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ABSTRACT

The world’s growing hunger for artificial cold, on the one hand, and the ever more stringent climate targets, on the other, pose an enormous
challenge to mankind. Novel, efficient, and environmentally friendly refrigeration technologies based on solid-state refrigerants can offer a
way out of the problems arising from climate-damaging substances used in conventional vapor-compressors. Multicaloric materials stand
out because of their large temperature changes, which can be induced by the application of different external stimuli such as a magnetic, elec-
tric, or a mechanical field. Despite the high potential for applications and the interesting physics of this group of materials, few studies focus
on their investigation by direct methods. In this paper, we report on the advanced characterization of all relevant physical quantities that
determine the multicaloric effect of a Ni-Mn-In Heusler compound. We have used a purpose-designed calorimeter to determine the isother-
mal entropy and adiabatic temperature changes resulting from the combined action of magnetic field and uniaxial stress on this metamag-
netic shape-memory alloy. From these results, we can conclude that the multicaloric response of this alloy by appropriate changes of uniaxial
stress and magnetic field largely outperforms the caloric response of the alloy when subjected to only a single stimulus. We anticipate that
our findings can be applied to other multicaloric materials, thus inspiring the development of refrigeration devices based on the multicaloric
effect.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020755

I. INTRODUCTION

Our society is facing an increasing demand for refrigeration,’
which goes hand in hand with a pronounced increase in the energy
needed for various cooling applications. Furthermore, conventional
refrigeration systems use fluids with a strong global warming poten-
tial” (their effect per unit mass is about a thousand times larger than
carbon dioxide). It is therefore urgent to develop technologies that are
both energy efficient and respectful to the environment. Solid-state
cooling, based on the giant caloric effects exhibited by a variety of
materials undergoing ferroic phase transitions, are considered the best
alternatives to replace present refrigerators, which use harmful flu-
ids.” For the last two decades, worldwide, intensive research has been
devoted to the study of magnetocaloric,S electrocaloric,’ and

mechanocaloric (which includes elastocaloric and barocaloric) materi-
als,” and very recently the study has been extended to multicaloric
materials, for which good prospects are envisaged.'* '

A broad variety of materials that exhibit large isothermal
entropy and adiabatic temperature changes, induced by the applica-
tion or removal of different fields (magnetic, electric, mechanical),
have been discovered."”'” This includes recent reports on plastic
crystals,''” for which the pressure-induced entropy changes com-
pare to the values given by standard commercial fluid refrigerants
(although lower pressures are required for the latter). Elastocaloric
materials are known to exhibit the largest values for the adiabatic
temperature changes among all caloric materials, and very recently
reversible values larger than 30K have been reported (at readily
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accessible stresses) for the elastocaloric effect of shape memory
alloys formed by all 3d elements.”’

In spite of the significance of such achievements, there are a series
of bottlenecks, mostly related to the first-order character of the phase
transitions that are at the origin of the giant caloric effects. On the one
hand, the fields required to achieve giant values are in general still too
large, and on the other hand, the hysteresis associated with the phase
transitions reduces the caloric efficiency and compromises the revers-
ibility of the caloric effect. It has been proposed that the combination
of more than one external field may help in overcoming some of the
mentioned limitations. "'

Materials with significant coupling between degrees of freedom
have a cross-response to different external stimuli. In those materials,
entropy and temperature changes can be driven by either a single stim-
ulus (single caloric effect) or by multiple stimuli (multicaloric effect),
which can be applied/removed either simultaneously or sequen-
tially.'"** The study of multicaloric effects and materials is a quite
novel research field, but very interesting results have already been
achieved.” * It has been shown that a suitable combination of mag-
netic field and hydrostatic pressure enables a drastic reduction of the
magnetic-field-effective hysteresis in materials with magnetostructural
transformations.'”**?” In a recent work, we undertook a different
strategy to show that in a metamagnetic Ni-Mn-In shape-memory
alloy the combination of uniaxial stress and magnetic field enables the
design of a multicaloric cycle, which takes advantage of the thermal
hysteresis associated with the martensitic transition (termed the
“hysteresis positive” approach).”> However, the study of multicaloric
effects is still challenging. Although the thermodynamic framework is
well established,” experimental studies are very scarce,””>*° mostly
because the obtainment of the physical quantities describing these
multicaloric effects typically requires the use of non-commercial
advanced characterization systems.”®

In this work, we have used a purpose-built calorimeter that works
under the application of uniaxial stress and magnetic field to study the
multicaloric response in terms of isothermal entropy and adiabatic
temperature changes of a prototypical metamagnetic shape memory
alloy subjected to the combined application of magnetic field and uni-
axial stress. We have selected a Ni-Mn-In alloy with a martensitic tran-
sition temperature close to the austenitic Curie temperature. The
proximity between martensitic and magnetic transitions results in a
pronounced coupling between magnetism and structure so that the
application of magnetic field has a strong influence on the martensitic
transition. Our results evidence the advantages of the multicaloric
effect in comparison with the single caloric (magnetocaloric and elas-
tocaloric) ones.

