PHYSICAL REVIEW B 96, 224105 (2017)

Enhanced caloric effect induced by magnetoelastic coupling in NiMnGaCu Heusler alloys:
Experimental study and theoretical analysis
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On the basis of a phenomenological Landau model combined with comprehensive experimental studies, the
magnetostructural transition behavior and field induced caloric effects for NiMnGaCu Heusler alloys have been
investigated. In NisoMnys_, GaysCu, alloys with x = 5.5, 6, and 6.5, both magnetocaloric entropy change (AS)
and elastocaloric temperature change (AT') increase with the increment of Cu content. The maximum AS of
1.01J/mol K and AT of 8.1 K are obtained for the alloy with x = 6.5. In order to explore the physical origin
behind the large caloric effect, here we quantitatively propose a crucial coefficient of magnetoelastic coupling &
by utilizing a thermodynamic formalism within the framework of the Landau approach. It has been verified that
the enhancement of the strength of magnetoelastic coupling between lattice and magnetic freedoms results in the
increased caloric response for NiMnGaCu alloys. Thus, the strengthened coupling of the magnetoelastic effect
can be considered as an effective way to improve the caloric performance for these alloys having the same sign
of magnetic and elastic entropy changes contributed to the total caloric effect.
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I. INTRODUCTION

Caloric effect, namely, the thermal response of a solid
to an external field, has attracted increasing attention owing
to its potential application for ecofriendly room-temperature
refrigeration [1-2]. Adiabatic temperature change (AT) and
isothermal entropy change (AS) are generally used to quantify
the caloric effect. Giant caloric effect is expected to exhibit in
materials with first-order phase transformation [3—7]. The high
latent heat output of field driven phase transformation gives
rise to the large thermal response of the materials. In particular,
multiferroic materials with more than one ferroic feature, such
as ferromagnetic, ferroelastic, and ferroelectric properties,
have received more interest [8]. Their phase transformation
is capable to be induced by the fields conjugated to each
ferroic property owing to the strong coupling effect between
ferroic properties. Thus, various caloric effects including
multicaloric effect are reported to be shown in such materials.
NiMn-based metamagnetic shape memory alloys (SMAs) are
known as an important class of magnetostructural multiferroics
[9]. On cooling/heating, these alloys undergo the marten-
sitic/austenitic transformation accompanied by a large change
in magnetization. Due to the coupling effect of ferroelastic
and ferromagnetic properties, magnetic field, uniaxial stress,
and hydrostatic pressure induced phase transformation can
be realized, resulting in the corresponding magnetocaloric,
elastocaloric, and barocaloric effects [4,7,10-11].

“Corresponding author: Key Laboratory of Magnetic Materials and
Devices, Ningbo Institute of Material Technology and Engineering,
CAS, Ningbo 315201, China; liujian@nimte.ac.cn

2469-9950/2017/96(22)/224105(7)

224105-1

In NiMn(In, Sn, Sb)-based metamagnetic SMAs, the
austenite with a Heusler structure is ferromagnetic while the
lower symmetric martensite is paramagnetic or antiferromag-
netic [9,12-15]. The austenite shows a higher lattice vibration
entropy due to the low-energy TA, phonons [16] but a lower
magnetic entropy as compared to the martensite; i.e., the two
subsystems, lattice and magnetism, contribute oppositely to
the total AS during the phase transformation. Besides, more
than half of the total AS stems from the lattice vibration
entropy change [10-11]. Therefore, a common method to
increase AS in these alloys is sacrificing the magnetic part
by tuning the martensitic transformation close to the Curie
transition of austenite [17-19]. However, the weakening of
the magnetic part causes the loss of excellent coupling effect
between ferroic properties. Thus, such a contradiction between
enhancement of caloric response and excellent coupling
effect has to limit the caloric performance of the alloys. In
addition, the impacts of magnetic and mechanical fields on
the phase stability are also conflicting. The magnetic field
favors the ferromagnetic austenite while the application of
the stress field would stabilize the martensite. This brings
about a practical difficulty to markedly enhance the caloric
performance through simultaneously applying multiple fields
in these metamagnetic SMAs. In comparison, the other kind
of alloys with low-magnetic austenite and high-magnetic
martensite are highly desirable. In that case, the ferroelastic
and ferromagnetic properties can be coupled positively and the
above-mentioned contradictory points might be solved.

