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In this work, we report on the direct measurement of the magnetic field induced temperature

change in a series of micrometric thick ribbons of Ni-Mn-In-Sn Heusler alloys, performed with an

innovative experimental technique based on the thermo-optical “Mirage Effect.” The technique

combines very fast measurement time, 1 T pulsed magnetic field in the millisecond range, and con-

tactless temperature detection. These features make the technique ideal for the characterization of

thin samples with a thickness down to a few micrometers. In this work, we demonstrate this by

directly measuring the magnetocaloric effect (MCE) of micrometric-thick ribbons of Heusler alloys

at the Curie transition, which was tuned on a wide temperature range by varying the Sn to In ratio.

The direct test of the MCE in thin samples is fundamental for the development of refrigerant

elements with a large heat-transfer coefficient and for the design of solid state micro devices for

cooling and energy harvesting. Published by AIP Publishing. https://doi.org/10.1063/1.5061929

Magnetic refrigeration is a potentially very efficient and

environmentally friendly technology to replace the current

vapor-compression cycle based machines with a class of

solid-state cooling devices.1,2 This technology exploits the

magnetocaloric effect (MCE), which involves an entropy

(DsT) or a temperature change (DTad) of a magnetic material

due to the variation of an applied magnetic field under isother-

mal or adiabatic conditions, respectively.3 By cyclic repetition

of magnetization and demagnetization processes, a cooling

cycle is realized. In the last few decades, research on magne-

tocaloric (MC) materials and on refrigeration machines has

rapidly grown. Several prototypes have been realized, thus

demonstrating the possibility to reach a high cooling power

and efficiency at low noise levels.1,4

Currently, a low working frequency is one of the main

drawbacks that limit the specific cooling power and the

energy-unit cost of magnetic cooling machines.5,6 In order to

increase the working frequencies, it is necessary to decrease

the time required for the heat-exchange between the mag-

netic active elements and a heat-transfer fluid.6,7 This task is

pursued by designing active elements with a large thermal

conductivity and high surface area to volume ratio (micro-

metric spheres, thin foils, and complex microstructures)1,8–12

or by proposing new heat-transfer mechanisms based on

solid-state devices, such as thermal diodes.13 However,

though the first solution is currently the most easily accessi-

ble, it brings along new problems for material synthesis and

characterization. The characterization of bulk samples with

the same nominal composition does not ensure a correct esti-

mation of the MCE if such samples have different shapes

and/or have been subjected to different synthesis and post-

synthesis processes. Indeed, it was demonstrated that mate-

rial processing routes can significantly alter the magnetic

and MC properties.14–17 This effect has to be particularly

taken into consideration in the case of materials whose mag-

netic and MC properties are largely affected by stoichiome-

try and structural defects, impurities, chemical order, and

microstructural details, as, e.g., in the case of Heusler alloys,

rare-earth based materials, and FeRh alloys.14,18–22

However, the direct measurement of the adiabatic tempera-

ture change, the driving force of cooling cycles, results in non-

trivial problems in the case of thin or small samples. To per-

form correct DTad measurements, two main issues have to be

accounted for: a low thermal mass of the temperature sensor,

which must be negligible compared to that of the sample, and

optimal adiabatic conditions.23,24 Common direct methods use

thermocouples or resistive temperature sensors to perform mea-

surements of temperature changes.23,25–27 These methods are

hardly usable to measure thin and micro-structured samples due

to their thermal mass and the difficulty to obtain a good thermal

contact with the sample. A possible solution to this experimen-

tal difficulty, is to measure more samples together.28,29

However, this does not consider the contribution of the passive

thermal mass due to the paste that is used to keep the samples

together and possible small differences between the samples.

Original solutions to directly measure the MCE in thin samples

have been realized by exploiting thermo-acoustic methods or

sensors for the optical detection of thermal radiation.24,30–33

However, these measurements generally utilize small modu-

lated magnetic fields (<50 mT): thus, they do not allow to test

materials response to the magnetic field changes really used in

applications. Additionally, the results are not adequate in the

case of hysteretic transitions.

