
APL Mater. 7, 051102 (2019); https://doi.org/10.1063/1.5090599 7, 051102

© 2019 Author(s).

Experimental study on coupled
caloric effect driven by dual fields in
metamagnetic Heusler alloy Ni50Mn35In15
Cite as: APL Mater. 7, 051102 (2019); https://doi.org/10.1063/1.5090599
Submitted: 29 January 2019 . Accepted: 12 April 2019 . Published Online: 06 May 2019

Fei-Xiang Liang, Jia-Zheng Hao, Fei-Ran Shen, Hou-Bo Zhou, Jing Wang, Feng-Xia Hu, Jun He, Ji-
Rong Sun, and Bao-Gen Shen

ARTICLES YOU MAY BE INTERESTED IN

Giant reversible barocaloric response of (MnNiSi)1−x(FeCoGe)x (x = 0.39, 0.40, 0.41)

APL Materials 7, 061106 (2019); https://doi.org/10.1063/1.5097959

First proof-of-principle of inorganic perovskites clinical radiotherapy dosimeters
APL Materials 7, 051101 (2019); https://doi.org/10.1063/1.5083810

Large tetragonality and room temperature ferroelectricity in compressively strained CaTiO3
thin films
APL Materials 7, 051104 (2019); https://doi.org/10.1063/1.5090798

https://images.scitation.org/redirect.spark?MID=176720&plid=995910&setID=376414&channelID=0&CID=321325&banID=519747317&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=327d155925f876dab0895b3b7e5a3a01f7515f91&location=
https://doi.org/10.1063/1.5090599
https://doi.org/10.1063/1.5090599
https://aip.scitation.org/author/Liang%2C+Fei-Xiang
https://aip.scitation.org/author/Hao%2C+Jia-Zheng
https://aip.scitation.org/author/Shen%2C+Fei-Ran
https://aip.scitation.org/author/Zhou%2C+Hou-Bo
https://aip.scitation.org/author/Wang%2C+Jing
https://aip.scitation.org/author/Hu%2C+Feng-Xia
https://aip.scitation.org/author/He%2C+Jun
https://aip.scitation.org/author/Sun%2C+Ji-Rong
https://aip.scitation.org/author/Sun%2C+Ji-Rong
https://aip.scitation.org/author/Shen%2C+Bao-Gen
https://doi.org/10.1063/1.5090599
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5090599
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5090599&domain=aip.scitation.org&date_stamp=2019-05-06
https://aip.scitation.org/doi/10.1063/1.5097959
https://doi.org/10.1063/1.5097959
https://aip.scitation.org/doi/10.1063/1.5083810
https://doi.org/10.1063/1.5083810
https://aip.scitation.org/doi/10.1063/1.5090798
https://aip.scitation.org/doi/10.1063/1.5090798
https://doi.org/10.1063/1.5090798


APL Materials ARTICLE scitation.org/journal/apm

Experimental study on coupled caloric effect
driven by dual fields in metamagnetic Heusler
alloy Ni50Mn35In15

Cite as: APL Mater. 7, 051102 (2019); doi: 10.1063/1.5090599
Submitted: 29 January 2019 • Accepted: 12 April 2019 •
Published Online: 6 May 2019

Fei-Xiang Liang,1,2 Jia-Zheng Hao,1,3 Fei-Ran Shen,1,2 Hou-Bo Zhou,1,2 Jing Wang,1,2,a) Feng-Xia Hu,1,2,4,a)

Jun He,3 Ji-Rong Sun,1,2,4 and Bao-Gen Shen1,2,4

AFFILIATIONS
1Beijing National Laboratory for Condensed Matter Physics and State Key Laboratory of Magnetism, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
3Division of Functional Material Research, Central Iron and Steel Research Institute, Beijing 100081, People’s Republic of China
4Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, People’s Republic of China

a)Authors to whom correspondence should be addressed: fxhu@iphy.ac.cn and wangjing@iphy.ac.cn

