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Heusler Ni59.0Mn23.5In17.5 alloy was prepared as the metallic core of a glass-coated microwire with

a total diameter of 41.8 lm. X-ray diffractograms performed at room temperature and 100 K show

a highly ordered L21 cubic structure characteristic of the austenitic phase in Heusler alloys.

Thermomagnetic curves measured in the temperature range from 50 K up to 400 K show

ferromagnetic coupling in the austenite with the Curie temperature around 246 K. Hysteresis loops

measured at different temperatures indicate a soft ferromagnetic behaviour, confirming the

microwire axis as the magnetization easy direction. The magnetic entropy variation reaches a

maximum value of 1.75 J/kgK at the ferro-to-paramagnetic phase transition for a magnetic field

change of 30 kOe. After short annealing, the Curie temperature is almost unchanged while the

maximum entropy change increases up to 2.01 J/kgK. Refrigerant capacity and its dependence on

both working temperature range and applied field value are evaluated for all microwire samples,

reaching 120 J/kg for a 30 kOe magnetic field variation. We analyze the possibility of employing

microwire shape Heusler alloys as low field magnetocaloric micro-devices and solid-state

actuators. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4740466]

I. INTRODUCTION

Thin microwires are suitable materials for many tech-

nological applications due to their outstanding properties,

such as magnetic bistability,1 magneto-optical, and tunable

microwave absorption properties,2,3 chemical sensing,4

superelasticity,5 and high frequency behaviour.6 The great

attention recently paid in glass-covered microwires derives

from their reduced dimensionality, composite nature,

and proposed use as novel functional materials.7 The well-

controlled geometry of these thin microwires is obtained

through the fast-solidification Taylor-Ulitovsky method.8

This technique allows the fabrication of cylindrical compo-

sites of glass-coated metallic alloys with a typical nucleus

diameter ranging from 1 to 30 lm. The glass-coating thick-

ness varies between 0.5 and 20 lm owing to the high

enough quenching rate process.8 The glass-cover yields

an improvement in the mechanical properties of these com-

posites, inducing in the metallic core strong residual

stresses arising from their difference in thermal expansion

coefficients.8

Fast-solidifying techniques have been proved as cost-

effective to fabricate some wire-shape ferromagnetic materi-

als with granular structure, exhibiting high-magnetostrictive

and magnetocaloric effects.9,10 Heusler alloy wires with fer-

romagnetic shape memory effect11–15 have also been

obtained, where martensitic transformation is triggered not

only by changes in temperature and/or stress but also by

changes in the applied magnetic field.16 These micro-

materials can be proposed for its use in magneto-mechanical

actuators based in shape memory effect, spintronics, and

magnetocaloric devices for environmentally friendly mag-

netic refrigeration.9–16 All these applications require ferro-

magnetic materials displaying large changes in such

magnetic properties related to first order magnetostructural

transformations and/or second order magnetic transitions

around room temperature (RT). Among them, Ni-Mn-X (X ¼
Ga, Sn, In, etc.) Heusler alloys undergo a martensitic trans-

formation exhibiting multifunctional properties as shape-

memory effect,17 large inverse magnetocaloric effect18 and

magnetic superelasticity,19 magnetoresistance effect and

exchange bias behavior.20–23 Recently, Ma~nosa et al. have

studied the influence of hydrostatic pressure on the magnetic

and structural properties of Ni-Mn-In shape-memory alloys24

and found a large barocaloric effect as a consequence of the

volume and entropy discontinuities at the magnetostructural

transition.25 Most of these properties are critically dependent

on the austenite to martensite phase transition occurring in

magnetic shape memory alloys at a certain temperature

strongly dependent on the chemical composition of the sam-

ple.26–30 The usage of magnetocaloric micromaterials in the

form of thin films, ribbons, or microwires in the manufacture

of refrigerators can optimize the heat transfer between the

working body and the heat exchange fluid in comparison with

bulk samples, thus improving the technical characteristics of

refrigeration unit.31 Both, microwire shape and glass-coating

mechanical reinforcement are very interesting features, not

only for investigation of these effects on such kind of alloys

but also for their applications as magneto-mechanical sensors
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and may significantly influence the microwire magnetic

