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We have studied magnetocaloric and elastocaloric properties of a Ni-Mn-Sn(Cu) metamagnetic

shape-memory alloy undergoing a magneto-structural transition (martensitic type) close to room

temperature. Changes of entropy have been induced by isothermally applying both mechanical

(uniaxial stress) and magnetic fields. These entropy changes have been, respectively, estimated

from dilatometric measurements giving the length of the sample as a function of temperature at

selected applied forces and magnetic fields and from magnetization measurements as a function of

temperature at selected applied magnetic fields. Our results indicate that the elastocaloric effect is

conventional and occurs in two steps which reflect the interplay between the martensitic and the

incipient magnetic transitions. By contrast, the magnetocaloric effect is inverse and occurs in a

single step that encompasses the effect arising from both transitions. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4790140]

I. INTRODUCTION

Ferromagnetic shape-memory alloys (FSMAs) have

attracted a lot of interest these last years due to their multi-

functional behaviour which includes giant magnetostric-

tion,1–3 magnetoresistance,4 and magnetocaloric effects.5

These multiple functionalities rely on the possibility of both

mechanically and magnetically inducing large changes in

structural and magnetic properties which are strongly

coupled to one another. This behaviour makes these materi-

als potentially useful in diverse technologically interesting

applications ranging from sensors and actuators to solid-state

refrigerants.

In the present paper, we focus on the caloric properties

of a Ni-Mn-Sn(Cu) alloy. This material belongs to the fam-

ily of NiMn-based metamagnetic Heusler shape-memory

compounds. At an appropriate composition, with excess of

Mn with respect to the 2-1-1 stoichiometry, they undergo a

martensitic transition below the Curie temperature within

the ferromagnetic state. In the vicinity of this martensitic

transition, these alloys display giant inverse magnetocaloric

effect (IMCE) which means that a huge increase of entropy

can be induced by isothermal application of a magnetic

field, whereas cooling (decrease of temperature) occurs

when the field is adiabatically applied.6,7 This peculiar

behaviour is related to the fact that an applied magnetic field

favours the stabilization of the high temperature parent

phase which has a higher magnetization than the martensitic

phase. In addition to these interesting magnetocaloric prop-

erties, NiMn-based alloys also display mechanocaloric

effects. In this case, changes of entropy or temperature can

be induced by changing a mechanical field (or stress) iso-

thermally or adiabatically, respectively. The barocaloric

effect is a particular mechanocaloric effect induced by the

application of hydrostatic pressure.8–10 When it is induced

by a uniaxial stress, it is commonly denoted as elastocaloric

effect.11 Recently, a large barocaloric effect has been

reported to occur in the metamagnetic Ni-Mn-In shape-

memory alloy.9 This effect is a consequence of the relatively

large volume-change taking place at the martensitic transi-

tion in metamagnetic shape-memory alloys.5 Moreover,

since the transition can be induced by application of a uniax-

ial stress, it is also expected that these materials also show

elastocaloric effect.11,12

Addition of small quantities of a fourth element in the

ternary Heusler alloys has been proposed in order to tailor

transition temperatures and reduce the degree of hysteresis

associated with the martensitic transition which is the main

drawback for an efficient magnetocaloric effect to occur in

metamagnetic shape-memory alloys. Cu, for instance, has

been shown to have an important effect on the properties of

the Ni-Mn-Sn compound. It has been reported that replace-

ment of Mn by a little amount of Cu (�3%) in Ni43Mn46–x

CuxSn11 results in a considerable shift of the martensitic

transition to a higher temperature13 while the transition

slightly shifts to a lower temperature when Cu replaces Ni in

Ni46–xCuyMn43Sn11.14 In the present paper we study elasto-

caloric and magnetocaloric properties in a highly Cu-doped

Ni-Mn-Sn. As far as we are aware, this is the first combined

study of these two caloric effects in a metamagnetic shape-

memory material.

The paper is organized as follows. In Sec. II, experimen-

tal details, sample characteristics, and methods are described.