Here, we present the direct characterization of a series

of Ni-Mn-(In-Sn) ribbons performed with an innovative

experimental setup based on the thermo-optical “Mirage

Effect.” This technique, recently proposed,34 allows the

direct measurement of the adiabatic temperature change in
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very thin materials and the test of their response to fast field

changes (up to 700 Ts�1) with an amplitude of the magnetic

field change up to 1 T. Indeed, this technique combines a

short measurement time with the absence of a thermometer

in contact with the sample, reducing heat losses from the

sample during the measurement.

The studied materials belong to the family of (Ni,Mn)-

based Heusler alloys that includes several interesting materi-

als displaying considerable values of MCE at both a magne-

tostructural first-order phase-transition and at the Curie

transition of the austenitic ferromagnetic phase.35–37 The

possibility to easily tune both transitions with the composi-

tion, the absence of rare earths, the facility of production,

and the high thermal conductivity make these alloys very

promising for technological applications. In the present

work, we study a series of alloys that originates from the

Ni50Mn34In16 composition, showing a considerable MCE at

the Curie transition, slightly above room temperature.36 The

saturation magnetization of this material, about half that of

Gd, is the maximum observed for this class of alloys show-

ing a second-order transition near room temperature. The

substitution of In by Sn drastically reduces the costs of the

starting materials (more than 30 times) and gives the possi-

bility to tune the transition temperature.

A series of 4 Heusler alloys, with the general formula

Ni50Mn34(In1-xSnx)16 (x¼ 0, 0.5, 0.75, and 1; labelled: Sn0,

Sn50, Sn75, and Sn100) were prepared in the form of rib-

bons by the melt-spinning technique. The Sn0 sample was

prepared starting from a Ni50Mn34In16 bulk sample synthe-

sized by the arc-melting technique (details about the bulk

sample preparation and its properties are reported in the sup-

plementary material). The other 3 samples were prepared by

melting the starting elements (99.99% purity) directly in the

inductance oven of the melt-spinner. An excess of 1% Mn,

In, and Sn was added to compensate for evaporation during

melting. Later, the ribbons were sealed in quartz tubes under

an Ar atmosphere, annealed for 2 h at 1073 K, and subse-

quently quenched in cold water. The compositions of the

samples, measured through energy dispersive spectroscopy

(EDS) microanalysis in a scanning electron microscope

(SEM), are reported in Table I. An increase in the Ni content

is observed with respect to the nominal composition. The

very rapid quenching from the melt of the utilized synthesis

method results in a crystalline microstructure characterized

by elongated columnar grains perpendicularly oriented to the

ribbon plane. These grains have a size ranging between a

few micrometers and a few tens of micrometers (see SEM

images in the supplementary material). The average thick-

ness of the ribbons is found to be about 8 lm.

X-ray powder diffraction measurements, performed at

room temperature using Cu Ka radiation (k¼ 0.15418 nm)

and reported in the supplementary material, confirm the

expected L21 (Fm3m) structure of austenite. The lattice

parameter of the cubic structure, obtained from Rietveld

refinement and reported in Table II, does not show a signifi-

cant variation along the series of alloys.

Magnetization measurements have been performed

using a Superconducting Quantum Interference Device

(SQUID) magnetometer (MPMS XL of Quantum Design

Inc.). The magnetic field was applied parallel to the ribbon

surface, to minimize the effect of the demagnetizing field.

Figure 1 shows the temperature dependence of magnetiza-

tion for the alloys measured with an applied magnetic field

of 0.01 T. All the alloys show a second order magnetic tran-

sition from a ferromagnetic to a paramagnetic state near

room temperature. The Curie temperature (Table II) varies

with the In to Sn ratio from 286.5 K (Sn0 sample) to 331.8 K

(Sn100). On the contrary, their saturation magnetization pro-

gressively decreases with increasing Sn content (see Table II

and supplementary material). All the samples show a ferro-

magnetic austenitic phase stable in a large temperature range

around room temperature. Sample S100 presents, at low tem-

peratures, a first-order structural transformation between the

austenitic phase and a low-magnetization martensitic phase.