behavior.32 This shape is also suitable for the development of

composite materials, i.e., embedding them in a polymeric

matrix.33

For the present work, a Ni-Mn-In Heusler alloy with an

off-stoichiometric composition has been prepared as the core

of a glass-coated microwire. We have studied the sample

microstructure, magnetic, and magnetocaloric properties in

the temperature range from 50 K up to 400 K. In this temper-

ature interval, a soft magnetic behaviour was observed in

agreement with the high symmetry L21 cubic crystalline

structure checked by x-ray diffraction (XRD) performed at

different temperatures. However, no martensitic transforma-

tion was reached, thus the magnetic entropy change is

uniquely due to a ferro-to-paramagnetic phase transition, and

then a negative variation occurs with a maximum near the

Curie temperature, TC. Influence of short annealing on mag-

netic and magnetocaloric properties of the Ni-Mn-In micro-

wires is also discussed. The refrigerant capacity and its

dependence on the range of the working temperature interval

and applied magnetic field are evaluated and compared for

microwires in the as-quenched state and after thermal

annealing. We obtain a noticeable magnetocaloric effect and

significant refrigerant capacity values, as compared to Ni-

Mn-In alloy ribbons with similar compositions,28,29,31

revealing Heusler alloy microwires very promising for multi-

functional applications.

II. EXPERIMENTAL DETAILS

A Heusler Ni50Mn34In16 master alloy was obtained after

arc-melting highly pure elements (99.999%) in Ar atmos-

phere. Ingots were melted several times to ensure a good

starting homogeneity. Further, ferromagnetic microwires

with Ni59.0Mn23.5In17.5 chemical composition, having an

inner metallic core diameter around 19.3 lm and a glass-

coating outer shell diameter about 41.8 lm, were obtained by

the Taylor–Ulitovsky technique,8,34 as shown in Fig. 1(a).

Thus, when the metallic alloy and the Pyrex glass coating

were simultaneously molten, the so-formed microwire was

drawn and rolled onto a rotating coil and quenched to room

temperature. Materials thus obtained were in the form of a

tiny glass-coated metallic wire with the dimensions above

mentioned. Some of the as-quenched microwires were subse-

quently annealed at 473 K and 498 K in a protective Ar

atmosphere for 10 min. After that, they were slowly cooled

down to room temperature, in order to relax internal stresses

and achieve ferromagnetic ordering with Curie temperature

near room temperature.

Scanning electron microscopy (SEM) with energy disper-

sive x-ray spectroscopy microanalysis (EDS) was used to

perform a morphological characterization and elemental com-

position analysis in all studied samples. X-ray diffraction pat-

terns were analyzed at 100 K and 300 K using CuKa radiation

in a low-temperature diffractometer with a 0.05� step incre-

ment. A VSM Versalab magnetometer (Quantum Design) was

employed for measuring zero-field cooling, field-cooling, and

field-heating (ZFC–FC–FH) magnetization vs. temperature

curves in the range from 400 K down to 50 K and at different

applied magnetic field values from 1 kOe up to 30 kOe. The

field was applied along the microwire axis for studying the

magnetization dependence of the temperature. Hysteresis loops

were measured up to 10 kOe applying the field parallel and

transversely to the wire axis using a superconducting quantum

interference device (SQUID) magnetometer.

