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ARTICLE INFO ABSTRACT
Article history: Melt-spun ribbons of nominal composition NisoMnse.xFexSnqs (x = 0, 2, and 3) were pre-
Received 16 October 2020 pared by melt-spinning. The alloys undergo a martensitic transformation from L2,
Accepted 14 March 2021 austenite to an orthorhombic 40 martensite on cooling, as determined by X-ray powder
Available online 20 March 2021 diffraction analysis. Replacement of Mn by Fe linearly reduces the characteristic temper-
atures of the martensitic transformation (the equilibrium temperature decreases from 328
Keywords: to 285 K) and reduces the Curie temperature of the austenite phase (from 336 to 300 K),
Ferromagnetic shape memory alloys whereas the effect of the applied magnetic field on the martensite transition temperatures
Melt-spun ribbons is negligible. Magnetic measurements (zero-field cooled, ZFC, and field cooled, FC, curves,
Exchange bias AC susceptibility measurements) hint the coexistence of two different ferromagnetic
Magnetic entropy change martensitic magnetic phases. Moreover, the AC susceptibility measurements and the

irreversibility of the ZFC and FC curves point towards the presence of antiferromagnetic
and ferromagnetic interactions in the martensitic phase. All samples exhibit spontaneous
exchange bias at 2 K, with double-shifted loops, whereas the evolution of the conventional
exchange bias with the temperature agrees quite well with the behavior of ferromagnetic
regions surrounded by spin-glass regions or with the coexistence of ferromagnetic
—antiferromagnetic interactions. NisoMnsg.xFexSny, ribbons present a moderate inverse
magnetocaloric effect (with a maximum of the magnetic entropy change of 5.7 Jkg 'K * for
woH = 3 T for x = 3). It is worth to note that these materials feature a significant reservoir
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(up to 44 Jkg 'K * for x = 2) of magnetic entropy change, linked to the proximity of the
austenitic ferromagnetic transition to the martensitic transformation.

Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the report of large magnetic-field-induced strain in
nonstoichiometric Ni;MnGa compounds associated with the
magnetic-field-driven martensitic microstructure rearrange-
ment [1], ferromagnetic shape memory alloys (FSMAs) have
triggered great attention for their great utilization potential in
applications, such as magnetic actuators and sensors [1,2].
Among the FSMAs, off-stoichiometric Ni-Mn-X (X = In, Sn,
and Sb) shape memory alloys present multifunctional prop-
erties around the martensitic transformation, such as tune-
able metamagnetic shape memory effect with composition
[3], exchange bias [4] and caloric effects [5—7].

The exchange bias, EB, manifests as a shift of the magnetic
hysteresis loop along the field axis after cooling down under
an applied magnetic field, and occurs when two materials
with fairly different magnetic anisotropy are exchange-
coupled at their interface, being usually one ferromagnetic
(FM) and the other antiferromagnetic (AFM), although it can
also be observed with other exchange coupled systems (e.g.,
FM/ferrimagnetic, spin-glass/FM...) [4,8]. In particular, in
Ni—Mn-based Heusler FSMA, the exchange interaction is
related to the distance Mn—Mn, where Mn atoms in regular
sites of the unit cell are FM coupled, while excess Mn atoms
occupying Ni or X sites are antiferromagnetically coupled to
Mn atoms at regular sites [9]. Recently, Wang et al. [10] re-
ported the spontaneous exchange bias effect (SEB) after zero-
field-cooled (ZFC) process from a demagnetized state in
Ni—Mn-In bulk alloys. Authors attributed this phenomenon
to a superferromagnetic unidirectional anisotropy formed
isothermally through a tunnelling superexchange between
superparamagnetic domains embedded in an AFM matrix. On
the other hand, Z.D. Han et al. [11] attribute the SEB in Ni—Mn-
Ga alloys to the irreversible growth of FM domains changing
from non-percolating to percolating state, forming the unidi-
rectional anisotropy at the interface of ferromagnetic do-
mains dispersed in a spin glass matrix. As can be seen, a
generally accepted interpretation of the SEB effect is still
under discussion.

Among the caloric effect, the magnetocaloric effect (MCE)
is the most widely investigated. It consists of the variation of
the isothermal magnetic entropy and adiabatic temperature
changes produced by variations of the applied magnetic field.
The so-called Metamagnetic Shape Memory Alloys (MSMAs)
Ni—Mn-based Heusler alloys exhibit an inverse MCE associ-
ated with the martensitic transformation [12], since the
magnetic moment of martensite is lower than in austenite as
a result of a preponderance of the Mn—Mn antiferromagnetic
coupling in the cubic phase [13]. Besides, the alloys present a
conventional MCE at the austenite ferromagnetic-to-
paramagnetic phase transition, a feature that can be used to
double the cooling capacity [14].

