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The multicaloric effect refers to the thermal response of a solid material driven by simultaneous or sequential appli-
cation of more than one type of external field. For practical applications, the multicaloric effect is a potentially interesting
strategy to improve the efficiency of refrigeration devices. Here, the state of the art in multi-field driven multicaloric ef-
fect is reviewed. The phenomenology and fundamental thermodynamics of the multicaloric effect are well established. A
number of theoretical and experimental research approaches are covered. At present, the theoretical understanding of the
multicaloric effect is thorough. However, due to the limitation of the current experimental technology, the experimental ap-
proach is still in progress. All these researches indicated that the thermal response and effective reversibility of multiferroic
materials can be improved through multicaloric cycles to overcome the inherent limitations of the physical mechanisms
behind single-field-induced caloric effects. Finally, the viewpoint of further developments is presented.

Keywords: multicaloric effect, coupled-caloric effect, solid-state refrigeration, magnetocaloric effect

PACS: 05.70.Fh, 65.40.gd, 75.30.Sg, 75.85.+t DOI: 10.1088/1674-1056/ab7da7

1. Introduction

Solid-state refrigeration technology based on the caloric
effects has superior refrigeration efficiency while reducing
ozone consumption or greenhouse gas emissions. Therefore,
it provides an energy-saving and environmentally-friendly re-
frigeration solution to replace the current mainstream vapor
compression refrigeration technology.[1–6] The caloric effect
of a solid refers to the reversible thermal change (isother-
mal change of entropy or adiabatic change of temperature) of
the solid under the application of an external stimulus field,
which generally occurs in the vicinity of phase transitions.
The known caloric effects mainly include magnetocaloric
effects,[1–6] electrocaloric effects,[7] and mechanical caloric
effects (barocaloric[8] and elastocaloric effects[9]), which cor-
respond to magnetic, electric, and mechanical fields (hydro-
static pressure and uniaxial stress), respectively. Multifer-
roic materials show two or more ferroic orders, and when the
couplings of these ferroic orders are strong enough, each fer-
roic order can respond to more than one type of applied field.

In addition, multiple ferroic phase transitions may occur at a
nearby temperature. Therefore, it is expected that most giant
magnetocaloric and electrocaloric materials will also exhibit
mechanocaloric effects, since the magnetic and polar orders in
such materials are strongly coupled to the lattice order.[10] The
magnetocaloric, electrocaloric, or mechanocaloric effect will
directly affect each other due to the cross-response to the mag-
netic/electric or mechanical field. Some studies have shown
that the multicaloric effect driven by multiple fields may yield
larger caloric response compared to the caloric effect induced
by a single stimulus.[11–17]

So far, the study of single-field induced solid-state caloric
effects has attracted widespread attention. In particular, giant
magnetocaloric effects are generally observed when the fer-
roic phase transition is first order in nature.[18–27] Many stud-
ies have focused on achieving stronger magnetic first-order
transitions, that is, achieving the greatest latent heat and the
strongest magnetic–structural coupling. This method is ben-
eficial to achieve higher caloric performance, especially large
entropy changes. However, it is accompanied by many disad-

∗Project supported by the National Key Research and Development Program of China (Grant Nos. 2017YFB0702702, 2019YFA0704904, 2018YFA0305704,
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51771223, 51590880, 51971240, 11674378, 11934016, and 11921004), and the Key Program and Strategic Priority Research Program (B) of the Chinese
Academy of Sciences.
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vantages, such as large hysteresis loss, irreversibility of caloric
effects, or poor mechanical stability. These definite drawbacks
have limited the practical application and further development
of the first-order transition materials in solid-state refrigera-
tion. Considerable efforts have recently been made to over-
come these problems.[28–34] Recent studies indicated that the
hysteresis loss of materials can be reduced or even eliminated
by utilizing the response of multiferroic materials to more than
one type of driving field.[29,30,32] These studies have led to an
enthusiastic search for multicaloric cycle and have encouraged
fast-growing research activities in the field. The theoretical
framework for multicaloric effect has been studied in sufficient
detail.[16,17,35–37] However, due to the limitation of the cur-
rent experimental technology, quite few experimental efforts
have been devoted to the study of these combined magneto–
mechanic or electro–mechanic caloric effects with the cou-
pled term considered.[15,17,38] At present, most of the reported
results involve studies on the effects of mechanical stress on
the magnetocaloric and electrocaloric effects, while a small
amount focus on the regulation of electro-induced strain on
the magnetocaloric effect in magnetostructural coupled ma-
terials. Furthermore, cryogenic rare earth-based alloys and
intermetallic compounds are mainly second order materials
showing considerable magnetocaloric effect (MCE),[4,5,39–44]