The obtained experimental results are presented in Sec. III.

Finally, in Sec. IV, the obtained results are briefly discussed

and the main conclusions are summarized.
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II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERIZATION

A polycrystalline Ni43Mn40Sn10Cu7 alloy was elabo-

rated from pure elements by arc melting in Ar atmosphere.

The ingot was encapsulated under vacuum in quartz glass,

annealed at 1123 K (850 �C) during 24 h and quenched into

an ice-water mixture. A specimen of size 4.6� 3.2 � 3 mm3

(mass, m ’ 0.35 g) for length change and calorimetric meas-

urements was cut from the ingot by means of a low speed di-

amond saw. The length change was measured along the long

dimension of the specimen. In the free state, at room temper-

ature, the reference length is L0¼ 4.6 mm. A smaller speci-

men of mass 32.6 mg was cut from the same ingot for

magnetic measurements. Transition temperatures were deter-

mined by means of DSC (TA Q2000, TA-Instruments) meas-

urements. It was found that the studied alloy undergoes a

martensitic transition on cooling starting at MS¼ 322 6 1 K

and finishing at MF¼ 317 6 1 K; on heating the reverse tran-

sition starts at AS¼ 329 6 1 K and finishes at AF¼ 336 6 1 K

(in the absence of applied mechanical and magnetic fields).

Magnetic measurements were carried out in a PPMS

(Quantum Design) magnetometer. In Fig. 1(a), we show low

field (50 Oe) magnetization measurements performed during

cooling and heating runs. The obtained values of magnetization

are low and reflect the paramagnetic character of the system.

The sharp decrease of the magnetization on cooling and the

corresponding increase on heating indicate the occurrence of

the martensitic transition with associated relatively weak hys-

teresis of about 13 6 1 K. It is worth pointing out that the lower

value of the magnetization in the martensitic phase is a com-

mon feature of metamagnetic shape-memory Heusler alloys.5

Fig. 1(b) shows calorimetric measurements performed

during heating and cooling runs. The hysteresis loop gives

the fraction y of parent phase as a function of temperature T.

At each temperature y was computed from de calorimetric

curves giving the heat flow as a function of temperature (the

one corresponding to the depicted loop is shown in the inset

of Fig. 1(b)). For cooling runs, it is obtained as:

yðTÞ ¼ 1� 1

jDSj

ðT

MS

_q

j _T j
dT

T
; (1)

and for heating runs as:

yðTÞ ¼ 1

jDSj

ðT

AS

_q

j _T j
dT

T
: (2)

_q is the heat flow and _T is the corresponding temperature

rate. The integrals were numerically performed from MS on

cooling and from AS on heating to a given temperature T
within the transformation interval after choosing a suitable

base line. DS is the transition entropy change corresponding

to the complete transition. We have obtained DS ¼ 5461

J=kg K. Note that the hysteresis loop obtained from calori-

metric measurements is in good agreement with the corre-

sponding one from magnetic measurements. The inset in

Fig. 1(a) shows in detail the region of the calorimetric curves

where the heat flow starts to deviate from the base line in the

cooling (bottom) and heating (top) runs. The small feature

indicated by arrows in the curves corresponds to the onset of

the paramagnetic-ferromagnetic transitions at TCA�M
¼ 323

60:5 K in the cooling run. The magnetic transition is not

completed due to the simultaneous occurrence of the struc-

tural change associated with the martensitic transition. On

heating, the magnetic transition is also detected at the onset

of the reverse martensitic transition at TCM�A
¼ 33360:5 K.

The existence of hysteresis in the magnetic transition indi-

cates that this transition does not occur independently of the

martensitic transition.

FIG. 1. (a) Low-field magnetization as a function of

temperature under an applied magnetic field H¼ 50 Oe.

