.1 mT (multiplied 50 times), 1, 3, 5,and 7 T.

cooling (FC) and field heating (FH) curves for all applied magnetic
fields which is quite evident for 100 Oe measurements reported in
our previous studies.'>”* This might be due to experimental setup
error or a few amounts of martensitic transition or both of the
effects.

Figure 3(b) shows thermomagnetization curves of the M&M
sample at several magnetic fields. As expected, the M&M sample
results in similar behavior to the well-known martensitic transfor-
mation. The forward (austenite to martensite) transformation is
observed on cooling and the reverse transformation (martensite to
austenite) is observed on heating. The results indicate a transition
from the ferromagnetic/paramagnetic austenite to low-
magnetization martensite upon cooling. In addition, for 0.1 mT
measurement, the split between FC and FH curves observed for the
M sample in Fig. 3(a) below 150K is also still present. As the
applied field increases, the split between FC and FH becomes less
significant and disappears for 7 T. Moreover, it is reported that this
split is attributed to the existence of the exchange bias effect in
martensite at low temperatures.””>"° It is also reported that there
exists an antiferromagnetic exchange between Mn-Mn and Mn-In
sites and this antiferromagnetic interaction between Mn-Mn and
Mn-In is mediated by Ni’®’ The martensitic transformation
strengthens the antiferromagnetic interaction, resulting in a
decrease in magnetization below Ty.”® The antiferromagnetic inter-
action can pin the ferromagnetic domains in various configurations
depending on whether the sample is cooled through T¢ in an exter-
nal field or not.”

In addition, the magnetization difference of the M&M sample
for 7T is observed as 28 Am>kg ™' given in the right panel of

Fig. 4, which is in line with the reported values of 16 Am>kg " as
given in Ref. 17. Similarly, a low magnetization difference is also
reported for NisoMnjsssIn;ys in other studies.”’® For the case of
the M&M sample, with the increasing magnetic field, the martens-
itic transition shifts toward lower temperatures, in agreement with

335 30
o
330 77\,T>\\‘\7L7;\ - 1%
e S v A
_ f
325

AM (emu/gr)

Martensitic Transition Temperatures (K)

HoH (T)

FIG. 4. The martensitic transformation temperatures were determined from the
M(T) curves (left panel) and magnetization difference during the martensitic
transition.
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FIG. 5. M(H) curves for (a) M between 200 and 350 K, (b) the M&M sample between 250 and 295 K, and (c) the M&M sample between 295 and 350 K.

the magnetic field stabilization of the ferromagnetic austenite
phase. The characteristic temperatures, My and A, linearly
decrease with the field at a rate of dMy/dH = —0.5K T~ and dA//
dH=—-04K T for the M&M sample shown in the left panel of
Fig. 4, which is quite low as compared to other NiMn
alloys.'#*"*? The low shift of the characteristic temperatures with
the applied magnetic field might be related to the relatively low
magnetization difference between the two phases. Furthermore,

al _ _ AM
HodH —  AS

culate the feasible entropy change with the applied 7 magnetic
field, which is 14 J kg™ K~'. This is considerably lower than the
transition entropy change calculated from DSC data
(437kg ' K™).

The M(H) curve of the M sample is shown in Fig. 5(a) for
the 200-350 K temperature range, meanwhile, the M(H) curve of
the M&M sample is shown in Figs. 5(b) and 5(c) for the tempera-
tures range 250-295 and 295-350 K, respectively. In Fig. 5(a), the
absence of magnetic hysteresis also confirms the absence of
the structural transition of the M sample. In addition, above
305K, the sample shows a paramagnetic response as the applied
magnetic field increases. Below 295 K, the M sample behaves as a
conventional ferromagnetic sample. Whereas, in Fig. 5(b) of the
M&M sample, the behavior is different: namely, the M(H) curves
in the temperature range 255-290K indicate magnetic
field-induced phase transformation from a low-magnetization
phase to a high magnetization one. The critical field needed to
induce the transformation is reduced by the temperature. The
magnetic field-increasing and field-decreasing curves at each tem-
perature are separated by hysteresis. The maximum magnetic hys-
teresis of 2.0 T is observed at 270 K. Moreover, the M&M sample
is not saturated even under the magnetic field of 5 T. The coexis-
tence of AF exchange within the FM matrix due to excess Mn in
the crystal structure is the most probable source for non-
saturation.”® The higher temperatures M(H) data (T higher than

