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We have studied the elastocaloric effect in a Co-doped Ni-Mn-Ga magnetic Heusler shape memory alloy in
the vicinity of its martensitic transition. Measurements of the length change as a function of temperature have
been carried out across the transition under applied compression stresses and magnetic fields. The isothermal
stress-induced entropy changes have been computed from the experimental data. Results evidence a significant
elastocaloric effect associated with the large entropy change of the structural phase transition. The alloy also
exhibits a magnetocaloric effect at low applied magnetic fields. It is shown that application of a magnetic field
below 1 T increases the estimated elastocaloric relative cooling power by about 20%. A comparison of elasto-
and magnetocaloric properties indicates that a similar relative cooling power is reached under application of
10 MPa or 0.8 T.
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I. INTRODUCTION

Caloric effects originating from the thermal response to
changes of external fields such as mechanic, electric, or mag-
netic fields are inherent to every material.1 They are typically
quantified either by the adiabatic temperature change or by
the isothermal entropy change that occurs upon application
or removal of an external field.2 Materials displaying large
caloric effects are recently receiving a great deal of attention
since they are promising candidates for environmental-friendly
refrigeration techniques.3–6 At present, the most studied caloric
effect is the magnetocaloric effect. After the discovery in
the mid-1990s of materials displaying giant magnetocaloric
effect in the vicinity of room temperature7 a large amount of
research has been carried out on this topic.8–11 In addition, in
recent years other caloric effects such as the electrocaloric,12

elastocaloric,13,14 and barocaloric15 effects have received
increasing attention. A key feature common to most materials
showing a giant caloric effect is the occurrence of a first-order
phase transition. The expected large (discontinuous) change
of the order parameter at the transition involves a large
entropy content (associated with the latent heat) which is at the
origin of the giant caloric effect. In addition, strong coupling
between different degrees of freedom such as structural,
magnetic, electric, etc. enables the transition to be driven by
the different fields conjugated to the corresponding extensive

property, and several caloric effects are expected to occur in
an interdependent way.

In the present paper we focus on the influence of a
magnetic field on the mechanic-caloric effects in Heusler shape
memory alloys. These systems are ferromagnetic materials that
undergo a martensitic transition responsible for shape memory
properties.16 They display strong coupling between structural
and magnetic properties that enables large deformations to
be induced by application of moderate magnetic fields.17–20

Therefore, in the vicinity of the structural transition, large
changes of entropy are expected to occur under application
of mechanical and magnetic fields. Typically, the mechanical
field corresponds to an applied hydrostatic pressure or to a
uniaxial stress. In the former case, the caloric effect is called
barocaloric, while in the second case it is denoted as the
elastocaloric effect. An interesting feature regards the fact
that in these magnetic shape memory materials the interplay
between structure and magnetism occurs at two well-separated
length scales.16,21 At the scale of the martensitic variants it
is controlled by the increase of magnetocrystalline anisotropy
taking place at the transition from the high to the low symmetry
phases. At a more microscopic length scale, it is controlled by
the corresponding change of the effective magnetic exchange.
The first contribution is essentially responsible for the mag-
netic shape memory effect, while the second makes magnetic
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superelasticity feasible (possibility of magnetically inducing
the structural transition19,20). Both contributions are expected
to give rise to the caloric properties of this kind of materials.

The present work is aimed at studying the elastocaloric
properties of a Ni-Mn-Ga-Co Heusler alloy and their relation to
its magnetocaloric properties from magnetothermomechanical
and calorimetric experiments. Special emphasis has been
devoted to the analysis of the influence of the magnetostruc-
tural coupling in these caloric properties. The studied alloy
has a composition close to the line Ni50Mn25−xGa25Cox . In
this family the effect of Co substitution is to increase the
temperature of the martensitic transition which becomes closer
to the Curie point. Interestingly, this substitution keeps the
entropy difference between the parent and martensitic phases
almost unaffected.22

The paper is organized as follows. In Sec. II we
briefly develop the thermodynamics equations describing
caloric effects in systems with magnetostructural coupling. In
Sec. III the experimental setup, sample characteristics, and
methods are described. The obtained experimental results are
presented and briefly discussed in Sec. IV. Finally, in Sec. V
the main conclusions are summarized.