III. RESULTS AND DISCUSSIONS

A. Microstructural characterization

Fig. 1(a) shows SEM images at different magnifications

of as-quenched Ni-Mn-In microwires fracture cross-section

and diameter dimensions of both, metallic core and Pyrex

glass coating. From the direct checking of the inner metallic

nucleus, no ordered microstructure can be detected, suggest-

ing that the heat removal during the rapid solidification pro-

cess does not induce any directional growth in the formed

crystalline phase. After a systematic study made by EDS

microanalysis on the fractured cross-section surface of

microwires, by testing an appreciable number of sample

pieces, a nearly homogeneous chemical elements distribution

was shown with an averaged composition about Ni59.0Mn23.5

In17.5. For instance, an EDS pattern for the as-quenched

FIG. 1. (a) SEM images at different magnifications of as-quenched Ni-Mn-

In microwire fracture cross-section of both metallic nucleus and Pyrex glass

coating and (b) EDS microanalysis. Gold presence is due to its evaporation

on the sample surface for enhancing the electrical conductivity.
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microwire can be seen in Fig. 1(b). The gold presence is due

to its evaporation on the sample for enhancing its electrical

conductivity and improvement of the SEM image contrast.

The estimated error in determining the concentration of each

element was of 60.1%. None appreciable contamination

with silicon impurity was observed. The Mn deficiency with

respect to the alloy nominal composition could be due to its

evaporation during the melting process.

The crystalline structure of Ni59.0Mn23.5In17.5 microwire

was checked by XRD at RT and 100 K by using the WINPLOTR

program (FULLPROF software packet) (Ref. 35) to identify its

symmetry and calculate the lattice parameters. Both diffrac-

tion patterns are shown in Fig. 2. All identified peaks corre-

spond to a highly ordered L21 cubic structure characteristic of

the austenite phase in Heusler alloys, probably with part of

the Ni atoms placed in several typical sites of Mn and In

atoms because of the off-stoichiometry composition. The

same behavior was found in other non-stoichiometric Ni-Mn-

In Heusler alloys.36,37 The existence of peaks associated to

the reflections indexed as (311) and (331) confirms the L21

phase at both RT and 100 K. Furthermore, XRD peaks are

similar in their relative intensities at both temperatures, indi-

cating the same texture. The lattice parameter a¼ 0.5946(4)

nm associated to RT exhibits just a slight decreasing down to

a¼ 0.5917(5) nm at 100 K. This deviation in lattice parame-

ters could be partially attributed to the high levels of stress

originating from the difference between the thermal expan-

sion coefficients of the metallic core and the glass coating.14

B. Magnetic hysteresis loops

Magnetization response to the magnetic field of the as-

quenched Ni-Mn-In microwire was measured by applying

the field either parallel and/or perpendicular to the microwire

axis. Figs. 3(a) and 3(b) display hysteresis loops performed

at 300 K and 100 K for a maximum applied field of 10 kOe,

respectively, and Figs. 3(c) and 3(d) show a zoom of both

loops in the low field range. The diamagnetic contribution

of the glass coating has been directly subtracted from the

measurements. Clear ferromagnetic behavior is observed at

100 K with a steep rise of magnetization at low applied field

and a tendency to saturation at higher fields. The coercive

field is found to be small, around 76 Oe, signifying the soft

ferromagnetic character of the sample due to its low magne-

tocrystalline anisotropy, as a consequence of the high cubic

symmetry of austenite, along with shape and magnetoelastic

anisotropies. Comparing the loops measured in both direc-

tions, it is clear that the easy axis lies parallel to the micro-

wire axis. In fact, the hysteresis loop measured when the

field is applied in the transverse direction to the microwire

axis shows a gradual increase in the magnetization up to

a highest field value for reaching the saturation, which

FIG. 2. XRD at 300 K (bottom) and 100 K (top) of the as-quenched Ni59.0

Mn23.5In17.5 microwire.

FIG. 3. (a) and (b) Hysteresis loops per-

formed at 300 K and 100 K, respectively,

for magnetic field applied parallel to the

as-quenched Ni59Mn23.5In17.5 microwire

axis (H axial) and perpendicular to it

(H transversal); (c) and (d) zoom of above

mentioned hysteresis loops up to H¼ 2

kOe at 300 K and 100 K, respectively.
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confirms that direction as the magnetization hard axis. This

behavior is supported by the predominance of shape anisot-

ropy and the strong axial stresses that deform the crystalline

lattice in the same direction.