the Clausius-Clapyeron equation ( ) allows us to cal-

295K) show ferromagnetic behavior and no sign of hysteresis
[Fig. 5(c)]. The highest magnetization value of the M&M sample
is higher than the observed values in the M(T) measurements
shown in Fig. 3(b). This difference might be related to the pres-
ence of the antiferromagnetic interaction which can pin the ferro-
magnetic domains. Thereby, this antiferromagnetic interaction
seems to be overcome whether the driving force is an applied
magnetic field, however, while it cannot be removed so effectively
whether the driving force is temperature. Ultimately, it is not pos-
sible to determine from the present data what the exact nature of
the magnetic coupling is at these temperatures. Further studies
with neutron techniques would be required to understand this
aspect of the problem.

Furthermore, we have numerically estimated the magnetic
field-induced entropy change (AS) around magnetic transition

using the relationship  ASy(Tx, 0 — H) = ALTk UOH My, dH

—IOH MdeH] from the M(H) isotherms which is presented in

Fig. 6. As expected, the M&M sample shows negative MCE and its
maximum was calculated as —15.1 Jkg ' K™' at 282K under 5T
magnetic field change. As indicated previously, the available
entropy change calculated by the Clausius—Clapyeron for the
M&M sample was 14Jkg™' K™'. Similarly, the inverse MCE of
NisoMnsgln 4 was calculated around 7.5 kg™ K™ with 5T mag-
netic field change.'” However, from the data in Fig. 6, it is apparent
that the M sample has conventional MCE and its maximum was
calculated as —6.4Tkg ' K™' at 307K under 5T magnetic field
change. Likewise, for Ni,Mn, 4Ing¢, a similar value was reported
with a —=6.3Jkg™ K™' MCE at 316 K under 5T magnetic field
change.”’ In addition, it is reported that the saturation magnetiza-
tion of many d-metal magnetocaloric alloys is limited by the
quantum mechanical size of magnetic moments to around
120 Am*kg™","" thereby, there might exist an upper limit for con-
ventional MCE in Heusler alloys.
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As discussed earlier, it has been reported the lattice contribu-
tion to transition entropy is constant, and the temperature depen-
dence of the entropy change of the transition is only related to the
mggnetization of the austenite phase, thereby Eq. (1) reformulated
as

AS(T) = ASiat + S (T) — Sy 3)

This equation represents the dilemma of the inverse magneto-
caloric materials. Namely, a large magnetization change during the
martensite transition deteriorates the available entropy change.
However, a large magnetization change is essential to drive the
magnetocaloric effect. Generally, this indicates the higher the shift
of transition temperature, the higher the magnetocaloric effect.
This contradiction regarding a change of magnetization is known
as the dilemma of inverse magnetocaloric materials.”** Figure 5
illustrates that the MCE of the M sample and the M&M sample
exhibit markedly disparate behavior. The M sample demonstrates a
direct MCE, indicating that the sample will heat as the magnetic
field is applied. These findings are consistent with those observed
in several studies.”®*"*! Conversely, the M&M sample exhibits an
inverse magnetocaloric effect (MCE) in accordance with the exist-
ing literature.””*****>** Figure 6 corroborates the validity of Eq.
(3), demonstrating that the magnetic entropy, which is correlated
with magnetization and corresponds to the MCE of the M sample
in that study, is non-synergetic with the lattice entropy.
Furthermore, Fig. 4 (right panel) clearly shows that the magnetiza-
tion change at the martensitic transition increases with increasing
applied magnetic field, namely, the negative magnetic contribution
to the transition entropy change is enhanced. Furthermore, it is a
well-known fact that, for Ty <Tc, the magnetic contribution
becomes relevant. The magnetic entropy of martensite is larger