In this manuscript we investigate the effect of the Fe-
doping on the EB and MCE. The addition of a fourth element
is a common strategy that seeks to improve the magnetic
properties of Ni-Mn—Sn alloys; for instance, Ni substitution
by Co or Fe around 1-3 at. % in Nisg yx(Fe—Co);Mns;Sn,3 in-
creases the magnetocaloric effect. The entropy change for
3 at. % Fe in this composition reaches 30 Jkg 'K~ at
1oAH = 5 T, a fairly high value compared to 20 Jkg *K~* ob-
tained in the ternary alloy [15,16]. In addition, doping alters
the martensitic and magnetic phase transitions. In this sense,
it has been shown that Co addition increases the Curie tem-
perature (Tc) in Niso.xCoxMnsgSni, [17,18]. Ni replacement by
Fe in Nisp xFeyMngeSn,o increases both the austenite and
martensite unit cell volumes, as well as tends to increase the
transformation volume, AV/V, above 1% [19]. Replacing Mn by
Fe in NisoMns;_4Fe,Sn,3 and NispMnse xFe,Sny4 alloys enlarges
the Curie temperature of the austenitic phase [20]. A similar
behaviour is noticed in NisoMn,g xFexSn,o, although replacing
Mn by Fe above 3% leads to the precipitation of a second phase
(Fe y-phase) accompanied by a decrease of the martensitic
characteristic temperatures [21]. It has been found that the
presence of a y-phase enlarges the ductility of Ni—Mn-based
Heusler alloys [22], although Fe-doped Niso yFeyMnssSni,
single-phase alloy exhibits an enhanced ductility as well.

The fabrication process of Ni—Mn-based FSMA in bulk re-
quires a subsequent extended heat treatment [23], as well as
in powder form, in which case a compaction step is also
needed. Rapid solidification by melt-spinning technique
circumvents any ulterior fabrication process to obtain ho-
mogeneous, high chemical ordering and single-phase poly-
crystalline materials. Besides, this method offers several
advantages with respect to other fabrication processes: (a) the
ribbon geometry is well suited to develop magnetocaloric
materials because ensures a heat diffusion characteristic
length (i.e., large surface with a thickness of a few microns)
that allows a good heat transfer to the heat transfer fluid in a
magnetocaloric device [24]; (b) it is common to observe an
improvement of the magnetocaloric properties with respect to
the materials presented in other forms [25]; (c) melt-spun
ribbons are more adequate for certain practical applications
due to their mechanical properties and demagnetization ef-
fect, negligible if the magnetization is performed along the
longitudinal direction.

This paper provides a profound analysis of the influence
of the magnetic field and the Mn replacement by Fe in
NisoMnsgSny4 melt-spun ribbon FSMA on structural and
magnetic phase transitions, as well as on magnetic and
magnetocaloric properties. In particular, both spontaneous
and conventional EB are discerned for all specimens,
accompanied by a shift of the martensitic transformations
with Fe-content. The magnetic entropy change, on the other
hand, increases appreciably. Finally, we discuss the depen-
dence of the total entropy change of the martensitic
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transformation with the proximity of both martensitic and
magnetic transformations.

2. Experimental procedure

NisoMnse xFe,Snqg, with x =0, 2, and 3 (hereafter referenced as
FeO, Fe2, and Fe3) master alloys were arc-melted (Bihler
MAM-1) in argon atmosphere from highly pure elements
(>99.98%, supplied by Sigma-—Aldrich). The ingots were
remelted several times to ensure chemical homogeneity. As-
quenched melt-spun ribbons were obtained using an
Edmund Biithler model SC melt spinner system at a linear
speed of the rotating copper wheel of 48 m/s in an argon
atmosphere.

The ribbons morphology was investigated by scanning
electron microscopy (SEM), using a model DSM-960A Zeiss
microscope, operating at 20 kV, equipped with an energy
dispersive X-ray spectrometry (EDX) unit. X-ray powder
diffraction (XRD) patterns of ribbon flakes were collected on a
Bruker D8 Advance diffractometer in a Bragg Brentano
configuration using Cu—Ka radiation (Acy = 0.15406 nm). The
XRD patterns were analyzed using the software developed at
the UdG. Thermal analysis was carried out by differential
scanning calorimetry (DSC) in a TA instrument DSC Q2000 at
heating/cooling rates of 10 K/min under Ar atmosphere.
Magnetic characterization was performed in a Quantum
Design PPMS device. The magnetic field was applied along the
ribbons axis to minimize the demagnetizing field. AC mag-
netic susceptibility was measured under a magnetic field of
1 mT in the temperature range of 5 K—350 K with a tempera-
ture rate of 5 K/min. Magnetization versus temperature M(T)
curves following the ZFC, FC, and field heating (FH) protocols
were collected under a constant magnetic field in the range
5mT-3T.