such as R–T (R = rare earth element; T = Fe, Co, Ni, Zn,
and Ga) compounds,[5,45–54] ternary RT X (T = Fe, Co, and
Pt; X = Al, Mg, and C) compounds,[55–60] ternary R2T2Al
(T =Co, Ni, and Cu) and R2Ni2In compounds,[41,61,62] ternary
R4T X (T =Co, Pd, and Pt; X =Mg and Cd) compounds,[63,64]

and quaternary RNi2B2C and RNiBC compounds.[65] How-
ever, some of these rare earth-based MCE materials still un-
dergo unneglectable spin–lattice coupling, though the thermal
and magnetic hysteresis may be approaching zero. For exam-
ple, the spin orientation transition is occasionally accompa-
nied by an abnormal lattice change, and a stress can also shift
the transition. Because the experimental studies on the mul-
ticaloric and coupled-caloric effects are still limited, there are
no relative reports involving the rare earth-based MCE mate-
rials up to now. Therefore, in this article the review mainly
focuses on the multicaloric effect and coupled-caloric effect
in the materials with significant characteristics of first-order
transition.

In this article, we present a brief review of the state of the
art in research on multicaloric materials and multicaloric ef-
fects. The phenomenology and fundamental thermodynamics
of the multicaloric effect are reviewed, including some com-
mon theoretical and experimental approaches to study the mul-
ticaloric effect and coupled-caloric effect. Finally, the view-
point of further developments is presented.

2. Thermodynamics of multicaloric effect
The ferroic material can be characterized by ferroic prop-

erty Xi. with corresponding thermodynamically conjugated
field xi. These pairs of variables can be magnetization M and
magnetic field H, polarization P and electric field E, or strain ε

and stress σ . The caloric effects caused by the finite changes in
the field xi (keeping the remaining fields constant) are usually
quantified by the entropy changes that occur when the field is
applied or removed isothermally, and the temperature changes
that occur when the field undergoes an adiabatic change. The
isothermal change of the field-induced entropy can be obtained
by integrating the appropriate Maxwell equation[15,17,36,37]

∆S (T,0→ xi) = S (T,xi)−S(T,0) =
∫ xi

0

(
∂Xi

∂T

)
xi

dxi. (1)

When the field is varied adiabatically, the entropy is constant.
The adiabatic temperature change can be obtained by the fol-
lowing equation:

∆T (0→ xi) = T (S,xi)−T (S,0) =−
∫ yi

0

T
C

(
∂Xi

∂T

)
xi

dxi. (2)

Multiferroic materials display two or more of the non-
independence ferroic properties, and they may be strongly
coupled. The multicaloric effects occur when more than one
field is either simultaneously or sequentially applied. For the
sake of clarity and practical applications, the system is con-
sidered with two ferroic properties X1 and X2 with thermody-
namically conjugated fields x1 and x2, respectively. In gen-
eral, for adiabatic temperature changes, it is easy to obtain
similar expressions to that obtained for isothermal entropy
changes. Similar to the caloric effect induced by a single field
in an equilibrium thermodynamic system, the multicaloric ef-
fect can also be quantified by the isothermal entropy change.
Furthermore, the entropy is a state function, so the magnitude
of the isothermal entropy change is independent of the ther-
modynamic path of the applied multiple external fields, and it
does not depend on whether the driving fields are applied si-
multaneously or sequentially. Assuming the system responds
isotropically to the applied field, the change in entropy caused
by the isothermal change in the two fields can be expressed
as[15,17,36,37]

∆S [T,(0,0)→ (x1,x2)]

= ∆S [T,(0,0)→ (x1,0)]+∆S [T,(x1,0)→ (x1,x2)] . (3)

The first term on the right is only a single field-induced en-
tropy change that quantifies the caloric effect related to the
ferroic property X1

∆S [T,(0,0)→ (x1,0)] =
∫ x1

0

(
∂X1

∂T

)
x1,x2=0

dx1, (4)

while the second term on the right is the caloric effect due to
the application of field x2 at constant x1, and it can be writ-
ten as the sum of terms of the single caloric effect associated

047504-2
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with the induced change of the property X2 and a caloric cross-
response contribution

∆S [T,(x1,0)→ (x1,x2)]

= ∆S [T,(0,0)→ (0,x2)]

+
∫ x1

0

∂

∂x′1

[
∆S
[
T,(x′1,0)→ (x′1,x2)

]]
dx′1

=
∫ x2

0

(
∂X2

∂T

)
x1=0,x2

dx2 +
∫ x1

0

∫ x2

0

∂ χ12

∂T
dx2dx1, (5)

where χ12 = (∂X1/∂x2)T,x1
= (∂X2/∂x1)T,x2

is the cross-
susceptibility that quantifies the response of X1 (X2) to the
nonconjugated field x2 (x1). It indicates the strength of the
interaction between ferroic properties X1 and X2. Therefore,
due to the interaction between ferroic properties X1 and X2,
the multicaloric effect is not a simple sum of the caloric ef-
fects associated with each one alone. The isothermal entropy
change of the multicaloric effect can be written as

∆S [T,(0,0)→ (x1,x2)]

=
∫ x1

0

(
∂X1

∂T

)
x1,x2=0

dx1 +
∫ x2

0

(
∂X2

∂T

)
x1=0,x2

dx2

+
∫ x1

0

∫ x2

0

∂ χ12

∂T
dx2dx1, (6)

where the last coupled term produces the coupled-caloric ef-
fect.