M sample

-AS (J kg K™

o
M&M sample e 1T
-20 1 1 1 1 1 1 1
200 220 240 260 280 300 320 340

FIG. 6. Magnetic field-induced entropy change (magnetocaloric effect) as a
function of temperature for selected values of the magnetic field (1, 2, 3, 4, and
5T) of M (negative values) and M&M (positive values) samples.
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than that of austenite.'* Therefore, as Ty; decreases below Tg, the
magnetic entropy increases in magnitude, resulting in a reduction
in the transition entropy change. Consequently, once magnetic and
lattice contributions counteract each other, the transition is
arrested. Therefore, the absence of a large magnetization change in
Fig. 3(b) might be related to this arrest.

IV. CONCLUSIONS

In this study, we propose a simple method for demonstrating
the competing components of total entropy change related to the
magnetocaloric effect. Namely, in inverse magnetocaloric materials,
the lattice entropy contribution and the magnetic entropy contribu-
tion are non-synergetic with each other. To demonstrate this phe-
nomenon, we have chosen a material system where a simple change
in the preparation conditions on the same compound triggers the
two completely different behaviors. The thermal properties, mag-
netic properties, and calculated the magnetocaloric effect of a sup-
pressed martensitic transformation or ferromagnetic austenite
NigoTi;Mnseln;4 sample and another NigTijMnsgln;y sample
which, thanks to a different annealing protocol, has a martensitic
and magnetic transition, were investigated. By examining the mag-
netocaloric effect of each sample, the dilemma of inverse magneto-
caloric materials was experimentally depicted. It can be observed
that the M sample exhibits conventional MCE, meanwhile, the
M&M sample displays inverse MCE which is a common phenome-
non in magnetic shape memory alloys. Furthermore, the competi-
tion between lattice entropy and magnetic entropy results in the
arrest of the martensitic and magnetic transition when the two
transitions overlap. In addition, as it is previously stated in Ref. 41,
the saturation magnetization of many d-metal magnetocaloric
alloys is constrained by the quantum mechanical size of magnetic
moments, with values typically limited to

that the saturation magnetization of a ferromagnetic martensite
material is constrained by the quantum mechanical size of the
magnetic moments, with values typically limited to around
130 Am*kg™'. Therefore, the saturation magnetization of a
completely suppressed martensitic transformation, that is to say, a
pure magnetic shape memory alloy (M) will be in close proximity
to this value. The associated magnetocaloric effect will be con-
strained to approximately 6.5] kg 'K™', which is the value
observed in this study.

As a consequence, while designing a magnetocaloric magnetic
shape memory alloy one should keep in mind that the around
6.5Jkg ' K" entropy change of the magnetic subsystem acts non-
synergetically with the available lattice entropy change. Despite the
non-synergetic role of the two terms to the entropy change, first
order Heusler compounds with inverse magnetocaloric effect are
still a promising class of materials to develop materials for magnetic
refrigeration applications: the recent discovery of all-d compounds
with martensitic transformation and superior mechanical stability
to withstand cyclic operation is an important breakthrough that
successfully addresses the limiting issue of fragility that has been so
often reported for other Heusler compounds with giant magneto-
caloric properties. Additional effort must be put into the discovery
of novel compositions with improved cyclic magnetocaloric

to approximately |
120 Am*kg ™. Previous knowledge in this field'”*”*>*>*" indicates :
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response: this can be obtained with several strategies, such as by
reducing the hysteresis through the discovery of compositions
where the martensite-austenite phase compatibility is improved, as
well as by improving the sensitivity to the applied field in materials
with very high magnetic discontinuities. These further achieve-
ments will be able to unlock the potential of Heusler compounds
for magnetocaloric applications.
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