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Multicaloric effect refers to a thermal response of materials driven by more than one external field. In
this work, using a self-designed multicaloric effect characterization setup, we directly measured the adiabatic
temperature change (AT,4) under uniaxial stress and magnetic field for a spin-lattice synergic coupled system
of Ni-Mn-Ga-In. Both stress and magnetic field favor the martensitic transformation. A large AT,q of —6.7 K
was achieved in the Nis;Mn;g3Gas; 45In3 55 alloy when simultaneously applying a moderate dual-external-field
(uniaxial stress of 95 MPa and magnetic field of 2 T). Such a multicaloric AT, is 72% higher than the single
elastocaloric cooling, which is ascribed to the larger transformation volume fractions obtained under dual fields.
Additionally, benefiting from the reduction in critical stress by a bias magnetic field, Nis;Mn;3Gay; 45In; 55
exhibits a good fatigue resistance with a relatively stable AT,q of —5.7 K upon dual-field cycles of about 600
times. Our experimental results reveal that the multicaloric strategy based on the synergic magnetostructural
transformation is feasible and promising for solid-state cooling under relatively lower driven fields.
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I. INTRODUCTION

Due to energy scarcity and global warming, solid-state
refrigeration based on magnetocaloric, elastocaloric, and
electrocaloric effects has been considered as a promising alter-
native candidate for conventional vapor compression cooling
systems [1-5]. Recently, multicaloric effect driven by more
than one external field has been drawing increasing inter-
est and become the focus in the solid-state cooling society
[6-11]. Multicaloric effect based on the coupling of the mag-
netocaloric and elastocaloric effects is beneficial to broaden
the operating temperature range, to reduce first-order phase
transformation hysteresis, as well as to decrease driving
fields for the compact devices [12—15]. The prerequisite for
realizing the magnetoelastic cooling system is that the refrig-
erant materials should hold a strong spin-lattice interaction
characteristic. Ni-Mn-based Heusler alloys are typical mag-
netoelastic coupling materials [16,17], but owing to intrinsic
brittleness they are prone to crack on phase transformation,
especially under the high magnetic or stress external field. On
the other hand, it is hard to complete phase transformation un-
der the low driving field, therefore resulting in a small caloric
effect [18-20]. So, the question arises of whether one can
achieve a high phase transforming volume and large caloric
response by applying relatively low fields. It has been reported
that the combination of magnetic field and stress is capable
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to manipulate the magnetostructural transformation behav-
iors for Ni-Mn-based Heusler alloys [12,17,21,22]. However,
for the kind of Ni-Mn-In/Sn/Sb alloys, high-temperature fer-
romagnetic (FM) austenite transforms to low-temperature
paramagnetic (PM) or antiferromagnetic (AFM) martensite.
The application of extra magnetic field favors the FM austen-
ite and results in an increase in stress to trigger the martensite
phase transformation [12,21,23]. Moreover, the total entropy
change becomes weakened due to the contrary contribution of
magnetic entropy change and lattice entropy change [24,25].
Here, such spin-lattice competitive transformation is termed
nonsynergic magnetostructural transformation.

In contrast, for synergic magnetostructural transformation,
materials transform from high-temperature PM austenite to
low-temperature FM martensite. As schematically demon-
strated in Fig. 1, both magnetic field and stress promote the
martensite formation and bring about a positive contribu-
tion of magnetism and lattice to the total entropy change.
Thus, for such synergic multicaloric materials, the critical
field is expected to be reduced. To our knowledge, few mul-
ticaloric effects based on synergic type transformation have
been reported. For instance, Castillo-Villa et al. found that
in NisgsMny; 7Gayg7Co3,1, the magnetic entropy change of
2.5 Jkg ' K™! can be enhanced to 3 Jkg™! K~! on simultane-
ously applying 10 MPa stress and 1 T magnetic field [26]. It
should be noted that due to its weak magnetoelastic coupling
strength, the multicaloric effect in Nisy sMny; 7Gazs7Cos  is
not very significant.

In this work, we report a synergic spin-lattice transfor-
mation system of Ni-Mn-Ga-In alloys exhibiting a strong
magnetoelastic coupling. Self-designed multicaloric effect

©2022 American Physical Society
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FIG. 1. A schematic illustrating the characteristics of mul-
ticaloric effect based on synergic magnetostructural transformation.
Compared with the single-caloric effect, the dual-field application
approach enables to reduce the magnitude of applied magnetic field
and uniaxial stress.

characterization equipment was used to directly figure out the
multiple-field induced adiabatic temperature change (AT,q).
As a result of the simultaneous application of uniaxial stress
and magnetic field, distinct lowered critical fields, larger trans-
formation volume fraction, and enhanced caloric effect have
been obtained in Ni-Mn-Ga-In alloys.