It is well known that the stoichiometric Ni;MnGa alloy is a
typical ferromagnetic SMA, which undergoes the martensitic
transformation at 188 K and a Curie transition at 364 K
[20]. The structural and magnetic transformations in Ni,MnGa
can be assumed to occur separately because the change in
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magnetization during the martensitic transformation is very
small. Previous studies show that substituting Mn with Cu
in Ni;MnGa can tune the martensitic transformation to a
higher temperature and meanwhile decrease the Curie tem-
perature (7¢) [20-22]. As a result, the structural and magnetic
transformations are gradually coupled and a magnetostructural
transformation from paramagnetic austenite to ferromagnetic
martensite can be obtained in some special compositions. The
influence of Cu can be explained by taking into account the
change of electronic structure of the system [23]. On the
one hand, doping Cu increases the delocalization of the Mn
magnetism. The magnetism in the Cu-doped alloys is localized
into the Mn atoms to less extent than that in Ni,MnGa and it is
expected that minority Mn spins interact with Ni spins to form
a band. Thus, the magnetic interaction is weakened, giving
rise to the decreases of the saturation magnetization and 7¢. In
addition, Cu substitution reinforces the Ni-Ga chemical bond.
Due to the stronger Ni-Ga bonding, more energy is required
to trigger the martensitic transformation, which results in
an increase of martensitic transformation temperature (7).
Actually, these results suggest that the martensite becomes
more magnetically isotropic with doping Cu. With regard
to the caloric effect of NiMnGaCu alloys, magnetocaloric
effect for some compositions has been investigated and large
values of AS associated with magnetic field induced phase
transformation were reported in coupled alloys [22,24-25].
The origin behind the large caloric effect, however, has not
been elucidated specifically. Additionally, there has been no
report on the stress induced caloric effect in these alloys.

The interaction between the ferromagnetic and ferroelas-
tic properties of materials is referred to as magnetoelastic
coupling. The physical origin of the coupling effect is the
dependence of magnetic exchange interaction on the distance
between atomic magnetic moments [26]. In NiMn-based
magnetic SMAs, the magnetic moments are mainly localized
at Mn atoms and the exchange interaction between them
is an oscillatory Ruderman-Kittel-Kasuya-Yosida type
of coupling. The distance between Mn atoms significantly
influences the magnetic behavior of these alloys [27-30].
Thus, the magnetoelastic coupling in NiMn-based alloys
can be attributed to the strong sensitivity of the magnetic
exchange interaction to the distance of Mn atoms. Recently,
the present authors proposed a general thermodynamic frame-
work to investigate the cross contribution arising from the
magnetoelastic coupling to the caloric effect in multiferroic
materials [31]. A corresponding relation between simulative
magnetoelastic coupling parameters and (7¢ - Ty) was built in
NiMnInCo metamagnetic SMAs. The theoretical dependence
of AS on (T¢ - Tv) agreed well with the experimental data,
indicating that the strength of magnetoelastic coupling can
significantly influence the value of AS. In this paper, we
present experimental data on magnetocaloric and elastocaloric
effects in NiMnGaCu alloys, at the same time utilizing the es-
tablished thermodynamic framework to quantitatively analyze
the effect of magnetoelastic coupling on the caloric effect of
these alloys. The experimental results show that the increment
of Cu content enhances the caloric response, which originates
from the strengthening of magnetoelastic interplay. Combining
the theoretical and experimental studies, we conclude that
caloric performance can be improved by strengthening the

PHYSICAL REVIEW B 96, 224105 (2017)

magnetoelastic coupling for this type of alloys with low-
magnetic austenite and high-magnetic martensite.

II. EXPERIMENTAL DETAILS

Ni50Mn25_xGaz5Cux ()C = 1, 2, 3, 4, 5, 55, 6, and 65,
hereafter referred to as Cux) ingots were arc melted under
an argon atmosphere. Textured polycrystalline rods of Cu5.5,
Cub6, and Cu6.5 were grown by a liquid-metal-cooling direc-
tional solidification method with a given crystal growth rate
of 150 um/s [32]. The samples were homogenized at 1073 K
for 24 h in a vacuum followed by quenching into ice water.
Compressive samples with nominal size of 3 x 3 x 6 mm?
were cut from the rods.