Another useful method for proving the interdependence
of thermal response on different external fields is to analyze
the caloric effects caused by changes in the ferroic property
Xi on the application or removal of the non-conjugated field
x j, and maintain the remaining fields constant. The ferroic
property can be expressed as Xi = Xi(T,x1,x2), where i = 1, 2.
One may then express the entropy change by the appropriate
Maxwell relations as follows:[15,17,36,37]

∆S [T,x1 = 0,X1(0)→ X1(x2)]

= −
∫ X1(x2)

X1(0)

(
∂x1

∂T

)
X1,X2

dX1, (7)

where X1(0) and X1(x2) are the values of the X1 variable at
x2 = 0 and at a given value of the field x2, respectively. Taking
into account that(

∂x1

∂T

)
X1

=−
(

∂x1

∂X1

)
T

(
∂X1

∂T

)
x1

, (8)

and dX1 =
(

∂X1
∂x2

)
dx2, from Eqs. (6)–(8), the entropy change

∆S [T,x1 = 0,X1(0)→ X1(x2)] can be expressed as

∆S [T,x1 = 0,X1(0)→ X1(x2)]

=
∫ x2

0

(
∂X1
∂x2

)
(

∂x1
∂X1

)
T

(
∂X1

∂T

)
x1=0,x2

dx2. (9)

3. Theoretical approaches
3.1. First-principles calculations

First-principles calculation plays a very fruitful role in the
theoretical understanding of the multicaloric effect. Lisenkov
et al. used first-principles simulations to study the multicaloric
effect in a typical ferroelastic/ferroelectric PbTiO3, providing
insights into the multicaloric effect of the material.[16] To ex-
plore the multicaloric nature of PbTiO3, they used the direct
approach[66,67] to calculate the caloric change directly. The
total energy of PbTiO3 is given by the effective Hamiltonian
by the first-principles calculation. This Hamiltonian correctly
predicts various structural and thermodynamic properties of
PbTiO3, including polarization, Curie temperature, and some
others. In addition, the total energy given by the Hamiltonian
was used in the framework of an isenthalpic Monte Carlo sim-
ulation, which simulates the electrocaloric effect induced by a
single electric field, the barocaloric effect induced by a single
stress field, and the multicaloric effect induced by the elec-
tric field and pressure simultaneously. Their work found that
the multicaloric effect far exceeds either piezocaloric or elec-
trocaloric effect in the same material. In addition, when multi-
ple external fields are applied, the strong coupling between the
two ferroic order parameters plays a key role in the significant
enhancement of the caloric effect. This study clearly shows
that first-principles calculations are of great significance for
understanding the multicaloric effect from a theoretical per-
spective.

3.2. Landau theory

The Landau model can also be used to describe the mul-
tiple thermal properties near phase transitions in the system.
This model combines the coupling between the ordered pa-
rameters related to two ferroic properties. Planes et al. dis-
cussed the multicaloric effect under the combined action of a
magnetic field and an electric field based on a system with a
magnetoelectric coupling.[37,68] The related order parameters
are the magnetization M and the polarization P. Therefore,
the proposed Landau free energy contains pure terms related
to the polar and magnetic contributions and terms that explain
their interaction. That is, the free energy can be expressed as

F = FP (T,P)+FM (T,M)+FP−M(P,M). (10)

In the Laudau phase transition theory, the following free en-
ergy contributions can be obtained:

FP (T,P) = FP (T )+
1
2

aP2 +
1
4

bP4 +
1
6

cP6 + · · · , (11)

FM (T,M) = FM (T )+
1
2

αM2 +
1
4

βM4 +
1
6

γM6 + · · · , (12)

FP−M (P,M) =
1
2

κP2M2, (13)
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where κ represents the magnetoelectric coefficient. Further-
more, according to the Curie–Weiss law,

a = χ
−1
P = ηP(T −T P

c ), (14)

α = χ
−1
M = ηM(T −T M

c ), (15)

where T P
c and T M

c are the paraelectric transition temperature
and paramagnetic Curie temperature, respectively.