3. Results and discussion
3.1. Morphology

Fig. 1(a) reproduces the cross-section fracture morphology for
the samples. In all the micrographs, the upper surface of the
tape is the ribbon free surface, whereas the lower part is the
ribbon face in contact with the melt-spinning wheel. The
average thicknesses of the ribbons are 15, 25, and 18 um for
FeO, Fe2, and Fe3, respectively, with an estimated error of
1 pm. All ribbons exhibit a similar columnar structure aligned
perpendicular to the ribbon plane with a thin layer of grains
near the ribbon wheel side. The grain growth towards the free-
surface results from the temperature gradient, a consequence
of the large heat transfer from the ribbon to the wheel, as
reported in the literature [26]. This is consistent with the
observed mechanically fragility of the ribbon flakes, especially
along the direction of columnar grains growth [9]. The EDX
microanalysis shows the homogeneous distribution of the
chemical composition in the ribbons. The average values are
listed in Table 1 (with an accuracy of 0.5 at. %), evidencing a
certain reduction of Mn as compared with the nominal
composition, although it is negligible for the discussion that
follows. It is noteworthy that neither the EDX nor the back-
scattering analysis have revealed the occurrence of secondary
phases, which have been reported in other Fe-doped
Ni—Mn—-Sn alloys, like the y phase detected in Niso.
xFexMnsgSn,, and Nigy yFeyMnsoSnyq [27,28].

3.2.  Martensitic transformation
DSC curves (see Fig. 2) display the features of a first-order

reversible martensitic transformation (MT) for the studied
samples, Fe0, Fe2, and Fe3, i.e., endothermic and exothermic

Fig. 1 — Scanning electron micrographs of the ribbons cross-section for samples (a) Fe0, (b) Fe 2, and (c) Fe3.

Table 1 — Chemical composition, with an uncertainty of 0.5 at. %, cell parameters, and lattice volume of the cubic and

orthorhombic phases and the transformation volume for NisoMns¢.Sn 4Fe, melt-spun ribbons for the martensite and
austenite phases.

Nominal composition ~ Chemical composition e/a  aa (A) Va(A3) au(A) bu(A) cu(d) Vm(A3) AV/V (%)
NisoMn36Snya Nis3,0Mn33.0SN14.0 817 5.6 213 857(1)  5.64(3)  4.32(8) 209 ~1.9
NisoMn34SnisFe, Nisy 0Mn31 sSn1a sFes o 815 5.96 212 8.56(9)  5.64(2)  4.36(5) 211 -0.5
NisoMn33SniaFes Nis; sMns1 0Sn1a sFes o 814 597 213 861(5)  5.62(4) 4.37(1) 212 —0.5
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Fig. 2 — DSC Thermograms for the studied ribbons.

peaks at temperatures T, and Ty, corresponding to the
reverse and forward MT respectively, which occur with
moderate hysteresis AT (defined as AT = Ta-Ty) of 12—15K (see
Table 2). These values are similar to those previously reported
in NisoMnsg.xSny, NisgxFe,MnsoSnyiy and Nigg xFeyMngsSng,
ribbons [19,29,30], but lower than in Nisg 3Mn3s sSni4 4 ribbons
[31]. Characteristic transition temperatures, i.e., the starting
and finishing martensite and austenite temperatures, Tys,
Twme, Tas, Tar, were determined as the intersection of the tan-
gents of each peak with the baseline. These results are sum-
marized in Table 2, as well as the thermodynamic equilibrium
temperatures [defined as To = 0.5(Ta + Twm)]. In particular, Ty
decreases linearly with the increase of Fe-content (about
—15 K per Fe at. %). In NisoMn3gSn,4 bulk, it has been reported
that the characteristic Tus, Tmr, Tas, Tar temperatures are 220,
210, 240, and 250 K respectively [32].

The crystal structure of the ribbons was determined from
conventional X-ray powder diffraction. Fig. 3 depicts XRD
diffractograms collected for the three specimens (flakes) at
350 K (iron free) and 295 K (Fe2 and Fe3) to determine the
austenite crystal structure. The Miller indices of the main
Bragg reflections are also plotted to help the reader to identify
the phases; the diffraction peaks belonging to the minor
martensite and sample holder phases are indicated by 40 and
SH respectively. The NispMnseSnis and NispMns3SnisFes rib-
bons present the L2, austenite phase. Note the existence of
uneven Miller indexes like (111), whereas both L2, austenite
and orthorhombic 40 (Pmma space group) martensite phases

are present in NisoMns,SnysFe, ribbons [15,33], in agreement
with the DSC thermograms. Note also that the austenite is the
preponderant phase for the Fe2 specimen, as expected since
the XRD pattern was collected for the as-received ribbons.