(b) Martensitic transformed fraction y as a function of

temperature obtained from calorimetric measurements

(see text). A typical calorimetric run, at zero applied

magnetic field, is shown in the inset of panel (b). The

inset in panel (a) shows an enlargement of the calori-

metric curves displayed in the inset of panel (b) in the

regions of the beginning of the forward and reverse

martensitic transitions. The small features indicated by

arrows correspond to the magnetic transitions on cool-

ing and heating.
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The experimental procedure used to measure length

change versus temperature under applied compression stress

and magnetic field was reported in a previous work.15 It con-

sists of a temperature controlled sample holder placed

between two cylindrical rods. The upper rod is in direct con-

tact with the upper surface of the sample which is located

between the poles of an electromagnet that enables applica-

tion of magnetic fields up to 1 T. Compressive forces can be

applied (perpendicular to the applied magnetic field) by

increasing a weight put on the top end of the upper rod. The

load is measured by a load cell located at the bottom end of

the lower rod. The length changes are detected by means of a

capacitive strain gauge attached to the upper rod.

III. MECHANIC AND MAGNETIC FIELD INDUCED
ENTROPY CHANGES

In all experiments, the martensitic transition has been

thermally induced (in order to ensure that it is completed) at

selected values of the applied magnetic field l0H and com-

pression force F, which are kept constant in each run. From

the curves giving the length L of the specimen as a function

of temperature, entropy changes (per unit mass) induced by

isothermally increasing the compression stress from 0 to r
can be computed from the general expression:

DSðT;H; 0! rÞ ¼ q�1
0

ðr

0

@eðT; r;HÞ
@T

� �
r

dr; (3)

where the Maxwell relation ð@S=@rÞT ¼ ð@e=@TÞr has been

taken into account. q0 is the mass density. Taking into

account that r ¼ F=/, with / being the cross section of the

specimen, and e ¼ ðL� L0Þ=L0, we obtain that the stress- (or

force-) induced entropy change corresponding to a change of

the force from 0 to F ¼ r/ can be obtained as:

DSðT;H; 0! FÞ ¼ m�1
0

ðF

0

@LðT;F;HÞ
@T

� �
F

dF; (4)

where m0 ¼ q0X0, with X0 ¼ /L0 being the corresponding

reference volume of the specimen. Since the applied forces

in our experiments are small, we assume that the cross sec-

tion / is constant.

In Fig. 2, as an example, we present the length of the

specimen as a function of temperature for selected values of

the applied stress and zero magnetic field during heating

runs from below to above the martensitic transition. Prior to

each of these experiments the specimen was first heated well

above the transition and cooled down (at zero-stress) to a

low enough temperature to ensure that the martensitic transi-

tion is completed. It is interesting to note that no anomaly in

the length versus temperature curve is detected for very low

applied forces. This is due to the self-accommodating micro-

structure of the thermally induced martensite. By increasing

the force, two steps develop at about 332 K and 336 K. The

low temperature step occurs precisely at onset of the mag-

netic transition on heating. By increasing the applied force,

both steps have a tendency to shift to higher temperatures.

This is shown in panel (f) of Fig. 2 where the derivative

dL/dT has been plotted as a function of temperature for the

L(T) measurements depicted in panels (a) to (e). The inset of

panel (e) gives the dependence of the maxima of dL/dT on

FIG. 2. Length of the sample as a function of

temperature. Panels (a) to (e) correspond to

increasing values of the stress from 0.18 MPa up

to 5.24 MPa. Panel (f) shows the derivative

dL/dT of the previous curves as a function of

temperature. The inset in panel (e) shows the

corresponding temperature of the maxima vs.
the applied stress.

053506-3 Castillo-Villa et al. J. Appl. Phys. 113, 053506 (2013)



the applied stress. Both increase with the stress at a rate of

�0.2 K/MPa. This behaviour confirms that the magnetic

transition on heating can only occur when the systems has

started to retransform to the parent phase thus confirming the

magneto-structural character of the magnetic transition

which is triggered by the martensitic transition.

The isothermally stress-induced entropy changes

derived from these curves are shown in Fig. 3 for selected

values of applied magnetic field up to 1 T. At zero applied

magnetic field, two peaks occur close to 332 K and 336 K.