Being TC around 246 K, at 300 K, we find a decrease of

magnetization in two orders of magnitude and a coercivity

around 10 Oe, related to the ferromagnetic-paramagnetic

phase transition but with some residual ferromagnetic phase

still present as derived from the shape of the hysteresis loop.

C. Thermomagnetic and isothermal characterization

Figs. 4(a)–4(c) show ZFC-FC-FH thermomagnetic curves

for as-quenched and annealed microwires at 473 K and 498 K.

Different magnetic field values ranging from 1 kOe up to

20 kOe were applied in the temperature range from 50 K

up to 400 K. The M(T) behavior corresponds to a typical

ferromagnet for applied fields equal and higher than 5 kOe.

At high temperatures, the material becomes paramagnetic

and orders ferromagnetically below TC� 246 K. It can be

observed that FH data do not retrace the FC data but show a

thermal hysteresis. This feature can be better observed in the

inset of Fig. 4(a), where a magnification of the M(T)H curves

for the as-quenched microwire has been performed in the

temperature interval between 190 K and 280 K. This thermal

hysteresis decreases with the increasing applied field suggest-

ing that it could be suppressed when higher magnetic fields

than 30 kOe were applied. This magnetic phase transition

cannot be associated to any thermally induced structural

transformation of the microwire because crystalline phases

detected at RT and 100 K are both equal and similar in their

relative intensity, retaining the cubic L21 structure. The origin

of this thermomagnetic behaviour could lie in the thermal

lag between the metallic core temperature and the recorded

temperature through the glass coating. In the case of the as-

quenched microwire and the one annealed at 498 K, the low-

temperature M(T) at H¼ 1 kOe exhibits a separation between

ZFC and FC curves, which tends to disappear in higher

magnetic fields. This splitting could be due to some weak

antiferromagnetic (AFM) exchange introduced by Mn-Mn

neighbours with smaller separation than in the stoichiometric

alloy. It must be remarked that in our off-stoichiometric

Ni-Mn-In alloy, the rapid quenching might increase the site

disorder of atoms occupation leading to Mn-Mn AFM cou-

pling. This AFM exchange can pin ferromagnetic domains if

the sample is cooled through in a small applied field leading

to the separation between ZFC and FC curves. This behavior

has also been observed in other Ni-Mn-In Heusler alloys

without any signature of martensitic transformation,35 as it

happens for the sample here reported. In all cases, we find a

decrease of magnetization when increasing the applied field.

It arises from the Pyrex diamagnetic contribution with nega-

tive signal, leading to negative magnetization values at tem-

peratures above the FM-PM transition. M(T) curves measured

at ZFC-FC-FH regimes for microwires annealed at 473 K and

498 K are shown in Figs. 4(b) and 4(c), respectively. It was

found that with increasing temperature, the FM-PM transition

takes place at around 247 K and 248 K as it can be observed

in their corresponding ZFC curves at 1 kOe. M(T) behavior is

quite similar in both annealed samples in comparison with

the as-quenched microwire, and FC curves retrace ZFC

curves out of the temperature interval when the FM-PM tran-

sition occurs.

The Curie temperature is almost unchanged for both

annealed microwires, but a slight increase of the magnetic

moment at low temperature is observed, being higher for the

microwire annealed at 498 K. The splitting between ZFC and

FC curves at low temperature is also present in annealed

samples, although is somewhat reduced at 1 kOe but clearly

appears at 20 kOe for the microwire annealed at 498 K.