II. THERMODYNAMICS

Let a generic thermodynamic closed system be described
by temperature, T , and generalized forces, {yi}i=1..n, as
independent variables. Differential changes of these variables
lead to a differential change of entropy that can be written as

dS(T ,{yi}) = C

T
dT +

n∑
i=1

(
∂S

∂yi

)
T ,{yj �=i }

dyi , (1)

where we have taken into account the definition of the
heat capacity C = T (∂S/∂T ){yi }. On the other hand, from
Maxwell’s equations we know that(

∂S

∂yi

)
T ,{yj �=i }

=
(

∂Xi

∂T

)
{yi }

, (2)

where {Xi} are the generalized displacements thermody-
namically conjugated of the forces {yi}. The caloric effect
associated with the property Xi can be quantified as the
isothermal entropy change and the adiabatic temperature
change associated with a variation of the conjugated field yi

(for instance, from 0 to a given finite value). These changes
can be written as

�S(0 → yi) = S(T ,yi ,{yj �=i}) − S(T ,0,{yj �=i})

=
∫ yi

0

(
∂Xi

∂T

)
{yi }

dyi , (3)

and

�T (0 → yi) = T (Tin,yi ,{yj �=i}) − T (yi = 0,{yj �=i})

= −
∫ yi

0

T

C

(
∂Xi

∂T

)
{yi }

dyi , (4)

where Tin is the initial temperature of the adiabatic process.
In the present paper, the generalized forces of interest are

the magnetic field μ0H (where μ0 is the magnetic permeability
of free space) and the uniaxial stress σ and thus, the

corresponding thermodynamically conjugated displacements
are the magnetization M and the strain ε.23 In this case, let
δS(σ,H ) be the difference between the stress-induced entropy
change at a constant applied field H and the corresponding
change at zero applied magnetic field,

δS(σ,H ) = [S(T ,σ,H ) − S(T ,0,H )]

− [S(T ,σ,0) − S(T ,0,0)]. (5)

This equation indicates that the magnetic field-induced entropy
change at a given constant applied stress is given by

S(T ,σ,H ) − S(T ,σ,0) = δS(σ,H )

+ [S(T ,0,H ) − S(T ,0,0)], (6)

where the last term in the above equation is the magnetic
field-induced entropy change in the absence of applied stress.
Therefore, we obtain that the effect of the magnetostructural
coupling is accounted for by δS(σ,H ).

III. EXPERIMENTAL DETAILS

A polycrystalline Ni50.5Mn21.7Ga24.7Co3.1 (with an electron
to atom ratio e/a = 7.589) ingot was obtained by arc melting
pure metals under an argon atmosphere. Slices cut from the
ingot were encapsulated under vacuum in quartz glass, they
were annealed at 1073 K for 72 h, and they were subsequently
quenched in iced water. From the annealed slices, specimens
were spark machined for length change and calorimetric
measurements. The sample for length change measurements
was a parallelepiped with length L0 = 4.39 mm and cross
section φ = 4.05 mm2 (m ∼ 0.14 g). A small sample of mass
88.6 mg was used for calorimetric measurements.

The studied alloy undergoes a martensitic transition on
cooling starting at Ms = (272 ± 1) K (in the absence of applied
mechanical and magnetic fields).

In Fig. 1 we show ac-magnetic susceptibility and calori-
metric (inset) data recorded during heating and cooling runs.
On cooling, a sharp decrease of susceptibility is observed
at the martensitic transition which reflects the increase of

FIG. 1. (Color online) Ac-magnetic susceptibility versus tem-
perature recorded during cooling (solid squares) and heating (solid
circles) runs. The inset shows calorimetric curves during cooling and
heating.
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FIG. 2. Schematic representation of the experimental setup,
consisting of an electromagnet and temperature-controlled sample
holder. The compression stress is applied by means of a weight put
on top of the upper rod.

magnetocrystalline anisotropy of the low temperature phase.
The transition occurs with a relatively low hysteresis of about
10 K. From the calorimetric data we have computed an
entropy change at the martensitic transition (in the absence
of externally applied fields) of �S = (15.8 ± 0.3) J/kg K.
The small peak observed on the calorimetric curves at high
temperature corresponds to the paramagnetic-ferromagnetic
transition at the Curie point, TC = 385.4 ± 0.2 K.