The effect of the applied magnetic field is remarkable. By

increasing the field, the two peaks show a tendency to over-

lap. This effect can be understood taking into account, on the

one hand, that for metamagnetic shape-memory alloys, it is

expected that an applied magnetic field favours the stability

of the parent phase and, on the other hand, the tendency of

the magnetic field is to smear the magnetic transition.

Magnetic field induced entropy changes at zero stress

have been obtained from the magnetization versus tempera-

ture curves measured at selected values of applied magnetic

fields in the range from 0 to 5 T. Results are shown in Fig. 4.

On heating a sharp increase of the magnetization occurs at

the martensitic transition. The lower value of the magnetiza-

tion in the martensitic phase must be a consequence of the

enhancement of antiferromagnetic correlations as has been

established in Ni-Mn-Sn from polarized neutron diffrac-

tion.16 Actually, in the studied class of alloys, magnetic

moments can be assumed to be localized at Mn-atoms to a

very good approximation. These moments interact through

an oscillatory RKKY-type exchange coupling (driven by

conduction electrons), which bring the magnetic properties

of these systems to be extremely sensitive to small variations

of the distances between Mn-atoms. Within this scenario, it

has been shown that antiferromagnetism arises from the

excess of Mn-atoms with respect to the 2-1-1 stoichiometry

that enables nearest neighbor Mn-Mn-pairs to exist in

the martenitic phase that couple antiferromagnetically.17,18

Consistently, in our case, the sharp step in the magnetization

associated with the martensitic transition slightly shifts to

lower temperatures by increasing the applied field. This

result confirms the increase of the stability range of the par-

ent phase under an applied magnetic field.

FIG. 3. Stress-induced entropy change as a func-

tion of temperature at selected values of an

applied stress. The panels correspond to selected

values of an applied magnetic field (indicated in

each panel).

FIG. 4. Magnetization versus temperature curves at selected values of the

applied magnetic field up to 50 kOe. The inset shows, for each magnetiza-

tion curve, the derivative dM/dT as a function of the temperature in the

region of the magneto-structural transition.
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Magnetic field induced entropy changes (per unit mass)

in the absence of applied stress have been obtained from the

general thermodynamic expression,

DSðT; 0! HÞ ¼ l0

q0

ðH

0

@MðT;HÞ
@T

� �
H

dH; (5)

where l0 is the magnetic permeability of free space. The

obtained results are shown in Fig. 5. The magnetic field-

induced entropy change as a function of temperature shows a

single positive peak centered about 332 K, which corre-

sponds to the low temperature peak in the stress induced en-

tropy change versus temperature curves displayed in Fig. 3.

This is consistent with the effect of an applied magnetic field

on the stress induced entropy change previously discussed.

In the present case, however, application of a magnetic field

results in an increase of entropy while application of stress

results in an entropy decrease. This means that while the

elastocaloric effect in the studied materials is conventional,

the magnetocaloric effect is inverse as expected for a meta-

magnetic shape-memory material.5

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have studied elastocaloric and magne-

tocaloric properties of a highly Cu-doped Ni43Mn40Sn10Cu7

shape-memory alloy in the region of its martensitic transi-

tion. Both, above and below the martensitic transition, the

system is paramagnetic. Incipient paramagnetic to ferromag-

netic transitions occur at the onset of both forward and

reverse martensitic transitions. These magnetic transitions

are inhibited as the martensitic transition proceeds. The para-

magnetic character of the materials above and below the

martensitic transition is well demonstrated by the linear tem-

perature dependence of the inverse susceptibility, shown in

Fig. 6. From these curves, linear extrapolation to zero of the

inverse-susceptibility enables to determine paramagnetic

Curie temperatures for both phases. We have obtained

hP ¼ 31162 K, for the parent phase, and hM ¼ 24662 K, for

the martensitic phase. The lower value of the paramagnetic

Curie temperature of the martensitic phase is consistent with

the occurrence of antiferromagnetic bonds in the martensitic

phase. From the slopes, the effective magnetic moments in

the parent and martensitic phases can be estimated. We have

obtained (per Mn-atom) lP ¼ 3:6160:04lB and lM ¼ 3:19

60:04lB (lB is the Bohr magneton) which confirms a

decrease of the effective magnetic moment at the martensitic

transition.