These minor variations can be ascribed to the influence of

the annealing process even at the low temperatures here

employed. After the heat treatment, microwires probably

FIG. 4. ZFC, FC, and FH, M(T) curves measured in the temperature interval

of 50 K�T� 400 K under different applied axial field H values from 1 kOe

up to 20 kOe for (a) as-quenched Ni59.0Mn23.5In17.5 microwire; (b) micro-

wire annealed at 473 K; and (c) microwire annealed at 498 K. The inset of

Fig. 4(a) shows a magnification of M(T)H curves in the temperature interval

between 190 K and 280 K.
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undergo a grain size growth favored by structural relaxation

as can be observed in melt spun ribbons of similar Ni-Mn-In

alloys composition by SEM38 as well as in glass coated Fe-

rich microwires by XRD.39 This effect may slightly modify

the inter-atomic distances, changing the atomic order-

disorder degree and leading to a Mn-Mn separation that

would be short enough so that an AFM exchange of substan-

tial strength can be maintained even at an applied field value

of 20 kOe (see Fig. 4) and even up to 30 kOe.

Additional information on the nature of the phase transi-

tion can be obtained from the Arrott plots shown in Figs.

5(a) and 5(b), after transferring the M-H isotherms measured

along the parallel to the wires axis (a) and perpendicular

ones (b) (see the respective insets) into M2 vs. H/M plots.

This method provides a criterion to identify whether the tran-

sitions observed are of first-order or second-order nature.

The S-shape negative slope of the M2 vs. H/M plots is indica-

tive of a first-order character of the magnetic transformation.

It is worth noting that the curvature in the M2 vs. H/M curves

is positive for nearly all temperatures around TC¼ 246 K.

Therefore, the nature of the magnetic phase transition at TC

could be of second order.40 This second-order behaviour of

the Arrott plots at the FM-PM transition is also confirmed by

the absence of hysteresis losses in the isothermal M(H)

curves, in spite of the thermal hysteresis observed in M(T)

measurements. Thus, these arguments further support our

criterion that the origin of the thermal hysteresis in the M(T)

curves lies in the existence of a lag between the temperature

of the magnetic core and the recorded temperature during the

measurement, due to the surrounding glass thickness with

different thermal conductivity.

IV. MAGNETOCALORIC EFFECT

A. Magnetic entropy change

The magnetic field-induced entropy change, DSM, was

computed from ZFC magnetization measurements for the as-

quenched and annealed microwires, as a function of the tem-

perature and applied magnetic field, by using the Maxwell

relation DSMðT;HÞ ¼ l0

ÐH
0

@M
@T

� �
H0

dH0:29 Results are col-

lected in Fig. 6(a) for applied field values up to 30 kOe. In

the temperature range between 100 and 350 K, (@M/@T)H is

negative (see Fig. 4) for all samples. Thus, a conventional

magnetocaloric effect is observed around TC in this tempera-

ture range near the FM-PM transition as a negative entropy

change. A maximum entropy variation around 1.75 J/kgK is

achieved for a magnetic field change value of 30 kOe, almost

the same value for both the as-quenched microwire and the

one annealed at 473 K. Meanwhile, the larger value of maxi-

mum DSM reaches about 2.01 J/kgK for the microwire

annealed at 498 K that can be related to the abrupt change in

the magnetization and larger values of DM at TC. All these

DSM maxima values are well above the ones obtained for

other microwire samples9,14 and comparable to that found in

FIG. 5. M2 vs. H/M Arrott plots computed from the M-H isotherms meas-

ured for the as-quenched Ni59.0Mn23.5In17.5 microwire along (a) parallel to

the wire axis and (b) perpendicular one. The respective insets display both

parallel and perpendicular M-H isotherms measured in the temperature inter-

val around TC.