II. EXPERIMENTAL METHODS

A series of NiszMn 3Gays_,In, (x = 3.4, 3.55, 3.7, 3.82,
3.9,4.0, 4.3) alloys was synthesized by using arc melting in Ar
atmosphere. To compensate for the evaporation of Mn during
melting, 0.2% extra Mn was added. The ingots were then cast
into 7-mm-diameter rods, and to improve the fatigue resis-
tance of the materials, the rods were directionally solidified
by the liquid-metal cooling method to form crystallites with
a [001] preferred orientation, which was determined by x-ray
diffraction. The crystal growth rate was set to be 150 um s~ at
1523 K. A rectangular specimen with a dimension of 4 x 4 x
8 mm? for compressive tests were cut from the directionally
solidified rods and subsequently annealed at 1148 K for 48 h
in Ar atmosphere followed by rapid quenching in ice water.
A differential scanning calorimeter (DSC 214, NETZSCH)
was used to determine phase transformation temperatures and
specific heat. A superconducting quantum interference device
(SQUID) magnetometer (MPMS, Quantum Design Inc) was
used to measure magnetic properties.

Stress-strain curves and AT,q under simultaneous magnetic
field and uniaxial stress were directly characterized by using
a bespoke multicaloric effect characterization equipment, as
schematically shown in Fig. 2. This setup mainly consists
of a purpose-built universal testing machine and a supercon-
ducting magnet. The universal testing machine can provide
a maximum force of 20 kN where the stress is measured by
a spoke-structure pressure sensor (PSD-5t-SJITT, CELTRON)
and a superconducting magnetic system (Cryogenic Ltd.) with

FIG. 2. Sketch of multicaloric effect characterization equipment.
(1) Loading heads of universal testing machine. (2) Superconducting
magnet. (3) Liquid nitrogen circulation tube. (4) Alumina ceramic
heating rods. (5) Cryogenic temperature sensor. (6) Specimen with a
rectangle shape.

a maximum magnetic field up to 5 T. The operating temper-
ature can be adjusted continuously in the range 100-350 K
through the liquid nitrogen circulation system and alumina ce-
ramic heating rods that are connected with the loading heads.
The specimen contacts the loading heads directly to ensure the
heat flow between the sample and the loading head for more
precise temperature control. A cryogenic temperature sensor
(DT-670, LakeShore) is attached to the specimen to monitor
its temperature. A customized extensometer (Epsilon) being
able to work in a magnetic field is used to record strain. All
these components are integrated in a vacuum chamber which
is connected to mechanical and molecular pumps to ensure
adiabatic environment during the test to improve the accuracy
of the AT,y measurement. In compression experiments, the
loading and unloading rates were set to be 2 and 10 mm min™',
respectively.

III. RESULTS AND DISCUSSION

A. Synergic magnetostructural transformation behavior

DSC curves upon heating and cooling for
Nis;Mn;3Gays_,In, (x =3.4, 3.55, 3.7, 3.82, 3.9, 4.0,
4.3) alloys are shown in Fig. 3(a). The martensitic
transformation ~ temperature  (7;P5€) is assessed by
TPSC = (As + A + Mg + My)/4, where A, A, M, and
M; are the starting and finishing temperature for austenite
and martensite, respectively and determined by tangent
method from the DSC curves. T,P5C decreases with the
increase of the In content [Fig. 3(b)]. Since the transformation
temperature is sensitive to the In concentration, a slight
compositional fluctuation may cause a non-negligible
shift in transformation temperature and thus a scatter
behavior of transformation temperature from the linear
tendency was observed. Nevertheless, a linear relationship
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FIG. 3. (a) DSC curves for Nis;Mn;3sGays_,In, upon heating and cooling. (b) TtPSC as a function of the In content. (c) AS, as a function

DSC
of T.”°%.

between transformation temperature and In content is
apparent. The transformation entropy change AS; is taken
as the average value of entropy change upon heating and
cooling. The entropy change upon heating and cooling are
calculated as 2AH,/(As + Af), 2AH./(M + M), where
AH, and AH_ are the transformation enthalpy change
and respectively determined from the peak area upon
heating and cooling DSC curves. As shown in Fig. 3(c),
ASy first increases till T, =278 K (x =3.9) and then
keeps almost constant ~25Jkg ' K~'. This tendency is
related to the magnetostructural coupling effect as discussed
below.