In Fig. 4, the XRD diffractograms for the ribbons at 150 K
(well below Tyg) are plotted. As expected, the patterns corre-
spond to the orthorhombic 40 martensite, with no traces of
secondary phases, except for the properly defined sample
holder, which is coherent with the microanalysis results (see
previous subsection). It has been reported that the reduction
of the MT temperatures is related to the reduction of the
electron valence concentration (e/a) or the increment of the
lattice volume [34]. Electron valence concentration, cell pa-
rameters and cell volume for the martensitic (40) and
austenitic (L2;) structures are summarized in Table 1. The
decrease of the structural transformation temperature as we
increase Fe content has been experimentally related to a) the
diminution of the e/a parameter, associated with the electrons
in the outer cells [16], and b) the slight augment of unit cell
volume due to the larger atomic size of Fe [35]. From first-
principles investigations, it has been found that antiferro-
magnetic/ferromagnetic competition is the underlying
responsible for the martensitic transition [36], with the AFM
(FM) stabilizing the martensite (austenite) phase. In this
context, the variations of electron valence concentration
would affect the magnetic interactions of the atoms in the cell
and therefore the martensitic transformation. The doping el-
ements such as Fe alter the AFM/FM stability favoring the
relative structure stability of the ferromagnetic state
compared with the antiferromagnetic state; in particular, Ty
decreases with the Mn content reduction [37]. No significant
changes occur for the lattice parameters after replacing Mn by
Fe, in contrast to the regular increment reported for replacing
Ni by Fe [19]. Crystallographic data also show that the volume
of the martensitic cell is similar to that of the austenitic cell,
although the increment of the Fe-content leads to a reduction
of the transformation volume, AV/V = (Vy — Va)/V4 (see Table
1).

3.3. Magnetic properties

Magnetization curves measured under an applied magnetic
field of 5 mT and 3 T, following the three standard thermal
protocols (i.e., ZFC-FC-FH) for the samples, are shown in Fig. 5.
Focusing on the curves measured at 5 mT, we can observe
some shared traits for all samples. Hence, at 400 K, the spec-
imens are in the austenitic phase in the paramagnetic state,
and hence almost-zero magnetization. At the temperatures
corresponding to the MT, a peak in the magnetization is

Table 2 — Starting, Tas and Tys, finishing, Tar and Ty, and peak, T, and Ty, temperatures, thermal hysteresis, enthalpy

and entropy of the forward and reverse MT, and equilibrium temperature T, obtained from the DSC data, and Curie

temperature of the austenite and martensite estimated from ZFC curves.

X Tas Tar Ta T& Tus Tmr Tm T T AT T |AH4| |ASA| AHy ASy
®K ® ® ® ® ® ® K K ® ® (g9 (kg 'K Jgh) (kg 'k

0 327 344 335 336 326 315 320 303 206 15 328 14.4 43.9 13.1 39.9
298 309 305 306 298 286 293 288 225 12 300 13.1 43.7 17.6 58.7

3 286 294 291 300 282 274 278 289 240 13 285 9.8 344 11.2 39.3
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Fig. 3 — X-ray powder diffraction patterns of the Fe0 (a) specimen collected at 350 K and of the Fe2 (b) and Fe3 (c) ribbons

collected at 295 K. Miller indexes are included to ease the reader the identification of structures. Reflections corresponding to
the sample holder and to the 40 phase (present in the Fe2 sample) are indicated by SH and 40 respectively. The reflections
of the 40 phase have been Miller indexed. Where sample holder and crystal structure peaks overlap, both peaks are shown

with a plus (+) symbol.
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Fig. 5 — Magnetization vs temperature curves for the (a)
FeO, (b) Fe2, and (c) Fe3 samples under an applied magnetic
field of 5 mT and 3 T, measured under the ZFC (blue
squares), FC (red triangles), and FH (black circles) protocols.

expected. However, that peak is very weak and we observe it
only in the FeO sample after amplifying the graph, as can be
observed in the inset of Fig. 5. In that inset, we can see how the
magnetization increases as we approach the Curie tempera-
ture, T2, and just below that, the magnetization displays a
hysteretic transformation at temperatures compatible with
the MT obtained from the DSC measurements. In the case of
the other two samples, that peak corresponding to the MT is
masked by the increase of the magnetization found at about
300K (see below). Pathak et al. [38] found thatin the case of the
NisoMnseslngs s Heusler alloy, the martensitic transition
evolves from a PM austenitic phase to a PM martensitic one.
Although there are some similarities with our case, such as a
very small peak due to the MT at low fields, increasing
strongly as the applied field is increased, there are other dif-
ferences, e.g, different slopes of the inverse of the