ABSTRACT
The multicaloric and coupled caloric effect of metamagnetic shape memory alloy Ni50Mn35In15 driven by hydrostatic pressure and magnetic
field has been systematically investigated. The existence of pressure significantly changes the relationship between the magnetic volume cou-
pling coefficient and temperature. Thermodynamic analysis indicates that the magnetocaloric effect at a certain pressure is equivalent to the
magnetocaloric effect at ambient pressure adjusted by the coupled caloric effect (∆Scp). This theoretical result is verified by magnetic measure-
ments under various pressures for the Ni50Mn35In15 with the inverse magnetocaloric effect. When a pressure of 0.995 GPa is applied, the peak
value of entropy change can be as high as |∆S| ∼ 25.7 J kg−1 K−1 upon a magnetic field change of 5–0 T, which increases by 8% compared to that
of ambient pressure though the magnetization change (∆M) across martensitic transition reduces 20% owing to the shift of the transition to
higher temperature by 30 K. Detailed analysis indicates that the coupled caloric effect involving the strengthened magnetostructural coupling
under pressure is responsible for the enhanced entropy change. The quantitative analysis of cross coupling term driven by dual fields reveals
the essence of regulated magnetocaloric effect by pressure, which will be helpful for designing new materials based on the magnetostructural
coupling strength.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5090599

Caloric materials have received a widespread attention in the
last decades due to their potential application in solids’ refrig-
eration. For spin-lattice coupled materials, changing the external
field can change the order of alignment and exhibit a giant caloric
effect. Since Pecharsky and Gschneidner reported the giant mag-
netocaloric effect in Gd5Si2Ge2 with first-order phase transition
(FOPT) involving magnetostructural coupling,1 FOPT materials
with magnetostructural transition have been extensively studied,
and a series of magnetocaloric materials such as LaFe13-xSix-based
alloys,2 MnAs,3 and Ni–Mn–Ga4 have been discovered. In partic-
ular, since the ferroic order parameter is generally coupled with

the crystal lattice, the magnetocaloric materials with FOTP are also
expected to show mechanocaloric (barocaloric and elastocaloric)
effects, such as La(Fe, Co, Si)13,5 Ni–Mn–In,6 and Ni–Co–Mn–Sn.7
As a clean and effective means, hydrostatic pressure can directly
change the electronic structure and the magnetic structure by mod-
ifying lattice parameters, which is of great significance for observing
new physical phenomena.8

Multicaloric materials, referring to the thermal changes driven
by more than one type of external fields, have been extensively stud-
ied in recent years.6,7,9 Accordingly, the coupled caloric effect was
theoretically studied from different angles, such as Landau phase
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transition theory10,11 and thermodynamic analysis.9 Compared to
the monocaloric effect, the multicaloric effect has specific advan-
tages: (1) FOTP driven by more than one field can give a larger
parameter space, for example, a lower field may become accessible
to drive the phase change, (2) widening the phase transition tem-
perature window to achieve caloric effects over a wider temperature
range,9,12 and (3) eliminating the hysteresis by transferring from one
control field to another.13

The stoichiometric Ni50Mn25In25 crystallizes in a body-
centered cubic L21 structure. Ni atoms occupy the apex position,
while Mn atoms and In atoms occupy the body center position
in turn.14 The magnetic moments mainly localize at Mn atoms
which have been proved to be ferromagnetically coupled by indirect
exchange interaction.14–16 The phase diagram of Ni50Mn25+xIn25−x
(0 ≤ x ≤ 20) has been studied by Sutou et al.,17 which shows only
a second order phase transition from high temperature paramag-
netic (PM) phase to low temperature ferromagnetic (FM) phase
during cooling in stoichiometric Ni50Mn25In25.17 However, for the
Mn-riched Ni50Mn25+xIn25−x alloys, the excess of Mn atoms will
occupy the position of the In atoms, resulting in the shortening
of partial Mn–Mn neighbor distance from the original