The experimental setup used to measure length change
versus temperature under applied compression stress and
magnetic field is schematically shown in Fig. 2. A temperature-
controlled sample holder is placed between two cylindrical
rods made of a high strength polyamide nylon (nylamid 6/6).
The upper rod is in direct contact with the upper surface
of the sample. The sample is located between the poles of
an electromagnet with a gap of 55 mm that enables the
application of magnetic fields up to 1 T. The whole assembly
is conveniently kept aligned and uniaxial compressive forces
are applied (perpendicular to the magnetic field) by placing
weights of controlled mass on the top end of the upper rod. The
load was measured by a load cell at the bottom end of the lower
rod, which lies on the surface of the bench. A capacitive strain
gauge is attached to the upper (mobile) rod to measure length
changes. The weight of the rods, sample, and sample holder
was taken into account by proper calibration. The transition is
thermally induced at given values of the applied magnetic field
H and compression force F , which are kept constant during
the run.

Stress-induced entropy changes have been computed by
taking into account Eq. (3) and for each applied magnetic
field, an isothermal stress-induced entropy change has been
obtained as

�S(T ,σ,H ) = 1

ρ

∫ σ

0

(
∂ε

∂T

)
σ

dσ

= 1

m0

∫ F

0

(
∂L

∂T

)
F

dF, (7)

where m0 = ρ	0 is the mass of the gauge portion of the sample
and 	0 = φL0, the corresponding volume. The cross section
φ is assumed constant. F = φσ is the applied force and σ

the applied stress. The strain is given by ε = �L/L0, with
�L = L − L0, where L is the actual gauge length and L0

the corresponding length in the absence of applied fields. It
is worth noting that the polycrystalline nature of the studied
sample and the anisotropic deformation of the martensitic
variants lead to an inhomogeneous stress distribution inside the
sample. For that reason, the suitable thermodynamic variables
to evaluate elastocaloric properties are the macroscopic length
change and the applied force which conveniently describe any
thermodynamic system subjected to a uniaxial force regardless
of the microscopic mechanism responsible for the change in
length.

Length change measurements were complemented with
calorimetric measurements under an applied magnetic field
that enables estimation of magnetic field-induced isothermal
changes of entropy. To this end, we have used a specially
designed differential scanning calorimeter that enables ap-
plication of magnetic fields up to 1 T, while temperature
is swept at rates of ∼0.5 K/min.24 From the calorimetric
curves the variation of entropy along the transition referred
to the entropy of the low-temperature phase is obtained as
S(T ,H ) = ∫ T

Ti

1
T

dq

dT
dT , where dq/dT is the heat released (or

absorbed) per unit temperature and T is a temperature in the
range over which the transition extends. Ti is either the starting
transition temperature on heating or the finishing transition
temperature on cooling.

IV. RESULTS AND DISCUSSION

Figure 3 illustrates a typical example of a measured length
as a function of temperature for a magnetic field of 0.36 T, and
selected applied stresses up to ∼10 MPa.25 For temperatures
above and below the transition region, the length linearly
increases with temperature. The shrinkage associated with

FIG. 3. (Color online) Example of curves giving the measured
length vs temperature obtained during heating runs at the indicated
values of the applied compression stress and for an applied magnetic
field of 0.36 T. See Ref. 25.
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FIG. 4. (Color online) Length change vs temperature curves
after correction from the temperature dependence away from the
transition region. For convenience, the origin has been taken in the
high-temperature parent phase.

the martensitic transition can be obtained by suppression of
the temperature change outside the transition region. Results
at different magnetic fields and selected applied stresses are
shown in Fig. 4. A first evident effect of increasing the
compression stress is to increase the stability of the martensitic
phase thereby shifting the transition to higher temperatures.
On the other hand, the total shrinkage associated with the
transition also increases with increasing applied stress. This
result reflects the tendency of the stress to break the degeneracy
associated with the symmetry-allowed martensitic variants
which are equivalent in the absence of applied external
magnetic and mechanical fields. Hence, within each grain, the
increase of applied stress gives rise to a gradual increase in the
fraction of martensitic variants which are crystallographically
oriented in a direction energetically favorable to the direction
of the applied uniaxial stress.