susceptibility before and after the TM (not shown in the
article), which seem to discard that explanation for our sam-
ples. On cooling, the magnetization increases at about 300 K,
giving rise to a small plateau, and increasing strongly again at
about 220—250 K. This kind of plateau, observed at low fields,
have been linked previously to the coexistence of two mag-
netic phases with different Curie temperatures [39] in Ni—Mn-
Ga Heusler alloys. Xuan et al. [40] also observed a similar
plateau in Ni-Mn—Sn Heusler alloys with high content of Mn,
although they did not discuss its origin, and the same
happened in the work of Bachaga et al. [17] studying Niso.
xC0xMns3gSny, alloys. Therefore, we can consider two Curie
temperatures in the martensitic phase, the one giving rise to
the plateau, T  and the one that results in the sharp increase
in the magnetization, Tt%. The Curie temperatures were ob-
tained as minima in the first derivative of the magnetization
and are gathered in Table 2. However, in the structural char-
acterization there was no evidence of two different martens-
itic phases. Hence, the appearance of a secondary magnetic
phase could be linked to some regions with small local vari-
ations in the Mn content, although not associated with
changes in the crystal symmetry, inducing changes in the
AFM or FM coupling of the Mn atoms. In order to obtain
additional information about that magnetic phase, neutron
diffraction measurements would be required, given the fact
that this technique is sensitive not only to the structure but
also to the magnetic order of the materials. Therefore, we are
considering it for future works in this system. At lower tem-
peratures, the ZFC splits from the FC and FH curves -with
similar level of separation in the three specimens-evidencing
the presence of a magnetic irreversibility, which has been
linked sometimes to the existence of ferromagnetic particles
or grains in a non-magnetic matrix, both in Heusler alloys [41]
and in granular alloys [42,43], but also with magnetically
inhomogeneous states [23] and, more specifically, with the
coexistence of AFM and FM exchange interactions in the
martensite [40,44]. This coexistence of AFM and FM exchange
interactions can give rise to exchange bias phenomena, as we
shall study later on. Note that the magnetization of specimen
Fe3 exhibits a peak at T ~275 K in the FH curve, a slightly lower
temperature than T M, most likely being a Hopkinson
maximum, as observed in other Ni—-Mn—Sn ribbons [23],
although the Hopkinson effect has not been detected in either
NisoMnsgSnyg [45] or Niso.xFexMnseSny4 [46] bulk alloys. Several
authors have also attributed such a maximum in the
magnetization close to a Curie temperature to the Hopkinson
effect in other samples [47—50]. The Hopkinson effect mani-
fests itself by a sharp maximum in the magnetic permeability
of a material at a temperature slightly below the Curie Tem-
perature [51,52], usually related with a faster decrease of
magnetic anisotropy constant with temperature as compared
with the magnetization. Therefore, a peak in the magnetiza-
tion in a measurement at constant field can be related to the
Hopkinson effect.

With regard to the ZFC-FC curves measured under an
applied field of 3 T, there are several differences with the ZFC-
FC curves obtained under low magnetic field. First of all, a
clear peak in the magnetization appears at temperatures
consistent with the MT, i.e., the magnetization increases close
to the Curie temperature, T2 and just below that, the
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magnetization displays a hysteretic transformation at tem-
peratures compatible with the MT obtained from DSC ther-
mograms. As it has been commented before, this peak was
only clearly seen in the ZFC-FC curves obtained at low field in
the FeO sample, and only after magnifying the graph. The
values of the MT temperatures have been estimated, using the
tangent method, and agree well to the temperatures obtained
from calorimetric data. Secondly, the plateau observed at low
field is no longer found, and the irreversibility of the ZFC and
FC curves practically vanishes.
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Fig. 6 — Heating magnetization curves obtained under
different applied magnetic fields for specimen Fe3.

Fig. 6 plots the heating curves under different applied
magnetic field for the sample Fe3. The peak in the tempera-
ture dependence of the magnetization indicates the transition
from the high-temperature austenite to the low-temperature
martensite, as seen previously. It appears in all the curves
excepting the one obtained at 5 mT. Note that the character-
istic temperatures of the MT keep unchanged with the incre-
ment of the magnetic field, as it has been reported by Castillo-
Villa et al. [53] and also by Emre et al. [54] in another Heusler
alloy, Ni-Mn—Co—Sn system doped with Nb. Additionally, the
plateau observed at low field, linked to the coexistence of two
magnetic phases, decreases as the applied field increases,
practically disappearing at 0.5—1 T. This behavior was also
reported by Zhukov et al. [39], although in that case it van-
ished at an even lower applied field (about 0.05 T).

To analyze the magnetic inhomogeneities previously
noticed, we carried out AC susceptibility measurements. Fig. 7
depicts the temperature dependence of the real part, left, and
imaginary part, right, of the AC susceptibility for our samples.
Although we measured at different frequencies between
100 Hz and 10 kHz, we only show both extremes for sake of
clarity. In the case of the Fe0 samples, there is a hysteretic
peak at temperatures corresponding to the MT, agreeing well
with the values obtained from the DSC measurements. How-
ever, this peak is not observed in the other two samples,
exactly what we have commented in the ZFC-FC curves ob-
tained at low magnetic field. Moreover, there is no peak cor-
responding to the T4, but two clear peaks in the real part of the
susceptibility, as can be seen in Fig. 7 (left), a smaller one, at
295K for the sample Fe0 and at 283 K fors samples Fe2 and Fe3,
and a bigger one, at 203 K for sample Fe0, 222 K for Fe2, and
236 K for Fe3 sample. Given the similarity to the values of T
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Fig. 7 — Temperature dependence of the real part (left hand, (a) Fe0, (c) Fe2, (e) Fe3) and imaginary part (right hand, (b) FeO, (d)
Fe2, (f) Fe3) of the AC magnetic susceptibility AC magnetic susceptibility of all the samples, measured with an ac field of
0.35 mT and different ac frequencies and in heating or cooling regime: 100 Hz, heating (black points); 10 kHz, cooling (red