A Pyris Diamond differential scanning calorimeter (DSC)
was used to characterize the phase transformation tem-
peratures. The actual compositions were determined as
NisooMnjg 3Gayg7Cuss for Cu5.5, NisgoMnjg Gazy7Cugo
for Cu6, and Nisg gMnj9 0Gayg.6Cug 4 for Cub6.5, by inductively
coupled plasma-optical emission spectroscopy (PE Optima
2100DV). Crystal structure of NiMnGaCu alloys was identi-
fied by x-ray diffraction (XRD, Bruker D8) employing Cu-K
radiation. A superconducting quantum interference device
(Quantum Design MPMS-5S) was used to analysis magnetic
properties. Compression experiment by using the sample with
asize of 3 x 3 x 6 mm? was performed on a universal testing
machine equipped with a heating furnace. Isothermal and
adiabatic compression conditions were established by setting
the strain rates of 2.8 x 10™*and 4.2 x 1072 s~!, respectively.
The AT of the specimen upon rapid unloading was recorded
by a T-type thermocouple with accuracy better than + 0.1 K
welded on the middle of the sample surface.

III. RESULTS AND DISCUSSION

A. Phase transformation and crystal structure

Figure 1 shows the experimental phase diagram for the
NisoMnys_,GaysCu, (x = 0—7) alloys. The phase transfor-
mation temperatures for the alloys are determined from
the DSC measurement and also partially taken from the
literature [20]. It is apparent that Ty; increases whereas T¢
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FIG. 1. Phase diagram for NisoMnps_,GapsCu, (x =0 —7) al-
loys. Continuous lines denote the results of the model and symbols
denote experimental data.
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FIG. 2. XRD patterns for NisoMnys_,Ga,sCu, (x = 5.5, 6, and
6.5) alloys at room temperature.

decreases with the Cu content. The dependence of 7¢ on
x can be fitted to the equation (7¢ in Kelvin and x in
atomic percentage): Tc(x) = 364.82 — 11.48x. There exists
a triple point in the phase diagram, at which the martensitic
and magnetic transformations are coupled. The alloys with
x =15.5, 6, and 6.5 close to this triple point are selected for
the following investigation.

Figure 2 shows the XRD patterns for Cux (x = 5.5, 6, and
6.5) alloys at room temperature. The patterns with x = 5.5 and
6 are indexed by a cubic austenitic structure with the lattice
parameters ayp = 5.810 and 5.804 A, respectively, while the
XRD pattern with x = 6.5 can be indexed as a 7M monoclinic
martensitic structure and the lattice parameters are ay =
4251 A, by = 5.500A, ey = 29.285 A, By = 92.878°.

The thermomagnetic curves for the alloys under a magnetic
field of 500 Oe are shown in Fig. 3(a). For Cu5.5, the
sudden increase upon cooling indicates the Curie transition
of the austenite and the subsequent decrease corresponds to
the martensitic transformation. Similar to Ni,MnGa alloy,
the magnetic and martensitic transformations are separated.
The increase of Cu content shortens the interval between
martensitic and Curie transformations. As a result, the two
transformations are nearly coupled for Cu6, while the fully
coupled magnetostructural transformation from paramagnetic
austenite to ferromagnetic martensite takes place for Cu6.5.
Using the extension method described in Ref. [33], the start
(M and A;) and finish (M and A¢) temperatures of martensitic
and austenitic transformations and 7¢ for the alloys are
determined, as listed in Table I. The thermal hysteresis defined
as ATy = (As + A — My — My)/2is also listed. It should be
noted that the hysteresis of the NIMnGaCu system is extremely
small. Figure 3(b) shows the thermomagnetic curves under the
magnetic field of 50 kOe. In all alloys, the magnetization of
martensite is higher than that of austenite. The application of
higher magnetic field increases the characteristic temperatures
of martensitic transformation. It is worth noting that the
difference in the magnetization (A M) between austenite and
martensite as well as the shift of martensitic transformation
temperature with magnetic field (dTy/duoH), as listed in
Table I, increase with the Cu content. This is helpful to enhance
the magnetoelastic interplay and realize the magnetic field
induced martensitic transformation.
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FIG. 3. Temperature dependence of magnetization for
NisoMnys_,GaysCu, (x =5.5, 6, and 6.5) alloys at magnetic
fields of 500 Oe (a) and 50 kOe (b). The arrows indicate the direction
of temperature change.