Figures 4(a)—4(g) show the thermomagnetic (M-T) curves
recorded upon heating and cooling for NisyMn;sGays—_,In,
alloys measured at various magnetic fields from 0.05 to 5 T.
Alloys with higher In content (x > 3.9) exhibit a separated
transformation behavior: upon cooling, they ferromagneti-
cally order at Curie temperatures (7¢) first, and then undergo
the martensitic transformation accompanied with a magneti-
zation drop under low fields. Here the 7, is evaluated by

T, = (As + Af + Mg + My) /4, whereAg,Af, M, and M; are
determmed by tangent method from the M-T curves. As the In
content decreases, T,,"¢ increases while Tc decreases slightly,
which is in agreement with previous reports [16,27]. The In
content dependencies of 7,"*® and Tc result in a synergic
coupled magnetostructural transformation and an increased
ASy when x < 3.9. The magnetostructural transformation is
shifted towards higher temperatures due to the Zeeman energy
difference between martensite and austenite. d7,, " ¢/dH refers
to the sensitivity of the magnetostructural transformation tem-
perature affected by external magnetic field. In first-order
martensite transformation, d7,, “¢/dH is supposed to be rel-
evant to the strength of magnetoelastic coupling and caloric
effect. This key parameter becomes higher in alloys with
spin-lattice coupled transformation (x < 3.9), as seen in (h).
It was found that Nis;MngGay; 45Ins ss exhibits both mag-
netoelastic coupling effect and large entropy change among
Nis;Mn;sGass_In, (x = 3.4, 3.55, 3.7, 3.82, 3.9, 4.0, 4.3)
alloys. Therefore, we selected Nis;Mn 3Ga;; 45In3 55 for this
study.

Nis;Mn 3Gayj 451n; 55 has 7, = 294 K under 0.05 T and
adT,/dH of 0.92K T'. dT,"*/dH with a positive value of
0.92 K T-! indicates a synergic-type magnetostructural trans-
formation. The magnetocaloric entropy changes ASy was

calculated using the Maxwell thermodynamic relationship,
Su(T,H) = fo ( )HdH as plotted in Fig. 4(i). The values
of ASy are 13.4Jkg K~! in a magnetic field change of 2 T
and 23Jkg 'K 'in5T.

B. Direct measurement of multicaloric effect

The martensitic transformation behavior and caloric re-
sponse under simultaneous application of uniaxial stress and
magnetic field were investigated for Nis;Mn;gGay; 45In3 5.
Figure 5(a) illustrates the stress-strain curves corresponding
to isothermal loading and adiabatic unlading under various
magnetic fields from O to 4 T at 310 K. The maximum applied
stress was set as 95 MPa for each loading/unloading cycle.
For each curve, a superelastic plateau is observed, reflecting
a stress-induced martensitic transformation. The increased
slope of stress-strain curves after the plateau indicates an
elastic deformation of martensite, suggesting that the trans-
formation is nearly complete under 95 MPa and magnetic
field above 1 T. It is evident that the critical stress o, to
induce martensitic transformation decreases as magnetic field
increases with an almost linear relation, as shown in Fig. 5(b).
The value of o is 79 MPa in absence of a bias magnetic
field, while it is reduced to 62 MPa in a bias magnetic field of
4 T. The magnetic field dependence of critical stress do.;/dH,
is estimated to be —4.1 MPaT-!. In addition, the transfor-
mation strain &, was increased with magnetic field from
1.4% (0 T) to 2.1% (2 T), and then to 2.5% (4 T). The reduced
o and increased & by the application of additional magnetic
field are associated with significant synergic type transforma-
tion in the present Ni-Mn-Ga-In, which is in strong contrast to
the nonsynergic-type materials, such as Ni-Co-Mn-In [28].