Il. RESULTS

Thermomagnetization curves were recorded as a function of tem-
perature for selected values of magnetic field (H). Our results [Fig.
1(a)] conform to the reported behavior for metamagnetic Ni-Mn-In
Heusler alloys.””” On cooling, magnetization increases due to the
onset of the ferromagnetic order in the austenite (T, ~ 303 K), and
upon further cooling, magnetization sharply decreases at the martens-
itic transition, as a consequence of the short range antiferromagnetic
correlations in the martensitic phase of Ni-Mn-In alloys.”’

Calorimetric measurements were conducted at 0.6 and 1 Kmin ™
for heating and cooling runs, respectively, for selected values of applied

1
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(constant) magnetic field in the range 0-6 T, and applied (constant)
uniaxial load in the range 0-1 kN. Changes in the cross-section of the
specimen are expected to be negligibly small, and stresses () corre-
spond to the ratio between applied load and the unstressed specimen’s
cross-section measured at room temperature. Examples of the mea-
sured calorimetric curves are shown in Fig. 1(b) for 0 and 4 T mag-
netic field, and 0 and 50 MPa uniaxial stress. On cooling, the
exothermal peak corresponds to the forward martensitic transition,
while the endothermal peak on heating corresponds to the reverse
martensitic transition.

From the measurement of the specimen’s length I(T, 0o, H),
we have computed the temperature dependence of the strain ¢, as

£=100 x w where [ is the measured length of the sample in

the absence of stress and of magnetic field at a temperature T,,;= 291 K.
Examples for heating runs are shown in Figs. 1(c) and 1(d) for selected
values of magnetic field and uniaxial stress. The transition strain
increases with increasing uniaxial stress, as a result of the increase in the
percentage of favorably oriented martensitic variants.”” It is worth notic-
ing the good correlation for the transition region from the two sets of
measurements, which indicates that both latent heat release (absorption)
and strain are proportional to the transformed fraction.

From both calorimetric and strain data, it is apparent that the
application of a magnetic field shifts the martensitic transition to lower
temperatures while uniaxial stress shifts the transition to higher tem-
peratures. By identifying the transition temperature from the peak
position of the calorimetric curves on heating and cooling, it is possible
to determine the phase diagram in the H — ¢ coordinate space, which
is shown in Fig. 2(a). The red plane corresponds to the reverse mar-
tensitic transition, which occurs either by increasing temperature,
increasing magnetic field, or decreasing stress (as indicated by arrows
in the figure). Well above that plane, the sample is in austenite.”” The
blue plane corresponds to the forward martensitic transition induced
either by decreasing temperature, decreasing magnetic field, or
increasing stress (as indicated by arrows in the figure). Well below that
plane, the sample is in martensite.”’ The region in between the two
planes accounts for the hysteresis where the state of the sample is his-
tory dependent. The projections on the T-H and T-¢ planes are shown
in Figs. 2(b) and 2(c), respectively. For all values of applied stress, both
the forward and reverse martensitic transition temperatures linearly
decrease with increasing field and with a slope in the absence of
applied stress that compares well with typical data for this kind of
alloys.™ Also, for all values of applied magnetic field, transition tem-
peratures linearly increase with increasing stress. In this case, the slope
of the transition lines in the absence of magnetic field is lower but
comparable to the values reported for similar alloys.”> The slope of
these transition lines has been found to depend on the application of
the secondary field, as illustrated in the inset of Fig. 2(b), which shows
a decrease in |dT/dp,H| with increasing stress, and in the inset of
Fig. 2(c), which shows an increase in dT'/do with increasing magnetic
field. There are very few studies on the caloric response of materials
subjected to more than one external stimulus, and most of them refer
to the combined effect of hydrostatic pressure and magnetic
field.”**** The effect of uniaxial stress and magnetic field was studied
for the metamagnetic transition in Fe-Rh.”” For that compound, it was
found that the application of a secondary field does not affect the
values for |dT /duyH| and dT /dg.
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FIG. 1. (a) Thermomagnetization curves at selected values of applied magnetic field in the absence of applied stress. (b) Calorimetric signal as a function of temperature for
applied stresses of 0 and 50 MPa, and applied magnetic fields of 0 and 4 T. The color code is indicated in the figure. Upper panel corresponds to heating runs and lower panel
corresponds to cooling runs. Vertical blue lines indicate the position of the calorimetric peak. Panels (c) and (d) show the temperature dependence of strain in the absence of
magnetic field (c) and under 1 T applied magnetic field (d), for applied uniaxial stresses of 0, 10, 20, 30, 40, and 50 MPa.