FIG. 6. (a) Entropy change as a function of temperature measured around

the paramagnetic-ferromagnetic transition for as-quenched an annealed

Ni59.0Mn23.5In17.5 microwires at 473 K and 498 K, plotted for selected mag-

netic field values and (b) maximum of the magnetic entropy change for the

three same samples at selected field values.
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ribbons of similar composition showing a magnetic phase

transition.29,31

At a certain temperature at which the magnetic entropy

change peaks its maximum value (DSMmax.), the DSMmax.(H)

field dependence follows the power law DSMmax. / Hn,

where the exponent n depends on the magnetic state of the

sample and can be locally calculated as n ¼ dln|DSM|/dlnH.41

As it is shown in Fig. 6(b), the field dependence of the maxi-

mum of the magnetic entropy change at the temperature of

the peak fits to a field independent exponent of n¼ 0.63,

0.51, and 0.66, for the as-quenched microwire and the ones

annealed at 473 K and 498 K, respectively. These n values

are relatively close to the 2/3 value corresponding to a mean

field model.42,43

B. Refrigerant capacity analysis

In addition to the magnetic entropy change analysis, we

have also performed a detailed study of the so-called refrig-

erant capacity (RC) on the samples. The RC provides an esti-

mation of the amount of heat that can be removed in one

thermodynamic process in this temperature interval. It can

be defined as the area comprised below the DSM curve in a

certain interval taken as the temperature width at half maxi-

mum (TWHM), given by RC ¼
Ð Thot

Tcold
½DSMðT0Þ�DH

dT0; where

Tcold and Thot are the temperature of the cold and hot sinks,

respectively.29 Although this amount will be obviously pro-

portional to the height of the DSM curve, also its shape must

be taken into account. A material exhibiting only a very large

but too narrow DSM peak would not be adequate for refriger-

ation purposes. Therefore, RC is a key parameter from the

application point of view, since for refrigeration purposes

the important property is not only how large the entropy

change can be at a given temperature but rather the amount

of heat that can be released in a given thermodynamic cycle

(for example during adiabatic demagnetization in a Brayton

cycle). RC values as a function of the magnetic field for all

samples considered are shown in the top row of Figs. 7(a)–

7(c), where the as-quenched (a) and annealed microwires (b)

and (c) exhibit a similar dependence on the applied magnetic

field. The three samples display a monotonous increase of

the RC with values around 80 J/kg for a field value of 20 kOe

(typical static field value that can be currently generated

without energy cost employing permanent magnets) and

higher than 120 J/kg at 30 kOe, which are comparable to (or

even larger than) values obtained in other Heusler type mag-

netocaloric materials with similar compositions29,31 and

geometry.9,14

The proper definition of RC value above described

implies that very broad curves could stand for very high RC
values even for relatively small DSM values.29,31 This could

induce to misleading interpretations about the quality of a

given material for refrigeration purposes, since high RC
values arising from too flat entropy curves would imply very

large values of the working temperature range (WTR) between

hot and cold reservoirs, WTR¼Thot�Tcold. However, for

practical applications, the desirable WTR is often limited to be

of the order of tens of degrees, and hence from this point of

view, a material must simultaneously fulfill both require-

ments: large DSM and suitable FWHM according with the

WTR.

A more realistic alternative could be to evaluate RC in

the specific WTR required for a particular application, so that

a systematic comparison of different magnetocaloric materi-

als can be performed.44 For such a purpose, we have also

computed the RC for some different WTR values (10 K,

20 K, and 40 K). These results are plotted in (a)-(c) upper

row of Fig. 7, where a decrease of RC is observed while

FIG. 7. (a)–(c) RC evaluated at some

different WTR intervals for as-quenched

an annealed Ni59.0Mn23.5In17.5 micro-

wires at 473 K and 498 K; (d)–(f) nor-

malized RC/WTR plots; and (g)–(i) field

normalized RC/WTR curves, for the

three same samples.
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lowering the WTR. The field dependence of RC evaluated in