They assumed b > 0, β > 0, and γ > 0 to ensure that the
pure ferroelectric and ferromagnetic free energy functions are
positive definitely for large values of P and M. Electric field E
and magnetic field H can be introduced by introducing Gibbs-
like polar and magnetic free energies

GP = FP−EP, (16)

GM = FM−HM. (17)

The minimum of the Gibbs free energy G = GP +GM +FP−M

relative to P gives the relationship between P and M,

bP3 +aP+κPM2 = E. (18)

When the applied electric field is zero, the following relation-
ship exists in the ferroelectric phase:

P2 =−(a+κM2)/b. (19)

Therefore, the effective magnetic Gibbs free energy can
be expressed as

Geff = G0 (T )+
1
2

A(T,κ)M2 +
1
4

B(κ)M4 +
1
6

γM6−HM,

with

G0 (T ) =−
a(T )2

4b
, A(T,κ) = α (T )−κ

a(T )
b

,

B(κ) = β − κ2

b
. (20)

From the Landau phase transition theory, the sign of the
fourth-order coefficient B(κ) predicts that the magnetoelectric
phase transition might be continuous or discontinuous. Ac-
cording to the above model, Plane et al. established a phase
diagram of the magnetoelectric coupling coefficient and tem-
perature, and pointed out that the slope of the coexistence line
in the E–H diagram at a given temperature can be given by
the generalized Clausius–Clapeyron equation in a first-order
phase transition material

dE
dH

=−∆M
∆P

. (21)

The pure electrocaloric effect can be obtained by the following
equation:

S (T,0→ E)

= −∂GP

∂T
= S0 (T )−

1
2

ηPP2 (T,E)

= −1
2

ηP
[
P2 (T,E)−P2 (T,0)

]
=
∫ E

0

(
∂P
∂T

)
E

dE, (22)

where S0 (T ) = a(T )/(2b) and P2 (T,E) is a solution
of ∂GP/∂P = 0. In addition, at constant temperature,
(∂P/∂T )E dE =−ηPPdP.

Furthermore, the isothermal entropy change induced by
the magnetic field H can be expressed as the sum of the polar
and magnetic contributions

∆S (T,E = 0,0→ H) = ∆SP [T,E = 0,P(0)→ P(H)]

+∆SM [T,E = 0,M(0)→M(H)] , (23)

where the cross-caloric term associated with the polar induced
by the magnetic field is given by

∆SP [T,E = 0,P(0)→ P(H)] = SP (T,H)−S0 (T,0)

=
1
2

ηP
κ

b

[
M2 (T,H)−M2 (T,0)

]
, (24)

and the pure magnetic contribution is given by

∆SM [T,E = 0,M(0)→M(H)] = SM (T,H)−SM (T,0)

= −1
2

ηM
[
M2 (T,H)−M2 (T,0)

]
. (25)

Therefore, the isothermal entropy change of the multicaloric
effect induced by the simultaneous application of magnetic
and electric fields can be obtained as

∆S (T,0→ E,0→ H)

= ∆S (T,E = 0,0→ H)+∆S (T,0→ E,H) , (26)

where

∆S (T,0→ E,H)

= − ∂

∂T
{Geff [T,M(H,E)]−Geff [T,M(H,0)]} ,

in this case, the relationship between P and M can be given
by Eq. (19), and M(H,E) is the solution of ∂Geff/∂M =

∂Feff/∂M−H = 0.
Plane et al. used these expressions to investigate the mul-

ticaloric effect within Landau theory.[36,37] The authors found
that the application of both magnetic and electric fields can
improve the whole effect when both the magnetic and po-
lar contributions are conventional. In other words, when the
signs of the entropy change of caloric effect induced by the
magnetic field and the electric field are opposite, the mag-
nitude of the multicaloric effect will be lower than that of
the caloric effect induced by a certain single field.[36] They
also analyzed the multicaloric effect in the magnetostructural
metamagnetic shape-memory materials with a Landau model.
Their phenomenological Landau results combined with first-
principle calculations provide a route for designing materi-
als with improved multicaloric effects.[37] Furthermore, sev-
eral authors have studied the ferroelastic/ferroelectric single
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crystals within this framework.[35,69] Liu et al. reported the
multicaloric effect in BaTiO3 single crystals driven simul-
taneously by mechanical and electric fields, which was de-
scribed via the Landau free-energy model. They found that
the multicaloric behavior is mainly dominated by the mechan-
ical field rather than the electric field, since the paraelectric-
to-ferroelectric transition is more sensitive to the mechanical
field than to the electric field.[35] Meng et al. used a phe-
nomenological calculation based on the Landau phase tran-
sition theory to evaluate the magnitude of the coupled-caloric
effect in a ferromagnetic–ferroelectric system. Their results
indicated that the magneto-electric coupling greatly strength-
ens the magnetization, ferroelectric polarization, and isother-
mal entropy change in the coupled ferromagnetic-ferroelectric
multiferroic system. The caloric effect in the coupled system is
greatly enhanced by increasing the magneto-electric coupling
strength.[69]