√

2a
2 (a is

the lattice parameter) to a
2 . As a result, the corresponding Mn–Mn

interaction is changed from the original ferromagnetic type to the
antiferromagnetic type.15 And a first-order martensitic transition
induced by the temperature or magnetic field from a cubic L21 high-
temperature phase (austenite) to a lower symmetry low-temperature
phase (martensite) with several possible structures depending on
composition and elements17 can be realized.18 In a review article,19

Dubenko et al. carefully summarized the magnetic, magnetocaloric,
magnetotransport, and magneto-optical properties of Ni–Mn–In-
based Heusler alloys with various forms including bulk, ribbons, and
microwires. These properties can be optimized through variations
in stoichiometry, chemical substitution, and fabrication parameters
or postprocessing. The Ni–Mn–In alloys exhibiting multifunctional
properties deserve further investigations. The enhancement of mag-
netocaloric effect by partial substitution of In by Si in Ni50Mn35In15
has been reported by Pathak et al.20 Our previous work showed that
for Ni50Mn35.2In14.8, during the cooling process, the FOPT is from
the cubic L21 structure to the modulated 7M tetragonal marten-
site phase.21 Moreover, as the Mn content increases, the martensitic
transformation temperature increases rapidly. This is because in the
temperature region where the parent and martensite phases coexist,
the contribution of the magnetic phase in the Gibbs free energy are
varied when the two phases reach equilibrium.17

On the other hand, the hydrostatic pressure will also reduce
the lattice parameters and the Mn–Mn distance, resulting in
the enhancement of the antiferromagnetic exchange interaction
between Mn atoms in Ni50Mn35In15.8 Therefore, the presence of
hydrostatic pressure can also lead to an increase in the martensitic
transformation temperature in Ni50Mn35In15. Considering that the
ferroic order parameter is strongly coupled with lattice, the volume
will also change greatly along with the change of magnetic properties
during the martensitic transformation. Therefore, the thermal effect
in the pressure-driven phase transition process is attracting more
and more attention.6 However, there are few experimental research
for the coupled caloric effect driven by dual fields, particularly for
the Ni–Mn–In Heusler alloys showing the inverse magnetocaloric
effect.

Here, we report multicaloric and coupled caloric effect
driven by the magnetic field and hydrostatic pressure in the off-
stoichiometric Ni50Mn35In15 alloy, which shows a FOPT from
high-temperature austensite to low-temperature martensite. Appli-
cation of hydrostatic pressure enhances antiferromagnetic cou-
pling between Mn atoms, which in turn leads to an increase of
the martensitic transformation temperature.17 In the temperature
region of phase transition, the effect of pressure can be expressed
by the pressure-driven magnetostructural transition, which causes
the change of magnetism, that is, the pressure-induced change of
magnetic volume coupling coefficient, χ12 = [

∂M
∂P ]

T,µ0H
. The defini-

tion of χ12 is analogous to the magnetoelectric coupling coefficient
driven by magnetic and electric fields for a magnetoelectric coupling
system.22 The coupled caloric effect is closely related to the magnetic
volume coupling coefficient. The existence of pressure significantly
adjusts the relationship between the magnetic volume coupling coef-
ficient χ12 and temperature and thus affects the expression of the
coupled caloric effect under different pressures. From the perspec-
tive of magnetic volume coupling, the evolution of χ12 with pres-
sure reveals the intrinsic nature of the coupled effect. A challenge
for solid-state refrigeration is to adjust operating temperature while
maintain the amplitude of the caloric effect. In this paper, the study
of the coupled caloric effect in Ni50Mn35In15 explains the intrinsic
nature of the pressure-regulated magnetocaloric effect and its tem-
perature. It will be helpful for designing new materials based on
χ12, which closely correlates with the magnetostructural coupling
strength.