The presence of the martensitic transformation sets a limit to

the Mn content of the alloy. Indeed, a higher content of Mn,

TABLE I. Composition of the Ni50Mn35(In1-xSnx)15 alloys, determined by

EDS analysis and expressed as at. %. The reported errors are the standard

deviation estimated by mapping the composition on different points of the

sample surface.

Sample

Composition (at. %)

Ni Mn In Sn

Sn0 53.8 6 0.4 31.2 6 0.5 15.0 6 0.1 …

Sn50 52.8 6 0.4 32.7 6 0.3 7.2 6 0.1 7.3 6 0.1

Sn75 54.2 6 0.6 31.5 6 0.7 3.5 6 0.1 10.8 6 0.2

Sn100 52.6 6 0.4 33.0 6 0.2 … 14.4 6 0.2

TABLE II. Valence electron concentration per atom (e/a), lattice parameter

of the cubic unit cell (c) at room temperature, saturation magnetization Ms,

[* for Sn100, the saturation magnetization at 5 K of the austenitic phase was

extrapolated from the M(T) curve], Curie temperature (Tc), maximum iso-

thermal entropy change (DsT), and maximum adiabatic temperature change

(DTad) in a l0DH¼ 1 T for the four alloys.

e/a

c

(Å)

Ms

(Am2 kg�1)

TC

(K)

DsT

(J kg�1 K�1)

DTad

(K)

Sn0 8.014 6.00 6 0.01 105.7 6 0.9 287 6 1 1.48 6 0.08 0.81 6 0.10

Sn50 8.077 5.99 6 0.01 101.2 6 0.5 304 6 1 1.48 6 0.08 0.78 6 0.10

Sn75 8.162 5.99 6 0.01 90.1 6 0.5 317 6 1 1.31 6 0.11 0.66 6 0.10

Sn100 8.146 6.01 6 0.01 87.0 6 0.7* 332 6 1 1.29 6 0.13 0.65 6 0.10

FIG. 1. Magnetization of the alloys as a function of temperature on heating

and cooling with an applied magnetic field of 0.01 T.
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at the expense of the (In-Sn) content, leads to an increase in

the martensitic transformation temperature up to room temper-

ature, with a resulting disappearance of the austenite Curie

transition.38,39 In the case of studied samples, the martensitic

transformation is still far away from room temperature and it

does not affect the reported results at the Curie transition.

The observed structural and magnetic features of the

samples are quite in agreement with those reported for bulk

samples.14,36,38,39 A small reduction of the Curie temperature

and of the saturation magnetization can be ascribed to an

increase in the Ni/Mn ratio with respect to the stoichiometric

composition. The opposite trends, with the Sn content, of TC

and of saturation magnetization derive from the complex

magnetic configuration of Heusler alloys.

Isofield magnetic measurements at different applied mag-

netic fields were performed across the magnetic transition to

obtain the isothermal entropy change using the Maxwell rela-

tion.3 Figure 2 shows the isothermal entropy change for the 4

alloys as a function of the temperature in l0DH¼ 1 T. The

maximum value of DsT (Table II) follows a linear dependence

with saturation magnetization. The Sn0 sample exhibits the

maximum value, with a peak of DsT¼ 1.48 6 0.08 J kg�1 K�1

at 286.3 K, quite in agreement with the bulk results.14,36

The direct measurement of the adiabatic temperature

change was performed by the non-contact experimental

setup presented in Ref. 34. This instrument is based on the

thermo-optical mirage effect, which consists in the deflection

of a light beam by a thermal gradient. In the developed

experimental setup (sketched in Fig. 3), a laser beam, graz-

ing the sample surface, is deflected by the temperature gradi-

ent that is formed in the thin air layer overlying the sample

surface due to a temperature change of the sample. The

MCE is induced in the sample by a pulsed magnetic field

with a maximum amplitude of 1 T and a period of the order

of a few milliseconds. It was demonstrated that the thermal

diffusion time to the gas layer next to the sample surface is

fast enough to probe the material’s magnetocaloric response

to short pulses of the order of milliseconds.34 This fast

response time and the limited heat capacity of the gas layer

ensure that we can consider the change in temperature to be

adiabatic. The angle of deflection of the laser beam (U),

with respect to the sample surface, is proportional to the

temperature gradient [@Tðy; tÞ=@y], the refractive index of

the deflecting medium (n, in this case of air), the temperature

coefficient of the refractive index (dn/dT), and the length of

the laser path (d) across the temperature gradient40

U tð Þ ¼ 1

n

dn

dT

@T y; tð Þ
@y

d: (1)