The superelastic cooling effect with a varying magnetic
field is presented in Fig. 5(c). ATy = —3.9K is observed
upon rapid unloading from 95 MPa stress without the as-
sistance of a magnetic field, whereas AT,y was substantially
enhanced to —6.7 and —7.3 K as the magnetic field increased
to 2 and 4 T, respectively. Because of a similar dependence
of AT,4 and &, on the magnetic field [see Fig. 5(d)], it sug-
gests that the enhanced AT,4 is closely related to a larger
transformation volume fraction by dual fields. It is worth-
while to note that |AT,q| with the value 7.3 K under 95 MPa
and 4 T is much smaller than the theoretical value of 17.4
and 20.0 K which are estimated by ATy = ASy x T;/Cp
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FIG. 4. Thermomagnetic curves for Nis;Mn 3Gays_,In, alloys upon heating and cooling are presented in (a)—(g). (h) The dT,"*/dH as a
function of the In content. (i) Magnetic entropy changes as a function of temperature under different magnetic fields for x = 3.55.

from magnetization and heat capacity measurement, respec-
tively. Such a deviation may be ascribed to the following
reasons. First, the temperature control in this work is realized
by the heat exchange between the loading heads and the
sample, so the sample directly contacts the loading heads.
Such heat exchange degrades the adiabatic condition upon
stress loading or unloading. Second, the unloading rate is set
as 10mmmin~' (~0.02s7!) which is insufficient to achieve
an adiabatic condition. Both factors result in the difference
between experimental and theoretical AT,4. Another aspect
influenced by the extra magnetic field is the large stress
hysteresis. Though the transformation hysteresis increases in
higher magnetic fields, there is no residual stress from stress-
strain loops [see Fig. 5(a)], which indicates the good phase
transformation reversibility.

Next, we take the coefficient of performance (COP,y) to
assess the multicaloric refrigeration efficiency. COPp, refers
to the coefficient of performance based on material properties
following the ideal cycle and it is a material performance met-
ric to compare different elastocaloric materials. Different from
Brayton and Stirling cycles [29], the thermodynamic cycle

adopted in our work consists of an isothermal loading and an
adiabatic unloading under magnetic field. The corresponding
COPy is calculated based on the following equation [30]:

T.ASmu — AEi + ZAT‘AdASmul

COP . = ey

AEye + (T, — T + 25)ASpu’

where 7. and 7; are the cold and hot temperatures in heat
exchangers, respectively. ASy, the entropy change response
to multiple fields, is estimated by ASny = q/T;, where ¢ is
the absorbed heat calculated by g = G, x ATy. AEjy is the
irreversibility of the phase transformation process, as deter-
mined by

Oudey
M= § T AT DS,
Although the magnetic field enhances the caloric effect,
the resultant larger hysteresis requires more work to accom-
plish the cycle in the denominator of Eq. (1) and leads to
the decrease in COPp, from 18.2 to 13.3 when external

magnetic field increases from 0 to 4 T. The data of COP
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function of magnetic field. (c) AT,q obtained during unloading in various magnetic fields corresponding to (a). (d) Magnetic field dependence
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for Nis;MngGayg 45Insss is in comparison with other typ-
ical elastocaloric alloys in Fig. 5(e). It can be seen that
the multicaloric COPy,y is 14.6 in 2 T magnetic field for
Nis;MnsGay) 45In3 55, which is comparable to that for Ni-Ti
(COPpyat = 15.5), while higher than Cu-Zn-Al (COPpy =
11.4) and Ni-Fe-Ga (COPy,, = 7.2) alloys [30].

For our alloy, the multicaloric effects is not constricted at
a certain temperature but could be achieved within a tem-
perature window. The isothermal stress-strain curves under
various magnetic fields at different temperatures 302, 305,and
310 K were recorded for Nis;Mn 3Gasy; 45Ins 55, which en-
ables us to establish o, as a function of both magnetic field
and temperature, as presented in Fig. 6(a). For a certain
temperature within the temperature range, lower o, can be
obtained with the assistance of external magnetic field. A
low driven stress is desired because the fatigue resistance
can be greatly improved, especially for brittle Ni-Mn-based
Heusler alloys. Moreover, o, can be further lowered when
temperature decreases. For instance, at 302 K, o, is as low as
20 MPa when applying a magnetic field of 5 T. However, at
this temperature, the irreversibility of transformation resulting
from the appearance of the temporary residual strain must be
taken into consideration [31].

As presented in Fig. 3, the magnetic field brings the T;,
higher and closer to the testing temperature, thus a larger
transformation volume fraction and a larger AT,q can be
achieved under a certain stress. It seems that lowering am-
bient temperature is equivalent to the strategy of applying a
magnetic field. However, the working temperature in prac-
tical application is certain, and it is not possible to lower
the ambient temperature to satisfy the materials’ properties.