3.3. Mean field model

To describe the muticaloric effect of specific materials in
more detail, a reliable approach is to consider the mean field
model which captures the internal mechanism expected to be
more important. Stern-Taulats et al. used the mean field model
for the free energy of the FeRh bulk to describe the antiferro-
magnetic (AFM) to ferromagnetic (FM) phase transition.[17]

The model includes a magnetovolumic coupling term to ac-
count for the changes in unit cell volume during transition, and
the coupling term includes the effect of external fields such as
pressure P and magnetic field H. The total free energy of the
system is f = fmag+ fcoupling, and the variational Gibbs energy
function per magnetic atom is

g∗ =
g

zJ(1)FeRh

=−1
2

mFemRh−
J∗

4
(
m2

Fe−η
2
Fe
)

+
T ∗

8
[(1+mFe +ηFe) ln(1+mFe +ηFe)

+ (1−mFe−ηFe) ln(1−mFe−ηFe)

+ (1+mFe−ηFe) ln(1+mFe−ηFe)

+ (1−mFe +ηFe) ln(1−mFe +ηFe)

+2(1+mRh) ln(1+mRh)

+2(1−mRh) ln(1−mRh)−8ln2]

+
1
2

α
∗
0 ω

2−α
∗
1 ω (mFe +mRh)

2

−α
∗
2 ωη

2
Fe−H∗ (mFe +mRh)+PΩ

∗
0 ω, (27)

where mFe and mRh are the order parameters that describe the
ferromagnetism of the sublattices of Fe and Rh; ηFe is the
AFM order parameter of Fe; ω is the relative volume change;
α1 and α2 are the magnetostriction coefficients, and α0 is the
inverse of the compressibility. J is an effective exchange in-
teraction parameter and z refers to the coordination number of
the first neighbors.

Therefore, the entropy S of the system can be directly
computed from Eq. (27) by employing the thermodynamic
definition of S,

S (mFe,mRh,ηFe)

= − [∂g∗/∂T ∗]P,H = SFe (mFe,ηFe)+SRh (mRh) , (28)

where mFe(T,H,P), mRh(T,H,P), and ηFe(T,H,P) are the
equilibrium order parameters. The isothermal entropy change
for the multicaloric effect induced by the application of pres-
sure and magnetic field can be calculated from

∆S (T,0→ H,0→ P) = S (T,H,P)−S (T,H = 0,P = 0) .

Stern-Taulats et al. also studied the multicaloric effect and the
effects of hysteresis within this mean field approximation and
the model also nicely reproduced the experimental data of the
magnetostructural coupled system (bulk FeRh) over a broad
range of pressure, magnetic field, and temperature.[17]

4. Experiment approaches
Previous theoretical studies have shown that the huge

thermal response of a multiferroic material to an applied mag-
netic/electric field or stress originates from the strong cou-
pling interaction between spin/polar and lattice. Due to the
cross-response to mechanical, magnetic or electric fields, it is
expected that the multicaloric effect driven by multiple fields
can enhance the caloric effect and overcome some shortcom-
ings such as the limitation of the cooling temperature win-
dow and irreversibilities due to hysteresis. However, most
of previous experimental studies focused on the effect of hy-
drostatic pressure on the magnetocaloric effect and the elec-
trocaloric effect. Hydrostatic pressure, as a clean means com-
pared to chemical pressure, has been successfully used to tune
the temperature position through impacting the magnetostruc-
tural/magnetoelastic transition for the giant MCE materials.
However, the magnitude of MCE could be seldom enhanced
by a physical pressure except for a few cases where the en-
hanced MCE mainly originates from the enhanced contribu-
tion of the lattice and the strengthening of the first-order tran-
sition by the pressure.[11–13] For example, the application of
hydrostatic pressure on Tb5Si2Ge2 compound[11] can signifi-
cantly enhance the MCE by changing the phase transition from
second-order to first-order in nature. Large enhancements of
magnetocaloric and barocaloric effects by hydrostatic pressure
were also observed in La(Fe0.92Co0.08)11.9Si1.1 compound,[12]

which mainly originate from the increased contribution of the
lattice entropy change (∆SLatt). Neutron powder diffraction
revealed that the hydrostatic pressure sharpens the magne-
toelastic transition and enlarges the volume change, ∆V/V ,
during the magnetoelastic transition through altering the spe-
cific atomic environments of NaZn13-type structure.[12] For
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the Ni2In-type hexagonal (MnNiSi)1−x(MnFeGe)x alloys, en-
hanced MCE by hydrostatic pressure was also observed, which
was ascribed to the enlarged ∆V/V across the magnetostruc-
tural transition.[13] The estimated enhancement of ∆V/V is up
to 7% by pressure according to the relation between the ∆SLatt