11l. DATA ANALYSIS AND DISCUSSION
A. Transition entropy change and entropy curves

The complexity of the experimental setup allowing the applica-
tion of uniaxial load makes our calorimeter less accurate than a con-
ventional DSC. As a result, calorimetric signals are affected by a
poorer baseline, particularly on cooling runs and at high magnetic
fields. For this reason, we will restrict the following analysis to the
heating protocol and magnetic fields up to 4 T.

The transition entropy change (AS;) can be computed by
suitable integration of the baseline corrected calorimetric curves
[Figs. 3(a)-3(e)] as

1dQ(T,0,H)

Toar A )

AS:(o,H) :J

where 421 w, with Q(T, o, H) being the heat flux mea-

sured while scanning temperature at constant stress and magnetic
field, and T is the heating rate. T} and T are, respectively, freely cho-
sen temperatures below and above the phase transition region.

For the range of applied stresses, we have not found any systematic
dependence of AS; with applied stress, but conversely AS; decreases
with increasing magnetic field, as illustrated in Fig. 3(f), which shows
AS; as a function of magnetic field. For each applied field, AS; values
obtained for different applied stresses are within the experimental error
(indicated by the error bars). The observed decrease in AS, with
increasing magnetic field is a consequence of the increase in the mag-
netic contribution to the total entropy, which opposes the phonon con-
tribution being larger (in absolute value) than its magnetic counterpart,
and to a good approximation, magnetic field independent.”*®

The entropy curves (S(T, o, H)) referenced to a value at a specific
temperature T, (chosen below the phase transition region) can be
computed'” by combining calorimetric curves (recorded at selected
values of stress and magnetic field) with specific heat (C) data. In these
computations, it is common to take C to be independent of magnetic
field and stress. While the stress independence of C is still a good
approximation in our case, the proximity of the martensitic transition
to the austenitic Curie temperature in our sample makes C dependent
on the applied magnetic field. For this reason, we have measured the
temperature dependence of C at selected magnetic fields. Results for

Appl. Phys. Rev. 7, 041406 (2020); doi: 10.1063/5.0020755
Published under license by AIP Publishing

7, 041406-3


https://scitation.org/journal/are

Applied Physics Reviews

ARTICLE scitation.org/journal/are

305
300

295

FIG. 2. (a) Transition tempera-
tures as a function of magnetic
field and uniaxial stress. Solid
symbols indicate experimental
data, and planes correspond to
the best fits to the experimental
values. Upper red plane corre-
sponds to the reverse martensitic
transition, and lower blue plane to
the forward martensitic transition.
The arrows in each plane indicate
the changes in temperature, mag-
netic field, and stress to cross the
plane (i.e., to induce the forward
and reverse ftransitions, respec-
tively). (b) Transition temperatures
as a function of magnetic field (at

290

285

Temperature (K)

280

275

270

144

= 104

4444«

290 50 A

280

constant uniaxial stress), and (c)
transition temperatures as a func-
tion of uniaxial stress (at constant
magnetic field). Solid symbols
correspond to the reverse mar-
tensitic transition and open sym-
bols to the forward martensitic
transition. The inset in (b) shows
the stress dependence of the
slope of the transition temperature

4490

toH (T)

oAb wWN—=-O
N

44444

2704 -

Temperature (K)

=]
|

F2.0
260

o

o

=
L

o
[dT/duoH | (

vs magnetic-field lines, and the
inset in figure (c) shows the
magnetic-field dependence of the
slope of the transition temperature
vs stress lines. Lines are linear
fits to the data.

0

6

2 4
HoH (T)
s

5 6
Magnetic Field (T)
(b)

T T T 7~ T 71
0 10 20 30 40

the sample under study (NispMnjssIn;ys) are shown in Fig. 4(a),
which have been measured using a bespoke universal calorimeter that
operates up to a temperature of 310 K and under an external magnetic
field.”® From the figure, three different regions with distinct behavior
for Cvs T are clearly identified. At low temperatures (below the mar-
tensitic transition), there is no dependence of the specific heat of the
martensite (Cy,) with the magnetic field, and a linear temperature
dependence can be assumed [black line in the inset of Fig. 4(a)].
Within the transition region (around room temperature), the latent
heat of the phase transition results in an apparent peak in the specific
heat. This peak shifts to lower temperature under a 2 T magnetic field,
which is in good agreement with the shift observed in DSC data
(shown in Fig. 3). Above the martensitic transition, a small peak (cen-
tered at 303K) associated with the Curie point of the austenite is
clearly visible for the 0 T curve. This peak is smoothed when a 2 T
magnetic field is applied. Because our bespoke calorimeter is limited at

T —
50 60 70

Stress (MPa)
(c)

high temperatures, it is not possible to accurately determine the spe-
cific heat in the austenitic phase (C™). For this reason, we have used a
second (commercial) calorimeter (PPMS from Quantum Design) to
measure C over a broader range of temperatures and magnetic fields.
In order to separate the contributions from the latent heat and the
Curie point we have used a second sample (NisoMnsz4In;¢) for which
the martensitic transition takes place at a temperature (180 K) well
below its Curie point. It is not expected that small differences in com-
position may affect the value of C* in the paramagnetic austenitic
phase. Results from these measurements are summarized in Fig. 4(b).
As shown in the inset of Fig. 4(b), above the Curie temperature, Ctis
almost independent of temperature, but it shows a small dependence
in magnetic field.