Ni–Mn–In alloy with nominal composition Ni50Mn35In15 is
prepared by the arc melting method. The preparation process is the
same as that described in Ref. 21. The commercial purities of Ni,
Mn, and In are 99.9 wt. %, 99.9 wt. %, and 99.99 wt. %, respectively.
Homogenization was achieved by remelting the ingots three times,
then sealing the ingots into quartz ampoules under argon atmo-
sphere, and annealing at 1073 K for 24 h, followed by quenching
in ice water. Magnetic properties were measured by superconduct-
ing quantum interferometer device (SQUID, MPMS-7 T). Hydro-
static pressure was applied by using a Be–Cu pressure cell, where
Daphne 7373 was used as the pressure transferring medium. The
pressure inside the cell was calibrated by the shifts of the super-
conductive transition temperature of Pb, which is put together with
the specimen during measurements. Since the specimen exhibits
different hysteresis effects against temperature, magnetic field, and
pressure during the first-order phase transition, the test process
was performed by increasing pressure, decreasing temperature, and
decreasing magnetic field, so as to eliminate the influence of possible
inaccuracy on the measured results. Moreover, in the temperature
region of phase transition, where two phases coexist for the materi-
als with FOPT, an extrinsic spike of entropy change tends to arise if
the isothermal magnetization curves (M-µ0H) is measured without
taking the history of the material into account.23,24 By proper mea-
surements eliminating the history, the M-µ0H curves can be used
in calculating the entropy change. For Ni–Mn–In Heusler alloys,
choosing the demagnetizing branch on cooling from above the tran-
sition can reliably calculate the entropy change.24 Besides, using
the thermomagnetic curves (M-T) measured under different mag-
netic fields can also eliminate the fake peak.24,25 Based on this, we
measured the M-T curves at the 220–340 K temperature range in
cooling and demagnetizing processes to make ensure the reliable
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calculation of entropy change. The sweep rate of temperature dur-
ing the measurements was set as 1 K/min, and the entropy change
in the phase transition process is calculated using the Maxwell
relation.

The coupled caloric effect can be considered from a thermo-
dynamic point of view.9 Since entropy is a state function, its size is
independent of the sequence and path of the driving fields.12 For a
phase transition process driven by a magnetic field change from 0 to
µ0H and a pressure change from 0 to P, the entropy change can be
expressed by the following path:

∆S[(0, 0)→ (P,µ0H)] = ∆S[(0, 0)→ (P, 0)]

+∆S[(P, 0)→ (P,µ0H)]. (1)

The first term on the right denotes the entropy change upon
changing the pressure from 0 to P in the case where the exter-
nal magnetic field keeps 0, which is the monocaloric effect due to
the application of pressure. The second term indicates the entropy
change caused by the change of magnetic field from 0 to µ0H under
the condition that the external pressure keeps P. We can express
these two terms as follows:

∆S[(0, 0)→ (P,µ0H)] = ∫

P

0
[
∂M
∂T

]

P′,µ0H=0
dP′

+∫
µ0H

0
[
∂M
∂T

]

P,µ0H′

d(µ0H′
). (2)

When expanding the second term on the right of Eq. (2),9,11 we
can get a new form of the expression as follows:

∫

µ0H

0
[
∂M
∂T

]

P,µ0H′

d(µ0H′
) = ∫

µ0H

0
[
∂M
∂T

]

P=0,µ0H′

d(µ0H′
)

+∫
P

0
∫

µ0H

0

∂χ12

∂T
dP′d(µ0H′

). (3)

From Eqs. (1)–(3), the entropy change ∆S[(0, 0) → (P, µ0H)]
can be expressed as follows:

∆S[(0, 0)→ (P,µ0H)] = ∫

P

0
[
∂M
∂T

]

P′,µ0H′=0
dP′

+∫
µ0H

0
[
∂M
∂T

]

P=0,µ0H′

d(µ0H′
)

+∫
P

0
∫

µ0H

0

∂χ12

∂T
dP′d(µ0H′

). (4)

The first term on the right of Eq. (4) represents the entropy
change of the monocaloric effect driven by pressure (in the absence
of magnetic field); the second term represents the entropy change of
the monocaloric effect driven by the magnetic field (in the absence of
pressure); and the last term is the thermal effect of the magnetolattice
cross coupling term, i.e., the coupled caloric effect, ∆Scp,

