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Heusler-type Ni-Mn-based metamagnetic shape memory alloys (MetaMSMAs) are promising

candidates for magnetic refrigeration. To increase heat exchange rate and efficiency of cooling, the

material should have a high surface/volume ratio. In this work, the typical Ni50Mn35In15

MetaMSMA was selected to fabricate thin ribbons by melt-spinning. The characteristic transforma-

tions of the ribbons were determined by calorimetry, X-ray diffraction, scanning electron micros-

copy and thermomagnetization measurements. The inverse and conventional magnetocaloric

effects (MCEs) associated with the martensitic transformation (MT) and the ferromagnetic transi-

tion of the austenite (TC
A), respectively, were measured directly by the adiabatic method (DTad)

and indirectly by estimating the magnetic entropy change from magnetization measurements. It is

found that the ribbons exhibit large values of DTad¼�1.1 K at l0DH¼ 1.9 T, in the vicinity of the

MT temperature of 300 K for inverse MCE, and DTad¼ 2.3 K for conventional MCE at

TC
A¼ 309 K. This result strongly motivates further development of different MetaMSMA refriger-

ants shaped as ribbons. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968592]

Magnetic refrigeration (MR), a solid state technology

based on the magnetocaloric effect (MCE), has attracted

great interest because of several environmental advantages

(for instance, its larger energy efficiency) compared with the

traditional cooling systems.1,2 Among the candidates as mag-

netic coolants for MR at room temperature, the Ni-Mn-based

Heusler alloys, a family of metamagnetic shape memory

alloys (MetaMSMAs), are outstanding materials because (i)

they can exhibit abrupt changes in their magnetic properties

induced by a magnetostructural transition from the weakly

magnetic martensite to a ferromagnetic austenite, which is

usually associated with giant inverse MCE (i.e., with the

opposite sign compared with conventional magnetocaloric),3

and (ii) the martensitic transformation (MT) temperatures

can be easily tuned in a wide temperature range including

the room temperature by slight changes in the composition,

since they are highly dependent on the valence electron con-

centration per atom e/a.4

Aside from investigating new materials with enlarged

magnetocaloric responses, a growing research field consists of

finding new performance optimization methods of MR sys-

tems; in particular, it has recently been stressed that thermal

inertia must be minimized in magnetic coolants by allowing

the increase in cycling frequencies and cooling power of refrig-

erant systems.5,6 In this sense, the use of materials with reduced

dimensions results in a propitious approach to decrease the

thermal inertia.7,8 Melt-spinning is a well-established technique

for processing materials presenting MCE in ribbon form with

typical thicknesses of around 20–40 lm. Besides, the previous

works on MetaMSMAs have demonstrated the large capabili-

ties of this method to modify MT temperatures and magnetic

and transport properties of the parent bulk alloys, including

their magnetocaloric response.5 However, due to the inherent

difficulties with the measurements of the adiabatic temperature

changes arising from the low thermal mass of small samples,

the vast majority of works on the MCE materials with the

micrometer-scale dimensions have been exclusively dealing

with the isothermal magnetic entropy change, DSM, estimated

from magnetization measurements.2 Incidentally, one should

emphasize that most of the known-to-date room-temperature

refrigerator prototypes are based on the active magnetic regen-

erator and Brayton thermodynamic cycles, where the refriger-

ant undergoes two adiabatic magnetization-demagnetization

processes.9 In fact, only few reports about the direct adiabatic

measurements of MCE in ribbons can be found in the literature.