and volume change ∆V/V , i.e., δ [∆V/V (%)]/δ (∆SLatt) =

0.08 J·kg−1·K−1.
Moreover, for the MCE materials with magnetostruc-

tural/magnetoelastic transition, the inherent hysteresis loss can
be reduced through dual-field regulation or multicaloric cycle.
For example, a reduction of magnetic hysteresis has been ob-
served in Ni–Mn–In–Co bulk, where the sample is magnetized
at ambient pressure while demagnetized under 1.3 kbar.[29]

FeRh alloys have also been studied from this perspective. Liu
et al. reduced the magnetic hysteresis loss by 96% in a dual-
field magneric-electric refrigeration cycle for FeRh/BaTiO3

heterostructures.[30] The multicaloric cycle gives rise to larger
reversible caloric effect than any single field. The same situa-
tion was demonstrated in the multicaloric cycle of FeRh/PMN-
PT heterostructure.[32] Qiao et al. reported a nonvolatile re-
duction of hysteresis loss in FeRh film, and quantitative anal-
ysis indicated that the effective refrigeration capacity (RCeff)
can be increased to a new height by utilizing the external me-
chanical work as long as the nonvolatile strain can be large
enough.

The findings discussed above provide important guidance
for significantly enhancing the caloric effects and reducing
the hysteresis loss through multi-field regulation. However,
in these studies, the applied stress usually kept constant and
the coupling term driven by the combined application of mag-
netic field and pressure was not taken into account. The main
obstacle lies in the fact that it is difficult to realize a continu-
ously changing stress field in reality. So far, only two experi-
mental studies of multicaloric effect have considered the cou-

pling terms, where the function of magnetization as pressure
was obtained by a nonlinear numerical simulation based on the
magnetization data collected under different pressures. One is
the Fe49Rh51

[17] and the other is the Ni50Mn35In15 alloys.[15]

However, it is worth noting that the pressure and magnetic
fields have opposite effects on the magnetostructural transition
for these two alloys. Currently, almost no study has been con-
ducted on systems in which the magnetic field and hydrostatic
pressure drive the phase transition in the same direction.

4.1. FeRh alloys

FeRh alloys have attracted considerable attention
in recent years due to their large magnetocaloric,[70]

elastocaloric,[71] and barocaloric[72] effects. FeRh is an ideal
material for studying the fundamentals of multicaloric effect,
which undergoes a magnetoelastic transition from a low tem-
perature AFM to a high temperature FM phase. The crystal
structure remains the CsCl-type cubic (Pm3m) but the lattice
expands isotropically by ∆V/V ∼ 1% on heating during the
transition for Fe49Rh51 alloys.[17,72] Therefore, the applica-
tion of magnetic field and hydrostatic pressure has opposite
effect on the magnetoelastic transition. The former drives
the transition to low temperature while the latter drives the
transition to high temperature (Fig. 1(a)). In other words,
Fe49Rh51 exhibits inverse magnetocaloric effect and conven-
tional barocaloric effect. A proper combination of pressure
and magnetic field can not only achieve a significant broaden-
ing of the cooling temperature zone, but also reverse the sign
of the entropy change from conventional to inverse. In 2015,
Stern-Taulats et al.[17] performed magnetic measurements un-
der different hydrostatic pressures, and then the relationship
between the magnetization and the pressure (M–P curve) at
a specific temperature was obtained by a nonlinear numerical
simulation (Fig. 1(b)).

(a) (b)

Fig. 1. (a) Thermomagnetic curves of Fe49Rh51 alloy under different magnetic fields and pressures. (b) Isothermal magnetization as a function
of pressure for Fe49Rh51 at 300 K and 320 K. (Reprinted with permission from Ref. [17]. Copyright 2017, APS Publishing Limited).
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(a) (b)

Fig. 2. (a) Temperature dependence of the multicaloric effect (red line), single barocaloric effect under zero magnetic field (blue line), single
magnetocaloric effect at 5 kbar (green line), and the coupled-caloric effect (orange line) in Fe49Rh51 corresponding to the application of a 2 T
magnetic field and the removal of 5 kbar pressure. (b) Temperature dependence of the multicaloric effect for combined application of magnetic
field and hydrostatic pressure. (Reprinted with permission from Ref. [17]. Copyright 2017, APS Publishing Limited).