points); and 10 kHz, heating (green points).
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and T determined from the ZFC-FC curves, these peaks
would correspond to both TM. However, we should also
remark that in the case of the sample Fe3, in the cooling curve
measured at 10 kHz, the peak at 283 K is greatly enhanced,
likely due to the influence of the Hopkinson effect [47]. Com-
ing back to the lack of peak associated with the MT in the Fe2
and Fe3 samples, the reason for that is, most likely, what we
discussed in the ZFC-FC curves: the MT takes place at a tem-
perature relatively close to that of the T but, alas, its ex-
pected peak is fairly smaller than that linked to THy. As we
have seen in the case of Fe0, the peak of the MT is about one
order of magnitude smaller (take into account the logarithmic
representation). Therefore, the peak of the MT is masked by
the other one.

In the imaginary part, on the other hand, we can observe
those two peaks linked to the Curie temperatures, with the
same sample affected by the Hopkinson effect, but also another
peak at 150 K for FeO and at 130 K for Fe2 and Fe3 samples. This
peakis frequency dependent and anhysteretic, and it would be
linked to the presence of cluster-like entities of various sizes.
Thus, depending on the size of the clusters, there could be a
blocking, linked to a ferromagnetic—superparamagnetic tran-
sition, or a freezing, as in a spin-glass material, characteristic
temperature [5,55]. Given the coexistence of FM and AFM in-
teractions in the Ni-Mn—Sn martensite phases and the pres-
ence of two magnetic phases (as discussed previously), both
options seem plausible. Considering that temperature tenta-
tively as a freezing temperature, Tr, we can estimate the rela-
tive variation in T per decade of frequency:

s ATy
TrA(logf)

which is a quantitative measure of the effect of the frequency
on the shift of the peak [55], usually of the real part, although
in this case we apply it to the imaginary part. The values that
we obtain for our Ni-Mn—Sn-(Fe) ribbons are in the range
0.03—0.04, in between those reported for canonical spin-glass
systems, e.g., d = 0.005 for CuMn, and for ideal noninteracting
superparamagnetic systems, 3 = 0.1 for Fe nanoparticles in
alumina matrix [5]. In fact, our values would correspond to an
intermediate situation, the cluster glass regime, as reported
by Samanta et al. [56] in the Heusler alloy Ga,MnCo. Another
feature characteristic of spin-glass-like materials is the
appearance of a peak in the real part of the AC susceptibility,
but our measures only show a small cusp, not clearly defined,
at those temperatures. Conversely, sometimes the blocking
temperature has associated a peak only in the imaginary part,
as can be seen, for instance, in ref. [5]. Furthermore, we have
commented that the splitting of the ZFC and FC curves hints
the coexistence of AFM and FM interactions, in which case the
hypothetical blocking temperature would represent the tem-
perature below which the AFM layer can pin the FM adjacent
layer [5], and therefore it can trigger EB phenomena. To check
this hypothesis, several hysteresis loops under an applied
field up to 5 T at different temperatures were measured after
ZFC and FC protocols. In Fig. 8 (left) the hysteresis loops
measured at 2 K under both ZFC and FC protocols are shown,
whereas on the left the evolution of the coercivity, noHc, and
exchange field, poHg, obtained under FC protocol, with tem-
perature is depicted. A clear shift of the loops is observed,

(1)

even after a ZFC protocol, pinpointing the existence of spon-
taneous EB in our samples. We should note the different shape
of the hysteresis loops depending on the thermal protocol: the
loops obtained after FC have the typical shape of a FM mate-
rial, whereas those obtained after ZFC exhibit a double-shifted
hysteresis loop [57], sometimes called “hummingbird-like
loops” [58] or “wasp-waist hysteresis loops” [59]. This feature
is characterized by a thinner/narrower width of the loop at
low fields, which remembers a wasp-waist, or the shape of a
hummingbird. This shape is found in quite different systems
and sometimes coupled with EB phenomena, for example,
when we have two different phases with different coercivities
and even with different EB [S8]. In the case of Heusler alloys
[60,61], it is usually observed in systems with coexistence of
AFM-FM coupling in which the AFM phase is divided in two
types of regions but locally oriented in opposite directions due
to the imprint of the FM phase during the ZFC procedure.
When a hysteresis loop is carried out below Tg, each of these
regions couples with FM clusters in opposite way, leading to a
double-shifted loop. This behavior is also found in some FM/
AFM multilayers [62,63].