It is interesting to point out that in spite of the paramag-

netic character of both parent and martensitic phases, the

magnetocaloric effect is considerably large which proves

the strong interplay between structure and magnetism in the

studied material. We have found that while application of a

magnetic field shifts, the martensitic transition to lower tem-

peratures, application of an external stress has the opposite

effect. Therefore, an applied magnetic field increases the

range of stability of the parent phase, which is reduced by an

applied stress. Consequently, the magnetocaloric effect in

the vicinity of the martensitic transition is inverse in the

studied alloy and the elastocaloric effect is conventional.

Another consequence of the opposite effect of a mechanical

(stress) and an applied magnetic field on the phase stability

of the Ni43Mn40Sn10Cu7 alloy is the fact that the magneto-

caloric effect occurs in a single entropy versus temperature

peak while two peaks develop in the elastocaloric effect. In

both cases, in the range of fields applied in our study, the iso-

thermally induced changes of entropy are modest and signifi-

cantly lower than the whole available entropy, which, to a

good approximation, is given by the difference of entropy

between martensitic and parent phases. For instance, the

application of a magnetic field of 5 T enables to induce only

15% of the total entropy content. Actually, this is a conse-

quence of the low rate of change of transition temperatures

under both applied magnetic fields and stresses. It is worth

pointing out that the stresses required in order to induce the

whole transition are, in practice, unachievable due to the

high brittleness of the studied material.19

A meaningful parameter adequate for characterizing the

cooling effectiveness of a given material in refrigeration

applications is the relative cooling power (RCP) defined as20

FIG. 5. Magnetic field induced entropy changes as a function of temperature

for selected values of the applied field up to 50 kOe. Inset: Detail of the

curves corresponding to low applied fields up to 10 kOe.

FIG. 6. Inverse of the susceptibility as a function of temperature. Extrapola-

tion to zero of the linear behavior above and below the transition renders the

paramagnetic Curie temperatures indicated by arrows.
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RCPðr;HÞ ¼
ð

DT

jDSðT;H; rÞjdT; (6)

where the range over which the integral is performed, DT
corresponds to the extension of the peaks giving the field

(mechanic or magnetic) induced entropy change. Fig. 7

shows RCP in the case of the magnetocaloric effect as func-

tion of the applied magnetic field and zero applied stress. It

weakly increases for inducing fields below l0H < 1 T, but

reasonable values are reached for magnetic field in the range

between 2 and 3 T. In the case of the elastocaloric effect,

RCP has essentially two contributions arising from the two

peaks shown in Fig. 3. The RCP given in Fig. 8 is the sum of

the contributions associated with the two peaks. It is given

for selected values of the applied magnetic field. Interest-

ingly, a moderate applied field of 0.7 T enables to increase

the relative cooling power by about 40%. Comparing the

results for the magnetocaloric and elastocaloric effects, we

can conclude that from the point of view of the refrigeration

power, application of a magnetic field of about 1.5 T gives

similar results than application of a stress of 5 MPa. Finally,

it is worth pointing out that the values of the RCP obtained

in the range from 0 to 6 MPa are comparable to those

reported for a NiMnGa(Co) magnetic shape-memory alloy.15

In summary, in the present paper we have shown that,

thanks to a strong magneto-structural interplay, the combina-

tion of elasto- and magnetocaloric effects can considerably

improve the refrigeration capacity of a metamagnetic shape-

memory alloy that remains paramagnetic in both the parent

and martensitic phases. While the obtained values of the

RCP are still modest in the studied NiMnSn(Cu) alloy, this

finding opens interesting perspectives in order design spe-

cific devices that take advantage of such combination of mul-

ticaloric properties.
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