Using data for C™ and C%, and the base-line corrected calorimet-
ric curves (Fig. 3), we have computed the entropy curves S(T, g, H) as
follows:

Appl. Phys. Rev. 7, 041406 (2020); doi: 10.1063/5.0020755
Published under license by AIP Publishing

7, 041406-4


https://scitation.org/journal/are

Applied Physics Reviews

ARTICLE

scitation.org/journal/are

HoH (T)

’\3.0~G:0MPal 0 As.o A3.0~
L 2.4] L 2.4 L 24
T T T
2181 1.8 1.8
2 2 2
l_51.2~ ,51.2~ ;1.2<
3 0.6 3 0.6 3 0.6
o © ©

0+ 0 0+

280 285 290 295 300 305 310 280 285 290 295 300 305 310 280 285 290 295 300 305 310

Temperature (K) Temperature (K) Temperature (K)
(a) (b) (c)
45

3.0 3.0
= = 40+
& 247 L 247 = X
1.8 1.8 = BN
2" 2" L, 35 R
5 - X T.a
~1.2 ~1.24 2 -
= 1.2 = 1.2 % L
3061 3 0.6 < 807
© o

07 01 5

280 285 290 295 300 305 310 280 285 290 295 300 305 310 0 1 2 3 4

Temperature (K) Temperature (K) Magnetic Field (T)
(d) (e) ®
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and 40 MPa. (f) Transition entropy change (computed from heating runs) as a function of magnetic field. The error bars include data obtained for different values of applied uni-
axial stress in the range 0-40 MPa. The dashed line is a linear fit to the data.
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where C = xCM + (1 — x)C%, with x the fraction of the sample that
has transformed to martensite. Results for selected values of magnetic
field and uniaxial stress are shown in Figs. 5(a)-5(c) and 6(a)-6(c).

AllS(T, 0, H) values are referenced to the entropy at Tp =256 K,
in the absence of stress and magnetic field. For each specific value of
magnetic field, the entropy curves shift toward higher temperatures
with increasing stress, and they join in the high-temperature region
where entropy values coincide, thereby indicating a stress-
independent entropy in the austenite [Figs. 5(a)-5(c)]. On the other
hand, for any fixed value of applied stress, the entropy curves shift to
lower temperatures with increasing magnetic field, and they exhibit a
crossover: in the austenitic phase, the entropy decreases with increas-
ing magnetic field [Figs. 6(a)-6(c)]. Such a decrease reflects the
decrease in AS; [see Fig. 3(f)] and, as previously mentioned, is a conse-
quence of the increase in the magnetic contribution with increasing
magnetic field.

B. Elastocaloric and magnetocaloric effects:
Isothermal entropy and adiabatic temperature
changes

We have computed the isothermal entropy changes (AS) and adi-

ARTICLE scitation.org/journal/are

and magnetocaloric effects in NisoMnss sInj4 5. Because we have used
calorimetric curves for heating runs, the studied caloric effects corre-
spond to the transition from martensite to austenite. It is to be noted
that the application of magnetic field stabilizes austenite, whereas the
application of uniaxial stress stabilizes martensite. Furthermore, due to
the hysteresis of the transition, the application of both a magnetic field
and mechanical stress will take the sample through a minor loop
within the two-phase coexistence region (for which no experimental
data are available). For these reasons, the analysis of single caloric and
multicaloric effects will be restricted to values obtained from the appli-
cation of the magnetic field and the removal of stress [they correspond
to trajectories from below to above the red plane in Fig. 2(a)].

From S(T, 0, H), the isothermal entropy change (AS) associated
with a given caloric effect arising from the application of a magnetic
field H, and the stress removal from a value ¢ is obtained as

AS(T,6 — 0,0 — H) = S(T,0,H) — S(T, ,0). 3)

The adiabatic temperature change (AT) is computed from the
T(S,0,H) (obtained by inversion of the corresponding entropy
curves) as

abatic temperature changes (AT) corresponding to the elastocaloric AT(S,0 — 0,0 — H) = T(S,0,H) — T(S,,0). (4)
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The previous expression provides AT as a function of entropy, but it is
customary to plot adiabatic temperature changes as a function of tem-
perature. Such a temperature dependence is easily obtained by plotting
each AT data at the temperature given by the S(T, g, H) curve, ie.,
the temperature prior to the application (removal) of magnetic field
(stress).