Such measurements have been carried out for amorphous Fe-

based alloys11,12 and Gd-Co-Al13 (both exhibit a second-order

transition), and for Ni50Mn37Sn13 MetaMSMA. The last ribbon

showed a very small value of DTad due to the low magnetic

field applied, l0DH< 0.06 T.10

Taking into account the lack of DTad data in MetaMSMA

ribbons and their importance for MR, we have recently

designed and built-up a sensitive set-up for adiabatic measure-

ments at different constant temperatures under magnetic fields

up to 1.9 T. For these measurements, in this work, we have

fabricated the ribbons of a well-studied Ni50Mn35In15

MetaMSMA exhibiting MT close to room temperature. The

measurements demonstrated the inspiring values of DTad in

the ribbons, which are consistent with the adiabatic data

reported in the literature on a bulk alloy of the same composi-

tion. For the sake of completeness, we also acquired the ther-

momagnetic behavior of the ribbons and calculated magnetic

entropy change.

Polycrystalline master alloy was prepared from pure ele-

ments by arc melting in an Ar atmosphere and re-melted
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several times to ensure the homogeneity of the ingot. The

melt-spun ribbons (flakes of 50 lm thick and 1.2 mm wide)

with a nominal composition of Ni50Mn35In15 (at. %) were

produced by melt spinning with a surface velocity of 10 ms�1.

A Hitachi TM3000 Scanning Electron Microscope (SEM)

equipped with an X-ray energy dispersive spectroscopy

(EDS) system and a cryothermostat were used to examine the

microstructure and chemical composition of the ribbons. The

composition of the melt-spun ribbons was Ni50.7Mn35.2In14.1,

close to the nominal. Differential scanning calorimetry (DSC)

analysis was performed by a TA-Instruments Q200 calorime-

ter with a temperature rate of 10 K/min. The characteristic

MT temperatures, Tms, Tmf, Tas, and Taf, were determined

from the DSC peaks by a standard tangent method.14 An

X-ray powder diffraction pattern was collected at 350 K in a

Bruker D8 Advance Vantec diffractometer with Cu-Ka radia-

tion using powdered samples to avoid the influence of texture.

The analysis of the diffraction pattern was performed using

the FullProf Suite.15 Magnetization measurements were carried

out in a magnetic measurement platform (CFMS, Cryogenic

Ltd.) equipped with a vibrating sample magnetometer. To

reduce the effect of the demagnetizing field, ribbons were

aligned with the magnetic field. Magnetic entropy change was

estimated from the M(T) curves at different applied magnetic

fields using a well-known Maxwell relationship.16

The field-induced adiabatic temperature change was

measured by a specially designed set-up,17 enabling a maxi-

mum field of 1.9 T with large field change rates of �2 T/s.

The sample represented a pack of the several ribbons assem-

bled in a good thermal contact between them. The sample

temperature was monitored with an accuracy better than

0.02 K by a type-T (copper-constantan) thermocouple with a

diameter of �80 lm tightly fixed inside the package to

reduce thermal losses. To avoid spurious effects due to the

MT thermal hysteresis, DTad was measured following a spe-

cific thermal protocol: first, the temperature of the specimen

was set to 15 K below (above) Tas (Tms) when heating (cool-

ing); second, the sample was heated (cooled) to the target

measuring temperature (with maximum overheat/overcool of

0.05 K at its approach); and then, the magnetic field is

applied. When the magnetic field is removed, the protocol

starts again from the first step to ensure the initial transfor-

mation volume fraction in the sample.

Figure 1(a) depicts the DSC cooling/heating curves of

the Ni-Mn-In ribbon, which present large exothermic and

endothermic anomalies with moderate thermal hysteresis

(signatures of a first-order phase transition) corresponding to

the forward (upon cooling) and reverse (upon heating) MT,

respectively. The DSC cooling ramp presents small shoulder

(indicated by a vertical arrow shown in Fig. 1), whereas dur-

ing heating this anomaly is masked by the reverse MT. The

M(T) data confirm (see below) that it coincides with the

para-to-ferromagnetic phase transition in the austenite phase.