Focusing on the evolution of coercivity and exchange field,
measured under FC protocol, with the temperature, as seen in
Fig. 8 (right), uoHg presents a maximum value at 2 X, the lowest
temperature, decreasing monotonically as the temperature
increases, and practically vanishing at a certain temperature,
about 70 K, well below the Ty found in the AC measurements,
whereas the coercivity presents a maximum value at about
60—40 K. This behavior is quite typical when there is coexis-
tence of FM-AFM interactions in Heusler alloys [5,64,65] or
there are FM regions with spin-glass-like regions, observed,
e.g., in multilayers systems [66], and also in Heusler alloys [67].
The effect of the addition of Fe on the EB phenomena is quite
small in our case. In particular, the maximum value of poHg
increases slightly as we add Fe, from 25.8 mT to 26.8 mT, and,
although the temperature at which the EB vanishes is practi-
cally the same, about 70 K, the decrease of noHg becomes more
abrupt. Noteworthily, the increase of the maximum value of
noHe as we increase the Fe content goes parallel to the
decrease of the electron valence concentration, contrary to
what Pathak et al. [65] observed in the case of NisoMnssIns.
xSiy Heusler alloys. Additionally, the temperature of the
maximum of the coercivity decreases slightly (from 60 to
40 K). This behavior is quite similar to the results found in bulk
NisoMnseSn4 Heusler alloys doped with Fe by Passamani et al.
[20], with the main difference that in their case the evolution
of the coercivity for the sample without Fe decreased strongly
at 50 K (whereas in our case, it reached a maximum at 60 K.
Additionally, the values of uoHg and poHc are higher in all the
cases, probably due to the higher applied magnetic field along
the FC protocol (5 T in our case, 2 T in theirs).

3.4. Magnetocaloric effect

Earlier section shows that the replacement of Mn by Fe leads to
a shift of the MT to lower temperatures, although the charac-
teristic MT temperatures are kept in the range around room
temperature, which makes these alloys potentially interesting
for room temperature magnetic refrigeration applications.
Moreover, all three alloys exhibit moderate values of thermal
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Fig. 8 — Hysteresis loops of the samples obtained at 2 K FC (solid circles) and ZFC (empty squares) protocols (left). Evolution of
the coercivity (black squares) and exchange field (empty blue circles) with the temperature, obtained under FC protocol.

hysteresis, also a requirement for magnetic refrigeration.
However, these features are not enough for an optimum
magnetocaloric material; a large and reversible magnetic en-
tropy change ASy., is also needed. The reversibility of the
magnetocaloric effect has been studied in other Heusler alloys
[68,69] as well as in other systems, as Fe—Rh alloys [70,71]. In
this article we have focused our efforts on analyzing the effect
of Fe-addition in Ni-Mn—Sn ribbons on the magnetic entropy
change. In this sense, it is well known that the total entropy
change linked to the MT, the ASMT, represents a limit to the
attainable magnetic entropy change, and it has been
phenomenologically stablished that ASMT decreases expo-
nentially with the increment of the generalized order param-
eterTA-T, [3,19]. From such relation, it can be deduced that the
closest the Curie temperature of the austenite to the equilib-
rium temperature, the largest the magnetic entropy change
values can be achieved. Therefore, we have calculated the
entropy variation from the DSC data for each specimen as AS; =

% for the forward, i = M, and reverse transformation, i = A,

where AQ; stands for the heat exchanged by the correspond-
ing transformation process and correspond to the area, in ab-
solute value, below the DSC peaks from the forward and
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inverse transformation. ASMT was estimated as the average of
the ASyrand AS,, as shown in Table 2. The total entropy change
of the current ribbons and other shape memory alloys are
compared in Fig. 9 as a function of the generalized order
parameter. As expected from the closeness of the MT and T2,
our ribbons present one of the largest values of the total en-
tropy among the ferromagnetic shape memory alloys, which
implies a large reservoir of magnetic entropy change. These
features motivated us to analyze the magnetocaloric proper-
ties of the ribbons; we have estimated the magnetic entropy
from the thermomagnetic curves on heating by means of the
well-known Maxwell relation:

ASyag(T.H) = S(T, H) — S(T,0) = o / (%) au )
0

Fig. 10 represents the magnetic entropy change of the three
Ni—Mn-Sn-(Fe) ribbons obtained from the thermomagnetic
curves measured in the ZFC mode at 3 T. Each curve shows a
positive, corresponding to an inverse magnetocaloric effect,
narrow peak at T ~ Ty associated with the MT, and two broader
negative, i.e., conventional magnetocaloric effect, peaks at Tty
and T2, linked to the second-order magnetic phase transitions of
the ribbons in the martensite and austenite phase respectively;
the second magnetic phase transition observed in the
martensite phase has negligible effect on the magnetocaloric
response. The inset in Fig. 10 plots ASy,g(T) under different
applied magnetic fields for the Fe2 ribbons. Comparable results
have been obtained for the other ribbons, not shown in the
article. Note that the increment of the magnetic field produces
an enhancement of both the maximum and width of each peak,
but the temperatures at which they occur are not modified, as
expected from the observed null effect of the magnetic field on
the characteristic temperatures of the MT, as seen in Fig. 6. The
Fe-doping shifts the positive peak towards lower temperatures,
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Fig. 10 — Magnetic entropy change as a function of the
temperature for a magnetic field change 0—3 T for the
studied ribbons. Inset: temperature dependence of the
magnetic entropy change for the Fe2 specimen obtained
from the magnetization measured under the ZFC thermal
protocol.