this way behaves also linearly for the different WTR values

considered. However, if we want to assess the relative effec-

tiveness of the RC for different WTR values, it is necessary

to weight each RC value by the corresponding WTR. This

will provide us with a detailed description of the perform-

ance of the material for a certain WTR (refrigeration capacity

per K degree). Normalized RC/WTR data are displayed in the

middle row of Figs. 7(d)–7(f). It is observed that the higher

RC/WTR is obtained for the smaller WTR. This feature

becomes evident if we realize that the smaller the WTR, the

more close we are to the maximum, where the curve is more

flat and so the values are larger. What is important from

these results is that they provide a measure of the perform-

ance of the material, indicating how it diminishes depending

on the desired WTR. For example, for the as-quenched

microwire, if operating at a 20 kOe field, it is observed a

drop in the RC/WTR of 11% when the WTR varies from 10 K

to 40 K, and of 23% when it changes from 10 K to FWHM.

The thermal treatment of the microwires results in a 2% and

4% improvement for the samples annealed at 473 K and

498 K, respectively.

Further on, in order to assess the optimizing operating

conditions for magnetocaloric applications of the NiMnIn

Heusler microwire, we have specifically weighted the

RC/WTR value also by the magnetic field strength. We have

previously found the existence of an optimizing value of

the applied field for magnetocaloric applications in highly

anisotropic systems with cylindrical symmetry as nanopar-

ticle chains and nanowires.45 In order to check out if such a

behavior is reproducible in our Ni-Mn-In magnetic micro-

wires, the field weighted values of RC/WTR are shown in

the lower row of Figs. 7(g)–7(i). The main feature that can

be observed is that the values of the normalized field

RC/WTR are in general larger for small WTR values and

they decrease with the applied field. However, a striking

feature is observed in the case of WTR¼ 40 K curve at low

magnetic fields, where a well-defined maximum appears at

5 kOe for the sample annealed at 498 K. A quite similar

behavior is also displayed by the other samples.

These peculiar optimizing features resemble those

observed in magnetic nanowires and nanoparticle chains,45

opening therefore the possibility to design specific devices

for desired applications. Although the obtained field value,

for a given temperature, at which the optimizing operating

conditions occur may still not be the most interesting from

the application viewpoint of micro- and nanomaterials, it is

important however to keep in mind its relevance for future

applications. Efforts in reducing the thermal hysteresis pres-

ent in the magnetic transition by diminishing the glass coat-

ing thickness are in progress.

V. CONCLUSIONS

It has been shown the feasibility of producing a Ni50

Mn34In16 Heusler alloy with an off-stoichiometric composi-

tion in microwire shape geometry. Glass-coated microwires

fabricated from this family of Ni-Mn-In Heusler alloys

exhibit quite different magnetic properties from those for the

bulk samples or ribbons of the same composition. The as-

quenched microwire develops a highly ordered L21 cubic

structure characteristic of the austenitic phase of Heusler

alloys. It is maintained after short annealing treatments at

473 K and 498 K. M(T) behavior is that of a typical ferro-

magnet for as-quenched and annealed microwires with

almost the same Curie temperature around 246–248 K. Even

in a low applied magnetic field of 50 Oe, FC curve retraces

the ZFC one at a magnetization value corresponding to the

demagnetizing limit for each sample, indicating no signature

of structural transition. Magnetization does not saturate at

the low temperature of 50 K here measured, and a splitting

of the FC and ZFC due to AFM exchange is observed. It can

also be detected when the M(T) measurements are performed

at higher magnetic field in annealed microwires. Near TC, a

maximum entropy change around 1.75 J/kgK is achieved for

both the as-quenched and the microwire annealed at 473 K at

30 kOe. Meanwhile, the largest value of maximum DSM

reaches 2.01 J/kgK for the microwire annealed at 498 K

under a magnetic field change of 30 kOe. RC monotonously

increases with the applied field for the three samples, reach-

ing values even higher than 120 J/kg for applied fields

around 30 kOe. Therefore, we observed a noticeable magne-

tocaloric effect and significant refrigerant capacity values

making these microwires based on Heusler alloys very prom-

ising composites for multifunctional applications.
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