The characteristic MT temperatures, located in the tempera-

ture range of 280–310 K, and the Curie temperature of the

austenite phase are summarized in Table I. These tempera-

tures are about 10–20 K lower than the ones observed in the

bulk parent alloy,18 which is related to the influence of struc-

tural defects formed during a rapid solidification.19 Note,

however, that the thermal hysteresis is similar to other

MetaMSMAs.20,21

The X-ray powder diffraction pattern of the cubic aus-

tenitic phase is shown in Fig. 1(b). The Rietveld analysis

indicates a mixture of L21 (with a volume fraction of 78%)

and B2 (22%) crystal structures with cell parameters

a¼ 6.010 and 3.001 Å, respectively, consistent with the Ni-

Mn-In ribbons of a similar composition.16,22–24 The insets of

Fig. 1 show the SEM images of the ribbon surfaces collected

in the martensite and austenite. The samples are well-

crystallized with the grains of irregular shapes and broad

size distribution between 1 and 10 lm, which is typical for

melt-spun ribbons.25 The left inset (martensite state) shows

the twinning structure covering grains according to their in-

plane crystallographic orientation.

The heating/cooling thermomagnetization curves under

low magnetic field (0.01 T), depicted in the inset of Fig. 2,

confirm both MT, by a hysteretic abrupt change of the mag-

netization, and a Curie point of austenite during cooling. The

start (Tms, Tas) and finish (Tmf, Taf) values of the martensitic

FIG. 1. (a) DSC curves of as-cast Ni-Mn-In ribbon. (b) X-ray diffraction

pattern collected at 350 K. Asterisks mark the diffraction peaks correspond-

ing to the Pt heater. Insets: SEM micrographs of the free-side of the ribbon

in the austenite (right) and martensite (left).

TABLE I. Values of the martensite start (Tms) and finish (Tmf) temperatures,

austenite start (Tas) and finish (Tmf) temperatures, thermal hysteresis of MT

(DT¼Taf - Tms), and Curie temperature of the martensite (TC
M) and austen-

ite (TC
A) in Ni50Mn35In15 ribbons obtained from the DSC and low-field

M(T) measurements.

Measuring

method Tms (K) Tmf (K) Tas (K) Taf (K) DT (K) TC
M (K) TC

A (K)

DSC 293 279 297 305 12 … 305

Magnetization 293 279 295 304 11 199 309
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and austenitic transformation temperatures determined from

the M(T) dependences by the tangents method (also used to

determine the Curie temperature from magnetization meas-

urements26) are consistent with the temperatures estimated

from the calorimetric measurements (see Table I). The dif-

ferences at low temperatures (below 200 K) between the

ZFC (zero-field cooling protocol, i.e., the sample was cooled

under zero-magnetic field, after which the data were col-

lected on warming under the magnetic field) and FC (field

cooling protocol, i.e., the data were acquired on cooling

under the magnetic field) curves indicate a heterogeneous

magnetic state with the coexistence of antiferromagnetic and

ferromagnetic interactions, which has been observed in other

MetaMSMAs.24,27 From a joint analysis of the M(T) and

DSC curves, the sequence of phase transitions that the sam-

ples undergo on heating is as follows: first, a purely magnetic

phase transition in the martensite state occurs at TC
M. Then,

MT occurs from the weakly magnetic martensite to the ferro-

magnetic austenite. The drop of the magnetization on further

heating indicates that a ferromagnetic transition takes place

in the austenite state. The Curie temperatures for the mar-

tensite and austenite phases are listed in Table I.

M(T) curves under different magnetic fields in Fig. 2(a)

show a considerable influence of the magnetic field on the

magnetization values in all phases and in MT itself. Magnetic

field shifts the MT to lower temperatures and increases the

magnetization jump DM as it does in the bulk. The dependen-

ces of the MT temperatures with the magnetic field, as

extracted from the data in Fig. 2(a), are plotted in Fig. 2(b);

they exhibit a linear behavior with different dT/dH slopes

ranging from �1.85 to �3.12 K/T. This divergence of slopes

reflects the magnetic field induced smearing of the transfor-

mation path during cooling only, since the field does not

affect the thermal hysteresis in the middle of MT.