Here we demonstrated a strategy that, by applying an external
magnetic field to broaden the working temperature range,
provides a more flexible routine than lowering the working
temperature. Thus, upon stress unloading, applying an exter-
nal magnetic field to broaden the working temperature range
provides a strategy to make the best of the materials. Addition-
ally, from Fig. 6(a), dT;;/do is calculated to be 0.21 K MPa™!
and exhibits a weak dependency on magnetic field. Consid-
ering the theoretical adiabatic temperature change —20.0 K
which is estimated from DSC measurement, it also con-
firms that a uniaxial stress with a value of around 95 MPa
is sufficient to drive an almost complete transformation.

The response of o, to the external magnetic field is de-
scribed by the magnetostress, which is defined as the change
in critical stress to trigger phase transformation with and with-
out an external magnetic field [32]. The magnetostress as a
function of magnetic field for Nis;Mn 3Gay; 45In3 55, in com-
parison with two typical Heusler systems, Ni-Mn-Ga (relevant
data from Ni,MnGa [32]) and Ni-Co-Mn-In (reference data
from Ni45Co5Mn36_5In13_5 [33]), is plOtth in Flg 6(b) The
mechanism of the magnetostress for these materials are rather
different as illustrated in Fig. 6(c): (i) In Ni-Mn-Ga alloys,
the magnetostress is relevant to the magnetic-field-favored
martensite variants reorientation, which greatly relies on mag-
netocrystalline anisotropy [32]. Since the magnetostress is
limited by anisotropy energy, even if a large magnetic field is
applied, the value of output stress in Ni-Mn-Ga is restricted.
(ii)) Magnetostress in Ni-Co-Mn-In arises from the marten-
sitic transformation and the Zeeman energy, because of the
magnetization difference between AFM martensite and FM
austenite [34]. The external magnetic field stabilizes the FM
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austenite and favors the reverse martensitic phase transforma-
tion, and therefore impedes the nucleation and formation of
the martensite phase. Also, the output stress induced by mag-
netic field acts as the energy barrier during the stress-induced
martensitic transformation, and larger input power is needed
to overcome the obstacle and initiate the phase transformation.
(iii) For the case of our Ni-Mn-Ga-In, external magnetic field
promotes the nucleation and formation of the FM martensite
phase. As a sequence, the magnetic field leads to an increase
in transformation temperature and a reduction in stress to
trigger the martensitic transformation. From above, although
the magnetostress in both Ni-Mn-Ga-In and Ni-Co-Mn-In
originates from the Zeeman energy, the different magnetore-
sponsive effects make their output magnetostress opposite
signs. The Curie temperature for martensite 7’ higher than
that for austenite T4 is the precondition for synergic-type
transformation [35]. The higher T over TZ in our alloys
should be attributed to their appropriate Mn-Mn distance in
the martensite phase leading to stronger magnetic exchange
interaction than that in the austenite phase, which is different
from other Ni-Mn-based Heusler alloys [27,36].

In this context, do./dH as a parameter to characterize
the magnetoresponsive effect is of crucial importance for
manipulating the multicaloric effect. We compared do../dH
for synergic-type NisyMn;3Ga;45In3ss and nonsynergic-
type NigsCosMnjg sInj3 s in what follows.

Based on the Clausius-Clapeyron relation [2],
Ae X dog = —pAS x dTy, 3)

the magnetic field dependence of critical stress can be deduced
as

do, ASpu  dTy
= — X ,
dH ~ " "Ae, " dH
where ASpu/Aey is the transformation strain dependence of
entropy change corresponding to the multicaloric effect. For
Nis7MngGay.45In3 55 and NigsCosMnse sInys s, dTi/dH are
0.92 and —4.3KT! [37], respectively. The density p for
Ni57Mn18Ga21_451n3.55 and Ni45CO5MH36_51H13_5 is 8100 and
8080 kg m3, respectively [27,38]. ASpy can be determined
from

“

ATy
ASmu = —— x G, (&)
T

where C, is the specific heat for materials. C, for
Ni57MH18G321,45IH3.55 and Ni45C05Mn36.5In13,5 [39] are 388

and 485 T kg™ K, respectively.
For Nis;Mn;gGajy; 45In3 55 in this work, AT,y of —7.9 K
is adopted on applying 95 MPa uniaxial stress and 5 T
magnetic field at 303 K. For NissCosMnsgsInjss, AT,y of
—2.9 K is taken at 293 K under 135 MPa stress field
in Ref. [28]. Both alloys have the similar transforma-
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tion strain of about 2.6%. Thus, ASyu/A¢y and do/dH
can be calculated as —390J kg™ K™! and —2.9MPaT! for
Nis7Mn3Gayj 45In3 55, and ]SOJkg_l K-! and 6.3 MPaT!
for NigsCosMnsg 5Iny3 5. The calculated data basically follow
the experimental results as plotted in Fig. 6(b).