B. Magnetocaloric effect

Magnetic field induced phase transformations for Cux (x =
5.5, 6, and 6.5) alloys are examined by continuously measuring
isothermal magnetization curves with a cooling step of 2 K,
as shown in Figs. 4(a)-4(c). A weak magnetic field induced
martensitic transformation indicated by the sigmoidlike curve
and magnetic hysteresis is observed in the curves at 273 and
275 K for Cu5.5 upon increasing the magnetic field. The
magnetic field induced transformation for Cu6 and Cu6.5
alloys becomes more pronounced in a widened temperature
interval due to the increase of AM and dTy;/d o H . Magnetic
entropy change (A Sy,) can be obtained from integration of the
Maxwell relation (%)T;uo (%)H [34]:

H roM(T,H)
AS, (T, H) = 1o 7 dH.
0 H

TABLE 1. List of phase transformation parameters of
NisoMnys—,GasCu, (x = 5.5, 6, 6.5) alloys determined from ther-
momagnetic curves: martensitic transformation start (M) and finish
(M) temperatures, austenitic transformation start (A;) and finish (Ay)
temperatures, Curie temperature (7¢), thermal hysteresis (AThys),
and magnetic field dependence of the martensitic transformation
temperature (d Ty /d o H).

dTw/dpoH
x M(K) Mi(K) AsK) Ae(K) Tc(K) AThy(K)  (K/T)
5.5 275 271 272 276 304 1 0.6
6 288 286 288 290 295 2 0.8
6.5 304 300 303 307 3 1.2
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FIG. 4. Magnetization vs magnetic field curves at different
temperatures with a cooling step of 2 K (a—c) and magnetic fields of
20 kOe (open symbols) and 50 kOe (solid symbols) induced entropy
change as a function of temperature (d) for NisoMnys_,GaysCu,
(x =5.5, 6, and 6.5) alloys.

The obtained AS,, as a function of temperature in the
magnetic fields of 20 and 50 kOe are shown in Fig. 4(d).
The negative sign of AS,, indicates that all alloys exhibit a
conventional magnetocaloric effect. Besides, a peak can be
seen in each curve and the peak value increases with magnetic
field. In the magnetic field of 50 kOe, the maximum ASy,
values are 0.73 J/mol K for Cu5.5, 0.95J/mol K for Cu6, and
1.01J/mol K for Cu6.5. It can be found that the increment of
Cu content increases the transformation volume in a limited
magnetic field and enhances the magnetocaloric performance
of the alloys.

C. Elastocaloric effect

As multiferroic materials, the phase transformation of
NiMnGaCu alloys can also be induced by stress field. Uni-
axial stress induced transformation and related elastocaloric
effect are investigated in this section. Figure 5(a) shows the
isothermal stress-strain curves with a strain rate of 2.8 x
10~*s! at 303 K for Cu5.5, 310 K for Cu6, and 315 K
for Cu6.5. Compressive tests are performed on the oriented
directionally solidified samples. The uniaxial stress induced
reversible martensitic transformation represented by the stress
plateaus and typical superelastic behavior are observed in
all curves. The full transformations for three samples have
completed below 120 MPa. The relatively low stress level
is beneficial to obtain a large specific elastocaloric effect
(AT /Aoc). Elastocaloric AT is detected upon rapid unloading
and the corresponding temperature-time profiles are shown
in Fig. 5(b). Arising from the latent heat of austenitic
transformation, large cooling effects with different AT are
exhibited in the unloading processes. The cooling AT value
for Cu5.5 (6.4 K) is slightly lower than the value for Cu6
(7.0 K) and a quite higher value (8.1 K) is acquired in Cu6.5
alloy. One can assume that the increased AT value for Cu6.5
is associated to the achievement of the coupling of magnetic
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FIG. 5. (a) Stress-strain curves with a strain rate of 2.8 x 107 s~!
at 303 K for NiSOMn19<5Ga25Cu5‘5, at 310 K for Ni50Mn19Ga25Cu6,
and at 315 K for Nis)Mn;35GaysCuqs oriented samples.
(b) Temperature-time profiles during rapid unloading with a strain

rate of 4.2 x 1072571,

and structural transformations. Also, the value of AT /Ao for
Cu6.5 is 0.16 K/MPa, which is higher than those for most
elastocaloric materials [35].