Results for AS(T,0 — 0,H), AT(T,o — 0,H),
AS(T,0,0 — H), and AT(T,0,0 — H) are shown as a function of
temperature in Figs. 5(d)-5(f), 5(g)-5(i), 6(d)-6(f), and 6(g)-6(1),
respectively. For the elastocaloric effect (in the absence of magnetic
field), the shift of the transition is very small at low stresses, and the
observed small fluctuations of AS and AT curves around zero cannot
be considered physically meaningful within experimental errors. The
elastocaloric effect has been found to be conventional while a crossover
from inverse to conventional is observed for the magnetocaloric effect.
The inverse magnetocaloric effect at lower temperatures arises from
the martensitic transition while the conventional magnetocaloric effect
at higher temperatures is associated with changes in the ferromagnetic
order in the vicinity of the Curie point of the austenite. In all cases, an
increase in the magnitude of the external stimulus (magnetic field for
the magnetocaloric effect and stress for the elastocaloric effect)
enlarges the temperature window of the corresponding caloric effect.

Figure 7 shows the extreme values for the isothermal entropy
change (AS,ax) and for the adiabatic temperature change (AT},.) as a
function of magnetic field (at constant applied stress) for the magneto-
caloric effect [Fig. 7(a)] and as a function of released stress (at constant
applied magnetic field) for the elastocaloric effect [Fig. 7(b)]. For any
applied load, the magnetocaloric AS,y,; and |AT,.| increase for
higher fields. The increase in [AT},| is found to be linear but AS,.
values show a tendency to saturate at high fields. The fact that AS,.x
values are lower than the transition entropy change [AS,(H), Fig. 3(f)]
indicates that for the studied range of magnetic fields the sample does
not completely transform. For the elastocaloric effect, AS,,,y and
|AT | values are more scattered but both quantities increase with
increasing |g|. Again, AS,,, values are lower than AS;, showing that
larger stresses are required to fully transform the sample. In relation to
the effect of a secondary field, no systematic dependence for the mag-
netocaloric AS,qy and |AT,q,| with stress has been found within the
range of studied stresses. In spite of the scatter of the data, elastocaloric
ASyox and |AT,.| increase for higher applied magnetic fields.
Although this result seems to be in contrast with the decrease of the
transition entropy change (AS;) with increasing magnetic field, we
must take into account that magnetic field shifts the martensitic transi-
tion to lower temperatures. Therefore, under an applied magnetic field,
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the fraction of the sample in the martensitic state is larger than in the
absence of the field (for given values of temperature and applied
stress). Hence, when the stress is released, the larger transformed frac-
tion gives rise to a larger elastocaloric AS, .

While our method based on DSC under external fields provides
reliably accurate data for the entropy and temperature changes for
caloric effects arising from first-order phase transitions, it is less suited
to study caloric effects around continuous phase transitions. For that
reason, although our data correctly captures the crossover of the mag-
netocaloric effect from inverse to conventional, actual data for AS and
AT associated with the conventional magnetocaloric effect around T,
might be inaccurate. With the aim of corroborating the crossover
from the inverse to the conventional magnetocaloric effect, and to con-
firm the temperature region where the inverse magnetocaloric effect
takes place, we have performed direct measurements of the adiabatic
temperature change resulting from the application of a 1.64 T mag-
netic field in the absence of stress and for an applied (constant) uniax-
ial stress of 40 MPa. Results are shown in the supplementary material
(Fig. S1) in comparison with data derived from our entropy curves
(which will be described later in this paper). The comparison between
direct and indirect data provides indeed a confirmation of the temper-
ature region where the inverse magnetocaloric effect occurs (including
the crossover temperature from inverse to conventional magneto-
caloric effect) and also of the shift in the magnetocaloric effect with
applied uniaxial stress.

C. Entropy surfaces

Experimental entropy curves [Figs. 5(a)-5(c) and 6(a)-6(c)] are
only known for given values of magnetic field and stress. In order to
obtain the multicaloric effect over the entire (T, g, H) thermodynamic
phase space, it is necessary to fit a numerical function S(T, 0, H) to
the experimental data.

We have used the following function to fit the entropy curves:

''C(T,0,H
S(T,0,H) — S(Ty) = J wdT + AS(o,H)X(T,0,H)
Ty
5)
with T, = 256 K.
The fitting function X (T, g, H) is taken as

X(T,o,H) =1 71 (6
( 3 0,y )* _eB(T—T,)+1’ )

where B and T; are free parameters of the fit that depend on H and g,
and the best fit to experimental data is found for

B(H, ¢) = 0.74(2) — 0.032(18)H + 0.0019(17)c
—0.004(4)H> —2 x 107°(4)6*> — 0.2 x 107*(4)Ho

and
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T,(H,0) = 299.1(2) — 1.14(14)H + 0.016(15)c
—0.15(3)H* 4+ 4 x 10 *(3)d* + 0.008(3)Ho.