In perspective, for synergic magnetostructural transforma-
tion materials, in order to enhance magnetostress and the
corresponding large multicaloric effect, stronger magnetoelas-
tic coupling is highly desired.

C. Cyclic performance of multicaloric effect

Ni-Mn-based Heusler alloys generally suffer from
the intrinsic brittleness and their cyclic performance is
rather limited. Here we test the fatigue behavior for
Nis;MngGas; 45In3 55 under the dual fields of stress and
magnetic field. Figure 7(a) presents AT,y recorded during
cyclic application of 95 MPa under 5 T magnetic field at
303 K for Nis;Mn;gGay; 45Ins s5. AT,q increases during the
first few cycles, which might be attributed to the mechanical
training effect [40,41]. During the subsequent 600 cycles,
AT, degrades gradually due to the hysteresis, but still
remains a relatively large value of —5.7 K. However, the
alloy cracked only after about 30 cycles when subjected to
the single stress cycle as seen in the inset of Fig. 7(b). Under
a certain amount of transformation strain, 2.6%, as seen in
Figs. 7(a) and 7(b), the AT,y for the first cycle under pure
stress field and dual fields are —7.6 and —7.9 K, respectively,
which are close within the systematical errors. In terms of
AT,4, dual fields do not lead to too much improvement.
On the other hand, under the constant stress of 95 MPa, an
increase in AT,y with increasing magnetic field was observed
as seen in Fig. 5(c). But this increase trend of AT, is due to
a larger transformation volume change by application of a
magnetic field. As seen in Fig. 5(a), an external magnetic field
of 5 T decreases o, from 79 to 62 MPa, leading to a larger
transformation strain from 1.3% to 2.6% and, consequently,
an improved AT, from —3.9to —7.9 K.

For practical application, a large caloric effect is not suffi-
cient for a caloric material; some extra criteria are needed to
take into consideration, such as fatigue life, AT,q/Aoyax. Fa-
tigue life is strongly related with the functional stability under

cooling cycles, while AT,q/Aomax is usually used to evaluate
the strength of a caloric effect. The larger AT,q/ Aoy 1S, the
less input stress provided by an actuator is needed to drive
a certain amount of temperature change. It is beneficial to
make the cooling device more compact. Compared with other
elastocaloric materials [18,42-50], NisyMn3Gas; 45In3 55 ex-
hibits a relatively good cyclic stability under dual fields. Also,
Nis;Mn3Gay; 45In3 55 reveals outstanding AT,q/Aomax With
value of 60K GPa™', among other elastocaloric materials.
This value could be even higher if the adiabatic condi-
tion is improved. Such a significant improvement in cyclic
performance and strength of caloric effect originates from
the lowered critical stress under a bias magnetic field. This
indicates that for synergic-type materials, the dual-field appli-
cation provides a feasible routine to lower critical stress.

IV. CONCLUSION

In this work, by tailoring the In content in
Nis;Mn 3Gays_In, (x = 3.4-4.3), synergic magnetostruc-
tural transformations are achieved for alloys x < 3.9. Taking
synergic-type Nis;Mn gGay;4slnsss as an example, the
multicaloric effect has been investigated using a bespoke
multicaloric effect characterization equipment that works
under uniaxial stress and magnetic field. It is found that the
critical stress to trigger the transformation could be reduced
by an additional magnetic field for our alloy, in contrast to
nonsynergic transformation Ni-Mn-based Heusler alloys.
Such a synergic feature brings about an enhancement of
multicaloric adiabatic temperature change by 73% under a
magnetic field of 2 T. In addition, dual-field application for
Nis;Mn3Gay; 45In3 55 can improve the fatigue resistance
compared to subjected to sole uniaxial stress.

Our work has experimentally indicated that multicaloric
effect based on synergic magnetostructural transformation
is a feasible strategy to achieve lower driven fields, larger
transformation volume fraction, and enhanced caloric effect.
However, materials exhibiting a synergic magnetostructural
transformation are still somewhat scarce. It is important to
develop materials showing synergic magnetostructural with
strong coupling between magnetic and structural transforma-
tion. The sensitivity of critical stress to magnetic field is an
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important parameter to assess the spin-lattice couple and a
large positive value of magnetostress is essential for improv-
ing multicaloric effect.
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