By using the thermodynamic relationship in Section 2,
quantitative data of the entropy changes of the coupled-
caloric and multicaloric effects were obtained based on the
M–P curves. Figure 2 shows the temperature dependent en-
tropy changes of multicaloric, single magnetocaloric, single
barocaloric, and coupled-caloric effects under the combined
application of hydrostatic pressure and magnetic field. It
can be observed that, for the thermodynamic path where the
magnetic field is applied and the pressure is removed, the
single magnetocaloric (Fig. 2(a), green line) and the single
barocaloric (Fig. 2(a), blue line) effects are both limited to
a narrow temperature range. While the multicaloric effect
(Fig. 2(a), red line) shows a significantly broadened cool-
ing temperature region, which is contributed by the cross-
response, i.e., the so called coupled-caloric effect (Fig. 2(a),
orange line). However, for the thermodynamic path where the
magnetic field and pressure are both applied at the same direc-
tion, the combination of the inverse magnetocaloric effect and
the conventional barocaloric effect will produce a special mul-
ticaloric response in Fe49Rh51, as shown in Fig. 2(b). At lower
magnetic fields, the conventional barocaloric effect plays a
dominant role, and the application of pressure reduces the total
entropy change. As the magnetic field increases, the effect of
the inverse magnetocaloric effect gradually increases. When
the magnetic field increases to a certain value, the sign of the
multicaloric effect in Fe49Rh51 alloy changes from negative
to positive, and the cooling temperature region shifts to lower
temperature. It proves that, due to the different performance
of the coupled-caloric effect, the sign of the multicaloric re-
sponse can be finely adjusted by application of magnetic field
and hydrostatic pressure. These performances of the thermo-
dynamic path dependence of the multicaloric effect are closely
related to the opposite effects of magnetic field and pressure
on the phase transition. However, the physical mechanism of
the coupled-caloric effect is not involved in this work, which
requires further research.

4.2. Ni–Mn-based Heusler alloys

In order to further study the physical mechanism be-
hind the coupled-caloric effect, Liang et al. investigated the
coupled-caloric effect driven by combined hydrostatic pres-
sure and magnetic field in Ni50Mn35In15 alloy by using the
measured magnetization data under different pressures.[15]

It is worth noting that the driving direction of pressure
for the martensitic magnetostructural transition of the off-
stoichiometric Heusler alloy Ni2Mn1+xIn1−x is also opposite
to that of the magnetic field. The off-stoichiometric Heusler al-
loy Ni2Mn1+xM1−x (M = Ga, Sn and In, 0< x<1) undergoes a
martensitic transformation from a high temperature L21 cubic
structure to a closely packed martensite phase with low crystal
symmetry.[73] Many important functional properties related to
the martensitic transition have been reported, such as metam-
agnetic shape memory effect,[74] magnetic superelasticity,[75]

giant magnetocaloric effect, and magnetoresistance.[76] The
application of hydrostatic pressure compresses the lattice and
shortens the nearest neighboring atomic distance of Mn–Mn.
As a response, the AFM exchange between the Mn atoms
enhances, resulting in the shift of the martensitic transition
temperature (TM) to higher temperature.[77] Meanwhile, the
alloys exhibit a big difference of magnetization between the
FM austenitic and non-magnetic/PM martensitic phases near
the transition temperature. The resultant large difference of
Zeeman energy ensures that the martensitic transition can be
driven to lower temperature by an external magnetic field.[78]

Therefore, the off-stoichiometric Ni2Mn1+xIn1−x is also an
ideal platform for investigating the fundamentals of mul-
ticaloric effect driven by magnetic field and pressure. Studies
indicated that,[15] in the temperature region of phase transi-
tion for Ni50Mn35In15 alloy, the effect of pressure on magnetic
properties can be expressed by the change of magnetic vol-
ume coupling coefficient χ12 caused by pressure. The macro-
scopic physical meaning of χ12 refers to the change of mag-
netism driven by the external pressure at a certain temperature
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in the phase transition region. By measuring the thermomag-
netic curves under different magnetic fields and pressures, the
relationship between magnetization and pressure at a specific
temperature (M–P curve) can be obtained by nonlinear fitting.
Then, the magnetic volume coupling coefficient χ12 is derived
from the M–P curves by the equation χ12 = (∂M/∂P)T,µ0H .
Figure 3 shows the colored contour map and two-dimensional
(2D) plots of magnetic volume coupling coefficient χ12 as
functions of pressure and temperature under 5 T magnetic
field. With the increase of pressure, the peak position of χ12

gradually moves to higher temperature, and the peak always
appears near TM regardless of the pressure. It is worth not-
ing that, according to Eq. (5), the coupled-caloric effect is the
double integral of the magnetic volume coupling coefficient
χ12 (∆Scp =

∫ P
0
∫ H

0 ∂ χ12/∂T dHdP), so the evolution of χ12

with pressure and temperature directly reflects the characteris-
tic behavior of the coupling caloric effect.