From the data shown in Fig. 4 we computed the isothermal
stress-induced entropy changes as a function of temperature
and stress using Eq. (7). Results are shown in Fig. 5 for the
selected applied fields. There is a decrease in entropy (negative
values for the stress-induced entropy changes) under the appli-
cation of compressive stress. Such an entropy decrease would
result in a temperature increase of the sample [see Eqs. (3)
and (4)] for an adiabatically applied stress. This is the most
commonly found situation for the several caloric effects for
which cooling is achieved upon removing the external field. In
this sense the elastocaloric effect found here is conventional. It
is worth noting that conventional caloric effects will be found
in the cases when the transition temperature increases with
external field. Conversely, a decrease in the transition temper-
ature with external field yields to the so-called inverse caloric
effect for which the sample cools down under adiabatically
applying an external field.

FIG. 5. (Color online) Stress-induced entropy changes at differ-
ent values of the stress and selected values of the applied magnetic
field. Data correspond to heating runs.

The effect of magnetic field on the elastocaloric effect
is illustrated in Fig. 5. The magnetic field enhances the
elastocaloric effect: The absolute value of the entropy change
for a given stress increases with increasing magnetic field.
For the ranges of stresses and magnetic fields investigated, the
entropy changes associated with the elastocaloric effect are
significantly lower than the whole available entropy content
(the transition entropy change) of about 15 J/kg K. Such a
low value is a consequence of the fact that the transition is
spread over a relatively broad range of temperatures (see Fig. 4)
and therefore relatively large fields (stress and magnetic) are
required to induce the whole transition. These kinds of large
stresses cannot by applied to magnetic Heusler shape memory
alloys owing to their brittleness. In contrast, for nonmagnetic
ductile shape memory alloys it has been shown that larger
stresses induce the transformation of the whole sample and
the entropy change associated with the elastocaloric effect
coincides with the transition entropy change.13

A meaningful parameter for practical applications of
caloric effects is the relative cooling power (RCP ).3 For the
elastocaloric effect it can be estimated as

RCP =
∫

�T

�S(σ,H,T )dT , (8)

where the range over which the integral is performed, �T ,
corresponds to the extension of the peaks giving the stress-
induced entropy changes shown in Fig. 5. In Fig. 6 we
plot the obtained RCP as a function of the applied stress
for selected values of the applied magnetic fields. Again,
the effect of magnetic field is to enhance the elastocaloric
effect by increasing the RCP . It is remarkable that after a
moderate increase at very low stresses, the RCP increases
very steeply with applied stress. Such an increase is due to two
contributions. On the one hand, by increasing stress a larger
amount of the sample transforms isothermally to martensite
thus giving rise to larger stress-induced entropy changes. For
large enough stresses this contribution is expected to saturate
when the whole sample transforms to martensite. On the other
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FIG. 6. (Color online) Relative cooling power as a function of the
applied compression stress for selected values of the applied magnetic
field. Continuous lines are a guide to the eye.

hand, the integration range �T in Eq. (8) also increases with
stress mainly due to the shift in the transition temperature with
stress.