Figure 8 illustrates the agreement between the fitted (dashed
lines) and experimental data (solid lines) for selected values of stress
and magnetic field.

From the fitted entropy curves S(T', , H), the elastocaloric effect
(under an applied magnetic field), AS(T,¢ — 0,H), the magneto-
caloric effect (under applied uniaxial stress) AS(T, 0,0 — H), and
multicaloric effects AS(T, 0 — 0,0 — H) are computed, respectively,
as

AS(T7O'—>0,H) :S(T70>H)_S(T707H)7 (7)
AS(T,0,0 — H) =S(T,0,H) — S(T, g,0), (8)
AS(T, 0 — 0,0 — H) = S(T,0,H) — S(T, 5,0), ©)

where the above expressions have to be computed numerically.
Isothermal entropy surfaces are plotted as a function of stress
and magnetic field at selected values of temperature in Figs. 9(a)-9(d).
For temperatures at the onset of the reverse martensitic transition,
S(T, 0, H) increases with increasing magnetic field, and there is also a
tiny increase with decreasing stress. For temperatures within the tran-
sition region, the S(T, 0, H) increase with decreasing stress is more
pronounced. On the other hand, S(T', o, H) increases with increasing
magnetic field up to a maximum and decreases for larger fields. The
value of the magnetic field where this maximum occurs is temperature

ARTICLE scitation.org/journal/are

dependent. At temperatures above the reverse martensitic transition,
the entropy decreases with increasing magnetic field, in accordance
with the ferromagnetic nature of the austenitic phase, while no signifi-
cant stress dependence is observed. Figures 9(e) and 9(f) show isofield
and isostress entropy surfaces plotted as a function of stress and tem-
perature [Fig. 9(e)], and as a function of magnetic field and tempera-
ture [Fig. 9(f)]. It is worthwhile to remember that due to the hysteresis
of the transition, these surfaces are only representative for increasing
field and decreasing stress (as indicated by arrows in the axis of the fig-
ures). The crossover behavior for the magnetocaloric effect is evident
within all the range of temperatures and stresses under study [Fig.
9(e)]. Furthermore, the marked decrease in entropy as magnetic field
increases together with the weak dependence in stress is also apparent
from Fig. 9(f).

From our fitted S(T, ¢, H) function, it is possible to separately
compute single caloric and multicaloric effects. Single caloric effects
while a constant secondary field is applied are shown in Figs. 10 and
11 as color contour plot maps for the elastocaloric effect (under an
applied H) (Fig. 10) and for the magnetocaloric effect (under an
applied o) (Fig. 11). The corresponding three-dimensional plots are
shown in Figs. S2 and S3 of the supplementary material. Overall, there
is good agreement between the isothermal entropy and adiabatic tem-
perature changes obtained from the fitted S(T, ¢, H) functions with
the corresponding data computed from the raw entropy curves
(Figs. 5 and 6). Such an agreement confirms the robustness of our
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axial stress (indicated by the labels in each panel) and magnetic field (indicated by the color code). Solid lines correspond to the experimental data, and dashed lines, to the fit-

ted curves.
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fitting procedure and provides confidence in the multicaloric data that
will be later derived from the fitted S(T', o, H) functions.

With regard to the elastocaloric effect (Fig. 10), the application
of a magnetic field enlarges the temperature window where the
giant elastocaloric effect occurs and shifts this window to lower
temperatures. Furthermore, the application of a magnetic field
enchances the elastocaloric effect: the elastocaloric AS and AT
obtained under an applied magnetic field are larger than those in
the absence of field. In particular, a stress removal from 40 MPa to
zero, under a magnetic field of 4 T renders AS=10.4 J kg 'K !
and AT=-19K, while in the absence of magnetic field
AS=8.7] kg{1 K 'and AT=-1.0K.

In relation to the magnetocaloric effect (Fig. 11), the influence of
uniaxial stress is very weak (due to the low range of applied stresses).
There is a slight shift of the region where the giant (inverse) magneto-
caloric effect occurs toward higher temperatures under an applied uni-
axial stress. Furthermore, the overall magnetocaloric effect slightly
shifts to higher magnetic fields when stress is applied. For instance, if
we focus on the contour plot corresponding to AS ~19 J kg 'K,
we observe that a magnetic field of 2.7 T is needed in the stress free
case [Fig. 11(a)], while a magnetic field of 3.3 T is necessary to achieve
this value when a 40 MPa stress is applied [Fig. 11(b)]. This shift
toward higher magnetic field values is due to the fact that uniaxial
stress stabilizes the martensitic phase. The maximum magnetic-field-
induced entropy change is AS=23.1kg 'K, corresponding to a
magnetic field of 4 T and the absence of applied stress.