∆Scp = ∫
P

0
∫

µ0H

0

∂χ12

∂T
dP′d(µ0H′

). (5)

Here, χ12 = [
∂M
∂P ]

T,µ0H
is the cross-susceptibility, which rep-

resents the magnetic volume coupling coefficient when the driving
fields are pressure and magnetic field. The macroscopic physical
meaning of χ12 refers to the change of magnetism caused by the
phase transition, which is driven by the external pressure at a certain
temperature in phase transition temperature region. While from the
microstructural angle, it presents the enhancement of the antiferro-
magnetic exchange interaction due to the shortening of the Mn–Mn
atomic distance by external pressure, and the enhanced magnetic
contribution to Gibbs energy, which causes the phase transition tem-
perature to move toward the higher temperature region.17 By mea-
suring the thermomagnetic curves at different magnetic fields and
different pressures, the relationship between the magnetization and
the pressure (M-P curve) at a specific temperature can be obtained.
Then, the magnetic volume coupling coefficient χ12 can be deduced
from the M-P curve by nonlinear fitting, and the coupled effect
(∆Scp) can be calculated by Eq. (5). Meanwhile, from Eq. (3), we can
know that for a FOPT driven by a magnetic field under a specific
pressure, the entropy change is equivalent to the entropy change at
ambient pressure adjusted by the coupled caloric effect.

Figure 1(a) shows the thermomagnetic curves measured at
a magnetic field of 5 T during cooling process under different

FIG. 1. Thermomagnetic curves mea-
sured on cooling (a) at a constant mag-
netic field of 5 T but different hydrostatic
pressures, and (b) at a constant ambient
pressure (0 GPa) but different magnetic
fields.
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hydrostatic pressures including 0, 0.147, 0.303, 0.391, 0.567, 0.826,
0.995 GPa (for clarity, ambient pressure here is defined as 0 GPa). It
can be seen that during the cooling process, the specimen undergoes
martensitic transformation, and the magnetization abruptly reduces
from the ferromagnetic phase to the nonmagnetic phase.26,27 In the
vicinity of martensitic transition, the change of magnetization (∆M)
decreases with increasing pressure owing to the shift of the tran-
sition to higher temperature. Although the decreased ratio of ∆M
is as large as ∼20% with pressure increasing from 0 to 0.995 GPa,
the total entropy change does not reduce but shows an increase
by 8% owing to the contribution of the coupled caloric effect (see
detailed discussion thereafter). Moreover, the increase of pressure
makes the magnetostructural transition temperature (TM) shift to
a higher temperature, while the Curie temperature of the austen-
ite phase (TC

A) remains basically unchanged. Figure 1(b) shows the
thermomagnetic curves during the cooling process under different
magnetic fields at ambient pressure. As magnetic field increases,
TM shifts to lower temperature. As shown in Figs. 1(a) and 1(b),
the martensitic transformation shifts to higher temperatures as the
pressure increases, while it shifts to lower temperature as the mag-
netic field increases. This behavior can be explained by the fact
that the magnetic field stabilizes the high temperature ferromagnetic
phase and the pressure stabilizes the low temperature small volume
phase.

Based on the M-T curves measured at 220–340 K tempera-
ture range under different magnetic fields and pressures, entropy
change ∆S can be rationally calculated using Maxwell’s relation as
follows:25,28

∆S(T,µ0H) = S(T,µ0H) − S(T, 0)

= ∫

µ0H

0

⎛

⎝

∂M(T,µ0H′
)

∂T
⎞

⎠
µ0H′

d(µ0H′
). (6)