D. Thermodynamic analysis

In this section, we will analyze the origin behind the
increasing caloric effect with Cu content in NiMnGaCu alloys
using the thermodynamic formulism within the framework of
the Landau approach. Two order parameters, shear strain ¢,
determining the structural change at the martensitic transfor-
mation, and magnetization m, are used to acquire the Landau
free energy. For the sake of simplicity, the order parameters
are assumed to be one dimensional. The general form of the
Landau free-energy density function of the alloys is

f(T,S, m) = fé‘(Ts 8) + fm(T’ m) + fé‘—m(sy m)’ (1)

where f.(T, €)and f,,(T, m) correspond to the pure contribu-
tions associated with ferroelastic and ferromagnetic properties,
and f,_, (e, m) is the cross contribution arising from their
interplay. Considering the symmetry arguments, the Lan-
dau expansions of the pure elastic f.(7T, ¢) and magnetic
fm(T, m) terms are as follows:

_ e _p2 b4 ce
FAT.8) = (T = T)e? = 26+ 2, @
fulT. m) = %”(T — Tom® + §m4, 3)

where T, is the low stability limit of the paraelastic phase
and T¢ is the ferromagnetic-paramagnetic transformation
temperature. In the previous formulas, all parameters are
positive constant and the minus sign before %e“ ensures
the first-order nature of the structural transformation. The

lowest-order Landau expansion for the coupling term allowed
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by symmetry is
fom(e, m) = —pem® — ke’m®. )

The first term is expected to be dominant near x =~ 0 and
accounts for the large magnetocrystalline anisotropy induced
by the martensitic transformation. The second coupling term
should be dominant in the region in which the structural and
magnetic transformations join each other. Since this is the
region of interest here, from now on, we assume u =~ 0.

To account for the application of external fields, we define
the following Gibbs free energy: g(o, h,T) = f(e,m,T) —
oe — hm. This free energy can be rescaled by defining the
following dimensionless quantities:

~_ 8 _— m L&
T T )™ T e
. K . T
2 _

= 7 > T — 5
(Bb)'? Tc

3 h (a, bB*\'"?
W' = ()
b3/c* \ a, cB

O

b3/c2

o =

with

b2 )\’
Tc = —, and E = <a_> .
asc b

deg

Note that the first condition imposes the same temperature
scale for structural and magnetic degrees of freedom, while
the second ensures that the corresponding energy scales are
the same.

In the absence of external applied field the rescaled free
energy is given by

f=8T —1H& - L&t + L&
4

+ H(T* = Di® + i — k&, (5)

Using the scaled free energy, all the calculations will be
performed assuming that 7 = ;—Z = %, which is consistent
with the ratio between martensitic transformation and Curie
temperatures, ;—M ~ 0.51, for the alloy with x = 0. Minimiza-
tion of the rescaled free-energy function with respect to & and

m gives the following equations of state:

(T* — 1)) — & + &* — 2km*]E = 0, (6)

and

(T* — 1)+ m? — 2k&%)m = 0. (7)

For our samples with T¢c > T, there are three solutions for
the equations:

(@)m=0and& =0forT* > 1;

(i) m? = —(T* —1)and & =0 for T}, (k) < T* < 1; and

Gii) (T*-T})— g2 484 —2km*>=0 and (T* -1+
m? — 288 = 0 for T* < T;(R),
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FIG. 6. Scaled magnetoelastic coupling coefficient dependence
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where T} (%) is the transition temperature for the paraelastic-
ferroelastic transition. For solution iii, inserting m? = 2kE? —
(T* — 1) into the expression of f, an effective free energy,
feir, is gained:

fer =fo(T*) + (1 4+ 20)[T* — T} (%)1&*
— 1 +4&hEt + Lg¢ ®)

with fO(T*) = —(T* — 1)2/4. By requiring that the free
energies of both ferroelastic and paraelastic phases are equal,

232
one can obtain that Ty, () = T*(%) + = S with T)(k) =
T} +2R

T Note that, as indicated before, T, = TL; = %, which
corresponds to x = 0. Figure 6 plots the phase diagram for
the model. A triple point with £* = 0.472 is shown in the
phase diagram. The behaviors of the order parameters above
and below the triple point are different, as shown in Fig. 7.
For & < #* (¢ = 0.20), the model predicts two decoupled
phase transformations corresponding to the continuous Curie
transition at 7% = 1 and the discontinuous martensitic trans-
formation at T* = Ty;. For the case of ¥ > &* (¢ =0.65), a
magnetostructural transformation from paramagnetic austenite
to ferromagnetic martensite is shown.