D. Multicaloric effects: Isothermal entropy
and adiabatic temperature changes

The multicaloric effect refers to the isothermal entropy and adia-
batic temperature changes when two (or more) external fields are
modified. Because both quantities are state functions, no distinction is
made as to whether they are applied (or removed) simultaneously or
sequentially.' The multicaloric response of our system when both
uniaxial stress and magnetic field are varied can be computed from the
isothermal entropy surfaces in the H and ¢ parameter space for
selected values of temperature [Figs. 9(a)-9(d)]. The multicaloric iso-
thermal entropy change for an arbitrary change in H and o is simply
obtained by subtracting the value at the origin S(T, 0 =40 MPa ,0)
from the actual value on the surface S(T, g, H). The multicaloric adia-
batic temperature change can be computed in a similar way from the
inverted entropy functions T(S, o, H). Results for the multicaloric AS
and AT are shown in Figs. 12 and 13 as color contour maps. They
show a clear improvement in the caloric response of the studied alloy
as a result of the combined effect of the two external stimuli. On the
one hand, the maximum values achieved for the multicaloric entropy
change (AS =252 kg 'K 'at T=296 K and AS =249 J kg 'K '
at T=297K) clearly exceed the values for single magnetocaloric and
elastocaloric effects. Furthermore, such maximum values can be
obtained within a certain range of stress and magnetic field. In particu-
lar, at 297K [Fig. 12(d)] entropy values equal or larger than 24 ]
kg 'K~ are obtained for the combination of H and ¢ ranging
in a window limited by the following values: y,H (0 — 4T),
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0 (40 MPa — 20 MPa), and yyH (0 — 3.1 T), o (40 MPa — 0). On
the other hand, it is possible to achieve large entropy changes at rela-
tively low values of the applied external field. For instance, if we focus
on a magnetic field of 1 T (which is readily accessible by permanent
magnets), it is found that the entropy values corresponding to the sin-
gle caloric effect are in the range 4-6 ] kgfl K™ [see Fig. 7(a)].
However, these values can be doubled by combining the application of
1 T with the removal of a 40 MPa stress, as shown in Figs. 12(d),
12(e), and 12(f) where AS values are 10.5 J kg71 K ! (at T=297K),
139 J kg "K' (at T=298K), and 15.1 ] kg 'K ' (at T=299K).
Similar trends are also observed for the multicaloric adiabatic tempera-
ture changes when compared to single caloric effects. The maximum
multicaloric AT = —5.9K obtained at T=298K [Fig. 13(e)] is larger
than any single caloric value [see Fig.7(a)]. Furthermore, at low mag-
netic fields, the values obtained by applying a 1 T field and removing a
stress of 40 MPa (AT =-2K) double the magnetocaloric values
obtained for 1 T (AT= —1K).

It is to be noted that in general the multicaloric response of a
given thermodynamic system AS(T,0 — ¢,0 — H) is not given by
the sum of single caloric effects AS(T,0— ¢,0) and
AS(T,0,0 — H), because there is also a contribution from a cross-
coupling term,""** which accounts for the cross-response of the mate-
rial to the application of non-conjugated fields. In our case, there is no
contribution from such a coupling term because we are computing the
multicaloric effect arising from the removal of one field (stress) and
application of another field (magnetic field). In that case, AS(T, o — 0,
0 — H) can be obtained by the addition of AS(T,0,0 — H) and
AS(T,o — 0,0, ).

The reproducibility under field cycling is a relevant feature for a
potential application of a given caloric (multicaloric) effect for refriger-
ation. A thorough analysis of the reproducibility of the multicaloric
effect in our Ni-Mn-In alloy has not been possible due to the poor
quality of the thermograms recorded on cooling. However, the deter-
mined hysteresis in temperature, stress, and magnetic field of the mar-
tensitic transition together with the stress, and magnetic-field
dependences of the transition temperatures enable us to make some
estimates on the reproducibility of the caloric effects. By considering a
thermal hysteresis of ~ 12K, and taking representative values [see
Figs. 2(b) and 2(c)] for the typical shift of the transition with field and
stress of dT/duyH ~ —2KT ' and dT/do ~0.08KMPa *, it is
expected that the magnetocaloric effect is reproducible for fields larger
than 6 T, while the elastocaloric effect is expected to be reproducible
for stresses larger than 150 MPa. However, the effective hysteresis in
the given external field can be drastically reduced by application of a
secondary field.'”"" While magnetic fields in the order of ~ 6 T are
unfeasible for practical applications, the application of stress can
enhance the reproducibility of the magnetocaloric effect. In our case, if
we consider a magnetic field of 1 T, the magnetocaloric effect is
expected to be reproducible under the following sequence (which is
schematized in the supplementary material, Fig. S4): (i) application of
1 T (in the absence of stress), which induces (partially) the transforma-
tion from martensite to austenite, (ii) application of ~ 125 MPa, (iii)
removal of magnetic field (keeping the stress constant), which induces
the transformation from austenite to martensite, and (iv) removal of
the stress. Hence, it is seen that the additional application of a moder-
ate stress (6 ~ 100 MPa) turns Ni-Mn-In into a suitable material for
refrigeration devices using permanent magnets.