Here, numerical integration is performed using a set of M vs
T plots obtained with different applied µ0H [as shown in Fig. 1(b)
for P = 0 GPa]. Using Eq. (6), the entropy change ∆S as a function
of temperature (at constant pressures) for a field change of 5–0 T is
calculated and shown in Fig. 2(a). It can be seen that as the pressure

increases from 0 to 0.995 GPa, the ∆S peak shifts to high tempera-
ture by 30 K from 264 K to 294 K, which is consistent with Fig. 1(a),
indicating the notable tunability of phase transition temperature by
pressure. More importantly, the peak value of |∆S| increases from
23.8 J kg−1 K−1 to 25.7 J kg−1 K−1 by 8% though the change of
magnetization (∆M) across phase transition reduces 20% as a pres-
sure of 0.995 GPa is applied [Fig. 1(a)]. This is attributed to the
contribution of strengthened magnetic-structural coupling by pres-
sure, which is expressed by the coupled caloric effect. Figure 2(b)
shows the first-order differential of the thermomagnetic curves at
0 GPa and 0.995 GPa measured at 5 T. The peak of dM/dT under
0.995 GPa is narrower and higher than that of 0 GPa, which means
that the former presents a sharper transition. This also indicates that
the increase of pressure strengthens the magnetic-structural cou-
pling, and hence enhances the first-order nature of phase transition
properties to some extent, consistent with the results of the finite
element simulation reported previously.29

The positive entropy change around 310 K is derived from the
paramagnetic-ferromagnetic phase transformation of austenite. The
increase in pressure does not show much influence on the Curie
temperature, TC

A. But at high pressures, the martensitic tempera-
ture TM goes close to TC

A [see Fig. 1(a)]. That is to say, the ferro-
magnetic ordering of austenite has not been well aligned when the
martensitic transformation occurs; hence, the change of magnetiza-
tion across the TC

A reduces under high pressure. This should be the
cause of the slight reduction of |∆S| around ∼310 K with increasing
pressure.

We collected a series of experimental data by performing
magnetic measurements under several constant pressures, 0, 0.147,
0.303, 0.391, 0.567, 0.826, 0.995 GPa. The numerical analysis of
the coupled caloric effect involves differential and integration, that
is, continuous data are desired throughout the phase transition.
Numerical simulation is performed to obtain the continuous M-P
curves in the phase transition region, where nonlinear fitting was
employed. For the M-P curves in the phase transition region, mag-
netization M exhibits the characteristics of the tanh function with
pressure P. We found that the fitted M-P curves by tanh function
are highly consistent with the actually measured data. Under a con-
stant magnetic field (for example, 5 T) and a specific temperature, we

FIG. 2. (a) Entropy change as a function
of temperature calculated by Maxwell
equation for a magnetic change of
5–0 T at different pressures: 0, 0.147,
0.303, 0.393, 0.567, 0.826, 0.995 GPa
(b) dM/dT-T for 0 GPa and 0.995 GPa
deduced from Fig. 1(a).
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FIG. 3. Magnetization as a function of pressure in the transition temperature region
at a magnetic field of 5 T, where dots correspond to experimental data and lines
correspond to the fitted data.

assume the relationship between the magnetization and the pressure
is as follows in the phase transition region (Pt − δP ≤ P ≤ Pt + δP,
here Pt denotes the critical pressure inducing phase transition at a
certain temperature):

M(T, 5 T,P) =
1
2
[MFM + MPM] +

1
2
[MFM −MPM]tanh(

a − P
b

),

(7)

where MFM and MPM denote the magnetization of the FM and PM
phases, respectively. The parameters a and b are the ones involving
the change of phase transition width and shape relative to pressure
at the 5 T magnetic field.

Beyond the phase transition region, an exponential function is
used to describe the relationship between the magnetization and the
pressure at a specific temperature as follows:9

M(T, 5 T,P)=MPM + [M(T, 5 T,P − δP) −MPM]exp(
P − a1

b1
),

P < Pt − δP, (8)

M(T, 5 T,P)=MFM + [M(T, 5 T,P + δP)−MFM]exp(
a2 − P
b2

),

P > Pt + δP. (9)

Figure 3 shows the magnetization as a function of pressure
(M-P curves) in the phase transition temperature region (250–
300 K) at the 5 T magnetic field, where dots represent the measured
data, and the lines represent the data obtained from the nonlin-
ear fitting. As shown, the fitted data is basically consistent with the
measured data.