In order to fit the model to the experimental phase diagram,
the dependence of Curie temperature on x should be taken
into account. According to the experimental data given in
Sec. IIT A, the dependence is T¢(x) = 364.82 — 11.48x. x and
i are related through

x*_ 6.163
X =_—k=_—-K, ©))
K* 0.472
where x* = 6.163 is the triple point of the experimental phase
diagram, as shown in Fig. 1. This is equivalent to say that
doping with Cu enhances the magnetoelastic interplay. Then,
T, should be also x dependent according to

Ty(x) = Ty Tc(x). (10)

Finally, the fitted phase diagram is depicted in Fig. 1 as
continuous lines. It is obvious that the resulting line of the
model fits well with the experimental data.
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FIG. 7. Order parameters as a function of temperature for ¥ =
0.20 (a) and & = 0.65 (b).

It should be noted that the scaled entropy change AS =
ang AS at the martensitic transformation can also be calculated

from Eq. (8) taking into account that § = —%. We obtain

Agz(afeff) _<8feff>
or martensite T austenite

=%(1 +28)(5y, — &3) = %(1 +2/)(1 + 483, (11)

where &, and &p are the scaled structural order parameters
of the coexisting martensitic and parent phases. Based on the
equation, AS = % when k¥ = 0, i.e., x = 0. On the other hand,
the experimental A S value for x = 0is 0.28 J/mol K [20]. This
leads to “fTb = 0.75J/mol K. Using this value, the theoretical

1.8
—— Fitted Line
1.5+ MW Datafrom Ref. [20]
OO0 Data from DSC ]

IAS| (J/mol K)

2 3 45 6 7
x(at.%)

FIG. 8. | AS | as a function of x. Continuous lines denote the
results of the model and symbols denote experimental data.

PHYSICAL REVIEW B 96, 224105 (2017)

AS as a function of x is computed. The theoretical results are
shown in Fig. 8 and compared with the experimental data. The
theoretical and experimental results are reasonably consistent
and the value of AS increases with increasing x.

Based on the above, the proposed thermodynamic for-
mulism simulates the phase diagram and AS at the phase
transformation of NisoMnjs_, GaysCu, (x = 0—7) alloys com-
mendably. Thus, the strength of magnetoelastic coupling can
be quantitatively described by the rescaled coupling parameter
. It can be found that the decoupled magnetic and martensitic
transformations in Cu5.5 and Cu6 belong to the case of
kK < &*,whilethe corresponding & value for the coupled Cu6.5
should be higher than the triple point #*. The enhancement
of magnetoelastic interplay with Cu content results in an
increase of AS at the phase transformation. Therefore, the
increased magnetocaloric and elastocaloric responses with
the Cu content in the present alloys can be doubtlessly
attributed to the strengthening of magnetoelastic coupling.
Besides, the present thermodynamic formulism can also be
used in other magnetostructural multiferroics with positive
magnetoelastic coupling to predict the entropy change on
phase transformations.

IV. CONCLUSION

In summary, magnetocaloric and elastocaloric effects in
NisoMnys_, GaysCu, alloys with x = 5.5, 6, and 6.5 have been
investigated experimentally. The results of magnetocaloric
AS and elastocaloric AT with Cu content show that the
maximum absolute values of AS and AT are 1.01J/molK
and 8.1 K for Cu6.5 alloy, respectively. The physical origin
behind the large caloric effect has been analyzed by taking
the effect of magnetoelastic coupling on the AS at the
phase transformation into account. Utilizing a thermodynamic
formulism within the framework of the Landau approach, the
strength of magnetoelastic coupling is quantitatively described
by the rescaled coupling parameter <. It has been verified that
the enhancement of magnetoelastic interplay with Cu content
results in a large AS. Thus, the increased caloric response
with Cu content in alloys with x = 5.5, 6, and 6.5 can be
attributed to the strengthening of magnetoelastic coupling. The
theoretical and experimental results indicate that in a system
with low magnetic austenite and high magnetic martensite
strengthening the magnetoelastic interplay can effectively
enhance the caloric performance of the alloys. Also, both the
magnetic and stress fields favor the martensite with a higher
magnetization, rendering these alloys suitable candidates for
the investigation of multicaloric effect.
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