The temperature dependence of the magnetic entropy

change under different magnetic fields is estimated using the

data in Fig. 2(a) and the Maxwell relationship. The results

are shown in Fig. 3(a). A large negative peak appears around

TC
A, which represents a conventional MCE. It is well known

that, in the vicinity of a ferro-to-paramagnetic transition, the

magnetic field aligns the magnetic moments leading to a

decrease in magnetic entropy. On the contrary, the magnetic

entropy change presents a positive peak at MT, which corre-

sponds to a structural transformation accompanied by a

change in the magnetic structure. The former implicates a

negative magnetic entropy change, DSM
mag< 0, whereas

the latter involves a positive entropy change, DSM
st> 0.

Therefore, the magnetic and structural transitions present

opposite contributions to the total magnetic entropy change

if both transitions are overlapping (DSM¼DSM
stþDSM

mag).

FIG. 2. (a) Temperature dependence of the magnetization under different

applied fields. (b) Characteristic martensite temperatures as a function of

magnetic field. Inset: ZFC-FC curves under low magnetic field. Arrows indi-

cate heating or cooling pathways.

FIG. 3. (a) Magnetic entropy change as a function of the temperature for dif-

ferent applied magnetic fields calculated from thermomagnetization curves.

(b) Temperature dependence of the measured adiabatic temperature change

for the Ni50Mn35In15 ribbon (circles). The data for bulk Ni50Mn35In15

(squares), adapted from Ref. 18, are shown for the sake of comparison.

Reproduced with permission from Rodionov et al. JETP Lett. 101, 385

(2015). Copyright 2015 Pleiades Publishing, Inc.
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The positive value of DSM might indicate a dominant role of

the structural contribution at MT. Note that the positive peak

moves to lower temperatures under magnetic field as

expected from the shift of the MT temperature, whereas the

one associated with the second-order ferromagnetic transi-

tion moderately moves upwards along temperature axis. The

maximum of DSM for both transitions amounts to 20.1 and

�9.4 J/kg K (7.0 and �2.5 J/kg K) for 9 T (1.5 T), respec-

tively. These values are similar to the reported ones in the

bulks28,29 and ribbons24,30 of Ni-Mn-In.

From the dT/dH slopes, the transformation entropy

change, DS, induced by magnetic field is approximately

given by the Clausius–Clapeyron relation:4 dH/dTA�DS/

DM, where DM is the magnetization difference between the

austenite and martensite phases and TA is the equilibrium

temperature of the reverse MT defined as TA¼ (Tasþ Taf)/2.

Accepting DM¼ 54 A m2/kg for a magnetic field change of

9 T at the reverse MT in Fig. 2(a), and dTA/dH¼�2.2 K/T,

DS results in 24.5 J/kg K, which is close to the entropy

change calculated from the Maxwell relation. Using the DSC

measurements, we have estimated the transformation

enthalpy to be equal to DHMT¼ 8 J/g, which corresponds to

a total entropy change at MT of DSMT¼ 27 J/kg K. Note that

the estimated values of DSM on heating are lower than this.

As it is known, DSMT is an upper bound of the possible

attainable magnetic entropy change; therefore, the reduced

values of DSM could be due to the closeness of the magnetic

phase transition to MT, bringing a competition between the

conventional and inverse MCEs.

The temperature dependences of DTad in the field of

1.9 T are presented in Fig. 3(b). Note that the application of a

magnetic field in adiabatic conditions has different conse-

quences in the first and second order phase transitions. On

heating across reverse MT, DTad exhibits a negative maxi-

mum equal to 1.1 K at TA¼ 300 K, corresponding to an

inverse MCE. The positive magnetic entropy change at the

reverse MT (see Fig. 3(a)) involves the negative contribution

of the sample lattice under adiabatic conditions, resulting in

a decrease in the sample temperature. On further heating, a

conventional MCE is observed. In this case, DTad shows pos-

itive values with a maximum of 2.3 K at T¼ 307 K corre-

sponding to the second-order ferromagnetic transition. This

increase in the sample temperature results from the lattice

entropy contribution that is necessary to compensate the

magnetic entropy change if the magnetic field is applied

adiabatically.