Table 3 — Elastic and dissipated energy of the direct and
reverse structural transformation.

Elastic/dissipated energy FeO Fe2 Fe3

Accumulated elastic energy from 2166 1.949 1.434
Austenitic transformation (Ee/AHa) (%)

Irreversibly dissipated energy from 4.592 3.888 4.316
Austenitic transformation (Wa/AHa) (%)

Accumulated elastic energy from 2271 2.045 1.498
Martensitic transformation (Ee/AHy) (%)

Irreversibly dissipated energy from 4.814 4.082 4.509

Martensitic transformation (Wa/AHyy) (%)

in agreement with the DSC and M(T) data and enlarges the in-
verse magnetocaloric effect. The maximum magnetic entropy
change occurs for the Fe3 sample, reaching up to 5.7 Jkg 'K *
under a magnetic field change of 3 T, similar to the reported
values in other Ni—MnSn melt-spun ribbons [19].

The moderate thermal hysteresis of the MT points to a
thermoelastic transformation. To confirm this hypothesis, we
have determined the enthalpy of the martensitic trans-
formation. When considering it equal to the heat exchanged
AQ;, the transformation is assumed as reversible. However,
taking into account the accommodation of the modified
structures in the form of friction and slip, there should exist a
contribution of irreversible dissipated energy Wy There is
another contribution to the enthalpy, as part of the energy can
be stored in elastic energy E. related to elastic deformation
occurring along with a structural change. Both the irreversibly
dissipated energy and the elastically accumulated energy can
be evaluated for the forward, i = M, and reverse, i = A,
transformation by the following expressions [72]:

Eei= %Asi [(Tar — Tas) + (Tus — Tr)] ®3)

Wy = %Asi [((Tar 4+ Tas) — (Tms + Tur)] 4

Thus, the enthalpies of both martensitic and austenitic
transformations are determined as AH; = AQ; + Eq; — Wy, and
are shown in Table 3. The entropy has been calculated by
applying the following relationship: AS; = AH;/T, [73]. All the
alloys exhibit an irreversibly dissipated energy superior to the
energy stored in elastic form. Nonetheless, both values are
small and therefore these data confirm that the structural
transformations are of thermoelastic type. The alloy with the
highest values of enthalpy and entropy variation is Fe2. The
variation of heat and enthalpy is similar in martensitic, cooling,
and austenitic, heating. This tendency is broken in the Fe2
sample, which presents much higher energy exchanges. This is
probably the consequence that the energy stored in the
martensitic bonds is greater than in the austenitic ones in this
alloy [74]. Also, the austenitic transformations require less en-
ergy because, since they are endothermic, this warming con-
tributes to the release and relaxation of internal microstrains.

4, Conclusions

Melt-spun ribbons of nominal composition NisopMnse.
xFexSnqyy (x = 0, 2, and 3) prepared by melt-spinning


https://doi.org/10.1016/j.jmrt.2021.03.049
https://doi.org/10.1016/j.jmrt.2021.03.049

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;12:1091-1103

1101

present a martensitic transformation from L2; austenite to
an orthorhombic 40 martensite around room temperature
with moderate thermal hysteresis. Partial replacement of
Mn by Fe decreases the temperature of the MT as the Fe
content increases, as observed from the DSC data and ZFC-
FC-FH thermomagnetic data under a magnetic field of 3 T,
with the Curie temperature of the austenite phase also
decreasing from 336 to 300 K. The irreversibility below 250 K
points out the coexistence of AFM and FM exchange in-
teractions in the martensitic phase. Besides, the ZFC-FC-FH
curves at low applied field evidence the presence of two FM
martensitic magnetic phases, also pinpointed in the AC
susceptibility measurements with two peaks linked to the
Curie temperatures of the martensitic magnetic phases in
both the real and imaginary parts of the AC susceptibility. A
frequency-dependent peak observed at 130—150 K in the
imaginary part hints the existence of a blocking tempera-
ture whereas a peak linked to the MT is only seen in the real
part of the AC susceptibility of the FeO sample. Besides, the
evolution of the conventional EB, after FC under a magnetic
field of 5 T, with the temperature concurs quite well with
ferromagnetic—antiferromagnetic interactions coexisting
but also with the behavior of FM regions surrounded by
spin-glass regions, whereas the effect of the Fe in the EB
properties is almost negligible. The large entropy change
driven by the martensitic transformation indicates that
these ribbons have a large reservoir of magnetocaloric ef-
fect; in this regard, the Ni—Mn-—Sn-(Fe) ribbons present
moderate values of the magnetic entropy change (up to 5.7 J/
kgK for Fe3 for a magnetic field change of 3 T) for small
magnetic fields.
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