At this stage it is interesting to compare the obtained results
for the elastocaloric properties of the studied Ni-Mn-Ga-Co
system with its magnetocaloric properties. For such a purpose,
we estimated magnetic field-induced isothermal changes of
entropy at zero-applied stress from differential temperature-
scanning calorimetric measurements performed at applied
selected magnetic fields up to 1 T. It is worth noticing that
DSC calorimetry under a magnetic field has been successfully
used to determine entropy changes associated with first-
order magnetostructural phase transitions.24,26–28 Figure 7
shows the obtained magnetic field-induced entropy changes
(magnetocaloric effect) as a function of temperature, for
selected values of the magnetic field. These data are obtained
by subtraction of the transition entropy vs temperature curves
at constant field, shown on the inset. The magnetocaloric
effect for Ni-Mn-Ga-Co samples with composition close to
the one studied here have been reported from magnetization
data in Ref. 29. At low fields a small positive entropy change
of about 1.2 J/kg K for 1 T was reported. This value
decreased for larger magnetic fields and was attributed to
be due to the larger magnetocrystalline anisotropy of the
martensite. The magnetocaloric effect for the investigated
sample is significantly larger (∼ 6 J/kg K for about 1 T)
and conventional: negative entropy values over all range of
studied magnetic fields. This is consistent with the increase
in transition temperature with magnetic field (see inset of
Fig. 7). It is worth noticing that the situation is similar to that
found for the elastocaloric effect: the range of studied magnetic
fields is not large enough to fully induce the transformation
of the whole sample and consequently the values found for
the magnetic field-induced entropy change are lower than
the transition entropy change. The magnetocaloric effect for
the largest available magnetic field (∼1 T) is larger than the

FIG. 7. (Color online) Magnetic field-induced isothermal en-
tropy change as a function of temperature for selected applied
magnetic fields and zero compression stress. The inset shows the
entropy curves obtained from the calorimetric measurements during
heating at the corresponding applied magnetic fields.

elastocaloric at ∼10 MPa, but is still only a fraction of the
overall entropy change. The larger value of the magnetocaloric
effect is simply a consequence of the fact that the transition
occurs in a narrower range of temperatures in the sample used
for calorimetric measurements (the range is approximately
half of the range obtained in length change measurements).
Therefore, the estimated RCP is rather comparable in both
cases. Actually, the same RCP is obtained at σ = 10 MPa
and H = 0, and for an applied field of 0.8 T and zero
stress.

V. SUMMARY AND CONCLUSIONS

We have reported on the elastocaloric effect in magnetic
shape memory alloys. We have also investigated the influence
of applied magnetic fields on this effect, and a comparative
study with the magnetocaloric effect exhibited by the alloy was
performed. Both the elastocaloric and magnetocaloric effects
are a consequence of the martensitic transition undergone by
the alloy. The effect of a compressive stress and of a magnetic
field is to increase the stability of the martensitic phase, thereby
leading to an increase of the transition temperature with
stress and magnetic field. Consistent with this finding, both
elastocaloric and magnetocaloric effects are conventional (i.e.,
isothermal application of an external field causes a reduction
in the entropy of the sample).

The entropy values associated with the elastocaloric effect
for relatively low applied stresses (about 10 MPa) are only a
fraction of the whole available entropy content owing to the
fact that the investigated range of stresses is not large enough
to induce the transformation of the whole sample. Actually the
brittleness of magnetic shape memory alloys is one of the major
drawbacks for the practical application of the magnetic shape
memory effect, and efforts are devoted to finding materials
with improved mechanical performances. An increase in the
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range of applied stresses will result in an enhancement of the
elastocaloric effect in magnetic shape memory materials.

The effect of magnetic field is to enhance the elastocaloric
effect, particularly for the cooling capacity associated with this
effect. It has been found that the cooling capacity increases
steeply with applied stress, and therefore this quantity is
expected to be significantly increased in the event of finding

magnetic shape memory materials with improved mechanical
properties.
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13E. Bonnot, R. Romero, L. Mañosa, E. Vives, and A. Planes, Phys.
Rev. Lett. 100, 125901 (2008).

14D. E. Soto-Parra, E. Vives, D. González-Alonso, L. Mañosa,
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15L. Mañosa, D. González-Alonso, A. Planes, E. Bonnot, M. Barrio,
J.-L. Tamarit, S. Aksoy, and M. Acet, Nature Mater. 9, 478 (2010).
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28V. Basso, C. Sasso, and M. Küpferling, Rev. Sci. Instrum. 81,
113904 (2010).

29A. M. Gomes, M. Khan, S. Stadler, N. Ali, I. Dubenko, A. Y.
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