On cooling, the maximum associated with the para-to-

ferromagnetic phase transition occurs roughly at the same

temperature and reaches an identical value as in the heating

run. DTad decreases close to zero in the vicinity of the for-

ward MT. Such discrepancies on the adiabatic temperature

change in both cooling and heating sequences have been usu-

ally attributed to thermal and magnetic field hysteresis occur-

ring across MT,31 although recently the role of the latent

heat exchange linked with irreversible structural transforma-

tions has been analysed.32 In our case, three obvious factors

influencing the value of inverse MCE can be considered as

the most important ones: (i) overlapping of MT with TC
A,

(ii) the temperature width of two-phase region during the for-

ward and reverse MT, and (iii) the temperature hysteresis

between forward and reverse MT. Reduced value of inverse

MCE during heating run results from a compensating influ-

ence of the ferromagnetic ordering of austenite and structural

transformation [factor (i)], as well as from the relatively high

value of Taf - Tas¼ 9 K and hence reduced volume fraction

of martensitic phase that can be transformed into austenite

by applied field of 1.9 T (see Table I and Fig. 2(b)). The

absence of inverse MCE during cooling is explained by fac-

tor (iii) (according to Table I, DT is 11–12 K) since it pre-

vents that any portion of martensitic phase formed during

cooling to the measuring temperatures below Tms can trans-

form back to austenite under 1.9 T (see Fig. 2(b)). The adia-

batic temperature change can be estimated assuming that the

heat capacity, Cp, of a material has little dependence on the

magnetic field and the adiabatic temperature change can be

estimated as DT¼ (�T/Cp)DS.4 In Ni50Mn35In15, the Cp satis-

fies such condition31 and could be roughly accepted to be

equal to 0.5 J/g K. Thus, DT¼�4.9 K has been calculated

for a magnetic field change of 1.5 T on heating. Disagreement

between the theoretical and experimental values has been

usually attributed to the non-equilibrium effects,4 as well as

aforementioned factors.

For the sake of comparison, Fig. 3(b) also depicts the

DTad data obtained at the field of 1.6 T for the bulk

Ni50Mn35In15 alloy,18 which displays inverse and direct

MCEs and qualitatively reproduces the temperature depen-

dence of DTad for ribbon. In both cases, the thermal hystere-

sis of MT and closeness of the first and second-order phase

transitions lead to a decrease in MCE, as observed in other

MetaMSMAs.33 The difference between the transition tem-

peratures in the bulk and ribbon could be due to the composi-

tion variation and higher density of crystalline defects in

ribbons.34

It would be expected that, associated with the magnetic

field-induced shift of MT to lower temperatures, DTad

increases substantially with the magnetic field. Indeed, a

study under much higher magnetic fields in Ni50Mn35In15

bulk alloy has revealed that the inverse MCE reaches to

�7.0 K for l0DH¼ 6 T, but this value does not increase with

a further raising of the magnetic field because it is limited by

the latent heat of MT.31

To conclude, we have fabricated a well-studied

Ni50Mn35In15 in the form of the ribbon as a model object for

a special study of the magnetocaloric effects in the adiabatic

measurements for MetaMSMA ribbons. Ribbons present a

martensite transformation close to room temperature that is

driven downwards almost linearly by the magnetic field. The

substantial values of the conventional and inverse magneto-

caloric responses have been revealed by the direct adiabatic

measurements using a unique in-house made set-up and con-

firmed by the traditional magnetization method. Determining

the adiabatic temperature change in ribbons will help to opti-

mize the magnetic and magnetocaloric properties in the

MetaMSMA materials with enhanced heat transfer, which will

present direct implications in the development of MR devices.
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