In our case, d corresponds to the sample length since each

part of the sample experiences the same temperature change.

By measuring the deflection of the laser beam and by cali-

brating the setup with a reference material (gadolinium), it is

possible to obtain the absolute temperature change induced

in the sample by the applied magnetic field.34

Figure 4 reports the adiabatic temperature change mea-

sured as a function of temperature for the alloys by using a

pulsed magnetic field with an amplitude of 1 T and a character-

istic time of 1.3 ms. DTad shows a small decrease with substitu-

tion of In by Sn, from DTad ¼ 0.8 6 0.1 K for the In-sample

(Sn0) to DTad ¼ 0.6 6 0.1 K for the Sn-sample (Sn100),

following the behavior of the isothermal entropy change

with composition. The maximum value recorded for the In-

sample is lower than that of the corresponding bulk sample

FIG. 2. Isothermal entropy change of the ribbons as a function of tempera-

ture, calculated for l0DH¼ 1 T from isofield M(T) measurements by using

the Maxwell equation.

FIG. 3. Sketch of the experimental setup for the direct measurement of the

adiabatic temperature change. (c): Time profile of the magnetic field pulse.

FIG. 4. Adiabatic temperature change of the ribbons as a function of temper-

ature induced by a magnetic field pulse with an amplitude of 1 T.
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(DTad ¼ 1.0 6 0.1 K, supplementary material), accordingly to

the reduction of the saturation magnetization. The shape and

the width of the DTadðTÞ curves are the same for all the sam-

ples and are comparable with those of the starting bulk alloy

and of Gd. A comparison of the curves, normalized to their

maximum value, is reported in the supplementary material.

All the curves collapse on the same, as predicted for MCE

across a second-order transformation.41

In conclusion, this paper reports on the direct measure-

ment of the adiabatic temperature change of 4 melt-spun rib-

bons of Heusler alloys induced by a pulsed magnetic field of

1 T amplitude and 1.3 ms characteristic time. The obtained

results demonstrate the possibility to easily tune, with varying

composition, the peak of the MCE across the second-order

transformation, and thus to realize with these materials high-

performance thin-layered cooling elements. The high thermal

conductivity of these metallic alloys and the possibility to

realize thin foils, promote the realization of cooling elements

with high heat-exchange coefficients. However, the low value

of maximum MCE still limits the application of these materi-

als in efficient devices. An increase in the saturation magneti-

zation together with a reduction of the transition temperature

could bring along an effective use of these alloys as active

elements in magnetic refrigerators.

From the instrumental point of view, the suitability of the

presented experimental setup based on the Mirage Effect, was

demonstrated to correctly and easily perform direct magneto-

caloric characterization of thin samples with a magnetic field

change really used in prototypes of magnetic refrigerators.

This experimental setup might be particularly useful for the

test of the MC response to fast field changes (l0dH/dt> 700

Ts�1) of thin materials showing a giant-MCE related to a

first-order magnetic transition [e.g., Heusler alloys with a

martensitic transition, Gd5(Si,Ge)4, FeRh, Fe2P-based com-

pounds, and La(Fe,Si)13 compounds].42 Moreover, the use of

this technique can be extended in principle also to measure

electrocaloric and elastocaloric materials: the absence of a

temperature sensor in contact with the sample reduces draw-

backs due to high voltages or mechanical stresses.

See supplementary material for the magnetic and MC char-

acterization of the Sn0 bulk sample and for further magnetic,

structural, and microstructural data of the Heusler ribbons.
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