According to the fitted results shown in Fig. 3, we calcu-
lated the relationship of the magnetic volume coupling coefficient
χ12 = (

∂M
∂P )

T,µ0H
with P and T under the constant magnetic field of

5 T. The results are shown in Figs. 4(a) and 4(b) in a colored contour
map and two-dimensional plots, respectively. At a constant tem-
perature during the phase transition region, the specimen transfers
from the ferromagnetic austenite phase to the paramagnetic marten-
sitic phase in the process of increasing pressure. Hence, magnetiza-
tion decreases, indicating the magnetic volume coupling coefficient
χ12 is negative. From Figs. 4(a) and 4(b), one can note that the χ12
peaks at 264 K under 0 GPa, exactly the same as the martensitic
temperature TM under 0 GPa. As the pressure increases, the peak
position of χ12 gradually moves to high temperatures, while the peak
value of |χ12| decreases first and then increases. When the pressure
reaches 0.995 GPa, the peak position of χ12 also locates exactly at the
TM ∼ 294 K. This result indicates that the magnetic volume coupling
coefficient χ12 always exhibits peaks around TM regardless of the
pressure. In other words, the most temperature-sensitive position
during phase transition also behaves the most pressure-sensitive,
reflecting the characteristics of magnetic volume coupling during

FIG. 4. (a) Colored contour map and (b) two-dimensional plots of magnetic volume coupling coefficient (χ12 = (∂M
∂P )T,µ0H

) as functions of pressure and temperature.
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phase transition. In addition, as shown in Fig. 4, under the pres-
sure of 0 GPa, χ12 behaves negative only between 255 K and 275 K
because the phase transition completes in this temperature region.
When the hydrostatic pressure reaches and exceeds 0.4 GPa, χ12
approaches 0 throughout this region from 255 K to 275 K because
the phase transition region moves higher and almost no overlap
occurs with that under 0 GPa. From Eq. (5), we know that the cou-
pled caloric effect (∆Scp) is the double integral of χ12 against the
magnetic field and the pressure. Accordingly, the specific behavior
of χ12 as functions of P and T will have a direct influence on the
expression of coupled caloric effect.

Figure 5(a) shows the three-dimensional diagram of the cou-
pled caloric effect (∆Scp(T,P, 5 T→ 0) = ∫

P
0 ∫

µ0H2
µ0H1

∂χ12
∂T dP′d(µ0H′

))

as functions of P and T under a magnetic field change of 5–0 T
calculated by Eq. (5). For clarity, we also present a two-dimensional

FIG. 5. (a) Three-dimensional and (b) two-dimensional plots of the coupled caloric
effect (∆Scp(T,P, 5 T→ 0) = ∫ P

0 ∫
µ0H2
µ0H1

∂χ12
∂T dP′d(µ0H′)) as a function of

pressure and temperature under a magnetic field change of 5–0 T.

plot in Fig. 5(b), which shows the relationship between the cou-
pled caloric effect and temperature at different pressures. As clearly
shown in Fig. 5(a), a negative peak with slowly increasing width and
depth gradually develops around 264 K as the pressure increases;
meanwhile a positive peak forms in the high temperature region.
The negative peak increases but shows saturation as the pressure
reaches up to 0.4 GPa, while the positive peak continuously increases
and shifts to higher temperatures, and no saturation trend appears
even under a pressure of 1 GPa. All these behaviors correspond
to the evolution of the magnetic volume coupling coefficient χ12
with P and T, as shown in Fig. 4. At 0 GPa, the χ12 shows the
maximum around TM ∼ 264 K, and the coupled caloric effect
∆Scp(T, P, 5 T → 0) is zero because no pressure is applied. Owing
to the shift of TM to higher temperature driven by pressure, the
χ12 around the TM ∼ 264 K becomes smaller. Then the double inte-
gral of χ12, i.e., ∫