Fig. 3. (a) Colored contour map and (b) two-dimensional plots of mag-
netic volume coupling coefficient χ12 as functions of pressure and tem-
perature. (Reprinted with permission from Ref. [15]; licensed under a
Creative Commons Attribution (CC BY) license).

The coupled-caloric effects and magnetocaloric effects
under certain pressure have been calculated based on the M–P
and M–H curves using thermodynamic formulas in Section 2.
The application of different pressures and the removal of mag-
netic field from 5 T to 0 were chosen as the thermodynamic

path. For the entropy change of the coupled-caloric effect
(Figs. 4(a) and 4(b)), a negative peak gradually increases in
width and depth with increasing pressure near a low tempera-
ture of 264 K, while a positive peak forms in the high temper-
ature region (Figs. 4(a) and 4(b)). In other words, the entropy
change of the coupled-caloric effect shows a separation of pos-
itive and negative peaks. Comparison of the entropy change of
the calculated and experimentally measured magnetocaloric
effects indicates the caloric effect driven by magnetic field
under a certain pressure is the magnetocaloric effect at ambi-
ent pressure adjusted by the coupled-caloric effect (Fig. 4(c)).
The negative peak of the coupled-caloric effect in the low
temperature range compensates the entropy change at ambient

(a)

(b)

(c)

Fig. 4. (a) The 3D and (b) 2D plots of the coupled-caloric effect as a function
of pressure and temperature for a magnetic field change of 5–0 T. (c) Com-
parison of the entropy change at ambient pressure adjusted by the coupled-
caloric effect and the magnetocaloric results at a specific pressure calculated
using Maxwell relation. (Reprinted with permission from Ref. [15]; licensed
under a Creative Commons Attribution (CC BY) license).
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pressure. While the positive peak of the coupled-caloric effect,
which reflects the evolution of magnetic-structural coupling
with pressure, contributes to the entropy change at high pres-
sure. Although the pressure of 9.95 kbar reduces the change in
magnetization (∆M) across the TM by 20%, the contribution of
the coupled-caloric effect makes the magnetic entropy change
enhanced by 8%. Via quantitatively analyzing the coupled-
caloric effect, the essence of the regulated magnetocaloric ef-
fect by pressure is revealed in this work, which is of signifi-
cance for designing new materials based on the magnetostruc-
tural coupling strength and its sensitivity to pressure.

5. Outlook
For the material with first-order transition, the mul-

ticaloric effect driven by multiple fields can overcome some
inherent limitations of single caloric effect by improving its
thermal response and reversibility. Quantitative analysis about
the coupling term contributed to the multicaloric effect can
promote the understanding of the refrigeration process con-
trolled by multiple fields. Through pioneer efforts, the mul-
ticaloric effect can be understood theoretically in enough de-
tail. However, due to the limitations of experimental technol-
ogy, few experimental studies have focused on the coupled-
caloric and multicaloric effects. The main obstacle lies in the
fact that it is difficult to realize a continuously changing stress
field in reality. So far, only two experimental studies of mul-
ticaloric effect have considered the coupling terms, where the
function of magnetization as pressure was obtained by a non-
linear numerical simulation based on the magnetization data
collected under different pressures. One is the Fe49Rh51 and
the other is the Ni50Mn35In15 alloys. Although the driving
directions of magnetostructural/magnetoelastic transition by
magnetic field and hydrostatic pressure are opposite for both
alloys, a proper choice of the thermodynamic path can lead to
an enhanced and broadened caloric response.

The entropy change of the coupled-caloric effect shows
separated positive and negative peaks, and the sign of these
two peaks depends on the thermodynamic path of the applied
pressure and magnetic field. For the materials with opposite
driving directions by magnetic field and hydrostatic pressure,
the temperature span of the multicaloric effect can be signifi-
cantly widened in a thermodynamic path where the magnetic
field is applied and the pressure is removed; while, the sign
of the multicaloric effect is turned over from negative to pos-
itive in the thermodynamic path where the magnetic field and
pressure are both applied at the same time. In addition, the
expression of the coupled-caloric effect is also critically de-
pendent on the strengthening of the first-order transition na-
ture impacted by pressure. Since the materials with the same
driving directions by dual fields are very few, there is no exper-
imental report on the coupled-caloric and multicaloric effects

for such systems up to now. However, based on the obtained
insights, it can be predicted that the multi-field driving cool-
ing temperature zone will broaden in the same direction if the
driving directions of the dual fields are the same. At the same
time, the enhancement of the coupled-caloric effect will also
innovatively contribute to the multicaloric effect. A combi-
nation of the experimental and theoretical methods mentioned
above is suggested to be used to systematically study different
materials. Such research not only helps to make breakthrough
progress in multicaloric cycle refrigeration, but also provides
valuable feedback for material developments.
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