scitation.org/journal/are

IV. CONCLUSION

We have used a unique calorimeter working under magnetic field
and uniaxial load to study the multicaloric response of Ni-Mn-In, a
prototype metamagnetic shape-memory alloy. A numerical treatment
of our calorimetric data has enabled us to obtain the entropy of the
alloy over the whole temperature, magnetic-field, and uniaxial-stress
phase-space. Based on this, we could compute single caloric (elasto-
caloric and magnetocaloric) and multicaloric effects for arbitrary com-
binations of magnetic field and stress. Our results show that the
multicaloric response of Ni-Mn-In exceeds that of single caloric
effects. In particular, a suitable combination of magnetic field and
stress gives rise to isothermal entropy and adiabatic temperature
changes larger than those achievable when only a single external stim-
ulus is applied. Furthermore, the combination of two external stimuli
enlarges the temperature window where the alloy exhibits a giant
caloric response, which is also accompanied by an enhancement in the
reversibility of the caloric response when the external stimuli are cycli-
cally changed.

The advantages of the multicaloric effect in relation to single
caloric effects found here may lead to clear improvements in the use of
multicaloric materials for cooling applications in refrigeration devices
designed to work at low values of the external fields. For instance, the
combination of a magnetic field of 1 T, with a uniaxial stress of 40
MPa, yields an isothermal entropy change of 15 J kg 'K ™', which is
more than double the maximum value achievable for the pure magne-
tocaloric effect.

It is expected that many of the trends found here for a metamag-
netic shape-memory alloy may also be valid for other multiferroic
materials with strong coupling between different degrees of freedom.
Present results should inspire the development of refrigeration devices,
which take advantage of the multicaloric response of multiferroic
materials.

V. EXPERIMENTAL SECTION

A sample with nominal composition NisoMnsssIn;, s was pre-
pared by arc melting. The ingot was turned upside down and remelted
several times to ensure chemical homogeneity. The button was further
treated using the suction-casting option of the arc melter. The speci-
men was subsequently annealed at 900 °C for 24 h, followed by water
quenching. From the heat-treated rod, a block with dimensions 2 x 2
x 4.9 mm? was cut and polished. A smaller piece was cut for thermo-
magnetization measurements, which were carried out using a vibrating
sample magnetometer.

Differential scanning calorimetry measurements were conducted
by means of a bespoke differential scanning calorimeter, which enables
simultaneous measurements of the length of the specimen. The system
operates under magnetic fields up to 6 T, and uniaxial loads up to 1.2
kN. The calorimeter has a 15-mm diameter and 45-mm-long copper
block with Peltier modules on the top and bottom surfaces that are dif-
ferentially connected. The sample is placed on a high strength alumin-
ium disk on top of the upper surface of the top Peltier element, while a
dummy sample is placed on the surface of the second Peltier element.
The temperature of the calorimeter is controlled by means of a cryo-
fluid that circulates through an aluminium container that surrounds
the calorimeter. The ensemble of the calorimeter and the aluminium
container is inserted into the bore of a cryogenic free magnet. Uniaxial
load is applied to the sample through a high-strength aluminium rod
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whose upper end is in mechanical contact with a free mobile platform,
and the lower end pushes a polyether ether ketone (PEEK) disk placed
on top of the upper surface of the sample. Length changes are mea-
sured by means of a linear variable differential transformer (LVDT)
sensor in contact with the free mobile platform that measures its rela-
tive positon. The load is applied by placing pre-weighted lead ingots
on top of the mobile platform. Full details and a scheme of this device
can be found in.”

Specific heat was measured for temperatures up to 310 K using a
bespoke experimental system™ for fields up to 2 T, and for tempera-
tures up to 380K and fields up to 4 T, using a commecial PPMS
(Quantum Design) calorimeter. Temperature changes resulting from
the application and removal of magnetic fields under applied uniaxial
compressive load were measured by means of a purpose-built experi-
mental system. The specimen temperature was measured by a fine
gauge K thermocouple (0.075 mm diameter) in contact with the sur-
face of the sample. The magnetic field and uniaxial load ranges
are 0-2 T and 0-1kN, respectively. The setup is described in detail in
Ref. 27.

SUPPLEMENTARY MATERIAL

See the supplementary material for a comparison between direct
and indirect magnetocaloric adiabatic temperature changes. It also
shows three-dimensional plots for the isothermal entropy and adia-
batic temperature changes for elastocaloric effects under magnetic field
and magnetocaloric effects under uniaxial stress. It finally provides a
scheme for a reversible multicaloric cycle.
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