P
0 ∫

µ0H2
µ0H1

∂χ12
∂T dP′d(µ0H′

), results in the appearance
and growth of a negative peak of ∆Scp(T, P, 5 T → 0) around the
TM ∼ 264 K, which compensates the entropy change under 0 pres-
sure and makes the entropy change to be 0 around the TM ∼ 264 K
when the pressure reaches P = 0.4 GPa (Fig. 6). This negative peak
of ∆Scp(T, P, 5 T → 0) remains nearly unchanged when the pres-
sure P > 0.4 GPa, noting that the entropy change already becomes 0
around the TM ∼ 264 K and no more compensation is required. By
contrast, the positive peak of ∆Scp(T, P, 5 T → 0) keeps rising and
moving to higher temperature with increasing pressure. This is the
result dominated by the behavior of the magnetic volume coupling
coefficient χ12, as shown in Fig. 4. The continuous increase of the
∆Scp(T, P, 5 T→ 0) peak reflects the evolution of magnetic-structural
coupling with pressure, which contributes to the enhanced entropy
change at high pressure. One can note that the peak value of this ∆Scp
can be as high as 25.7 J kg−1 K−1 around the TM ∼ 294 K when the
applied pressure is up to 1 GPa.

FIG. 6. Comparison of the entropy change at ambient pressure adjusted by the
coupled effect [∆S0GPa(T, 5 T → 0) + ∆Scp(T, P, 5 T → 0), black curves] and
magnetocaloric results at a specific pressure [∆S(T, P, 5 T → 0), red curves]
calculated using Maxwell's relation.
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To confirm the rationality of the calculated coupled caloric
effect, we compared the results of the entropy change at ambient
pressure adjusted by the coupled caloric effect [∆S0GPa(T, 5 T→ 0) +
∆Scp(T, P, 5 T→ 0)] and the magnetocaloric effects calculated using
Maxwell’s relation under different pressures, as shown in Fig. 6. It
can be seen that the entropy change at ambient pressure adjusted
by the coupled caloric effect [∆S0GPa(T, 5 T → 0) + ∆Scp(T, P, 5 T
→ 0), black curve] and magnetocaloric results under specific pres-
sures [∆S(T, P, 5 T → 0), red curve] are basically the same, which
is consistent with the description in Eq. (5). That is to say, the ther-
mal effect driven by magnetic field under a certain pressure is the
magnetocaloric effect at ambient pressure adjusted by the coupled
caloric effect; thus, the nature of the pressure regulated phase transi-
tion temperature region and the enhanced entropy change has been
explained.

In summary, we investigated the multicaloric and coupled
caloric effect driven by magnetic field and pressure in the metamag-
netic shape memory alloy Ni50Mn35In15 by means of magnetic mea-
surements under pressure. Studies show that the application of pres-
sure favors the antiferromagnetic coupling in the Mn-rich specimen,
behaving in a pressure-driven magnetostructural transition in the
phase transition temperature region. Theoretical analysis indicates
that the expression of the coupled caloric effect is totally determined
by the magnetic volume coupling coefficient χ12. Experiments reveal
that the most temperature-sensitive position during phase transition
also behaves as the most pressure-sensitive; hence, the χ12 always
keeps the largest around the TM and its peak shifts to high tem-
perature with increasing pressure. The specific characteristic of χ12
directs the behavior of coupled caloric effect ∆Scp. In particular, the
positive peak of ∆Scp keeps rising and moving to higher temperature
with increasing pressure, resulted from the strengthened magnetic
volume coupling with pressure. The contribution of ∆Scp makes the
entropy change increase by 8% though the magnetization change
(∆M) across martensitic transition reduces by 20% when a pressure
of 0.995 GPa is applied. Via quantitatively analyzing the χ12, the
essence of regulated magnetocaloric effect by pressure is revealed,
which is of significance for designing new materials based on the
magnetostructural coupling strength and its sensitivity to pressure.
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