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In the present report, we have studied the structural, microstructural, magnetic, exchange bias (EB) properties and magnetoresistance (MR) in Mn rich (Mn at. ∼50%) Mn50Ni50−xSnx (x = 10) shape memory Heusler alloy ribbons, prepared using the melt spinning method. These ribbons were found to exhibit a first order structural (i.e., martensitic) transition at around 205 K from the high temperature austenite to the low temperature martensite phase. The martensitic transition occurs at comparatively lower temperatures in these ribbons than in the same bulk alloy. Curie temperature of the austenite phase (TCA) is found to be larger i.e., around room temperature than that of bulk alloy. A significant EB field (HEB) of around 960 Oe has been observed at 2 K for these ribbons, which is found to be comparable to that reported for other Heusler systems. The presence of the EB effect in these ribbons is attributed to the coexistence of FM/AFM exchange interactions in the martensite phase. They are also found to show a maximum negative MR of around 12% near the martensitic transition, for 50 kOe field change. Investigation of DC magnetization, AC susceptibility measurements and the observation of training effect (i.e., characteristic feature of EB) strongly corroborates with the coexistence of FM/AFM exchange interactions in the martensite phase of these ribbons, which results in the large EB. The effects of temperature and magnetic field on the EB properties and MR have also been studied here.
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INTRODUCTION
In recent years, Ni rich (Ni at. ∼50%) Ni-Mn-Z (Z = Ga, Sb, In, and Sn) shape memory full Heusler alloys have attracted a lot of attention within the research community, owing to their multifunctional properties such as large shape memory effect, exchange bias (EB), giant magnetoresistance and large magnetocaloric effect, etc. (Ullakko et al., 1996; Pasquale et al., 2005; Khan et al., 2007; Pathak et al., 2010). These properties have been exploited in various applications such as in shape memory devices, magnetic tunnel junctions, sensors, storage and spintronic devices, etc. (Meiklejohn and Bean, 1956; Parkin et al., 1999; Marioni et al., 2005; Wang et al., 2010; Graf et al., 2011). Most of these properties are found to be associated with their first order structural transition (i.e., the martensitic transition) from the high temperature cubic austenite phase to the low temperature tetragonal/orthorhombic/monoclinic martensite phase. Meiklejohn and Bean in 1956 discovered the EB effect at the ferromagnetic (FM)/antiferromagnetic (AFM) interface between the Co particles as FM core embedded in the CoO as AFM shell (Meiklejohn and Bean, 1956). EB is seen to arise due to the unidirectional anisotropy created at the different kind of interfaces such as FM/AFM, AFM/ferrimagnetic, FM/spin glass (SG) or ferrimagnetic/SG, when the material is cooled in presence of magnetic field, to the low temperatures (Parkin et al., 1999; Khan et al., 2007; Sharma and Suresh, 2015b). EB can be described by the magnetic hysteresis (M–H) loop shifting along the magnetic field axis, when it is recorded after the field cooling (FC) process. It can be estimated from the quantity called the EB field (HEB)) (Meiklejohn and Bean, 1956), for example, a maximum HEB of 248 Oe has been reported in Ni rich Ni50Mn25+xSb25−x, 377 Oe in Ni50−xMn37+xSn13 Heusler alloy and 120 Oe in Ni50Mn50−xInx alloy at 5 K (Khan et al., 2007; Nayak et al., 2009; Pathak et al., 2009). In contrast to the Ni rich Heusler alloys, to date Mn rich (Mn at. ∼50%) Mn-Ni-Z (Z = Ga, In and Sn) shape memory Heusler alloys have been extensively studied mostly in bulk form (Xuan et al., 2010; Bachaga et al., 2015; Sharma and Suresh, 2015a; Sharma et al., 2019). The melt spinning method is seen as an effective tool to prepare the polycrystalline samples of these alloys with higher homogeneity, very refined, reduced sized and highly textured microstructure, which may result in the enhancement of various physical properties as discussed above. In literature, there are many reports available on martensitic transition, magnetic, structural, microstructural, magnetocaloric and EB properties of Ni rich Ni-Mn-Z (Z = Ga, Sb, In, and Sn) Heusler alloys ribbons (Llamazares Sánchez et al., 2013; Wang et al., 2013; Zhao G. X. et al., 2013; Maziarz et al., 2014; Chen et al., 2015; Huu et al., 2015; Louidi et al., 2018). However, Mn rich Heusler alloys in their melt spun ribbon form have not been extensively studied so far.
It is reported in literature that the magnetic properties of these shape memory Heusler alloys strongly depend upon the Mn-Mn exchange interactions. In Mn rich full Heusler alloys, excess Mn atoms have been found to occupy not only the Z sites but also the Ni sites in the lattice, which generally couple antiferromagnetically with Mn atoms at the regular sites (Wijn, 1988; Xuan et al., 2010). At the same time, the first order martensitic transition further leads to the decrease in the distance between Mn atoms at regular sites and the Mn atoms at neighboring sites (i.e., at Ni and Z sites) due to the twinning of the martensite phase variants, which further leads to the enhancement of AFM coupling in the system. Excess of Mn content in the Mn-Ni-Z alloys is thought to be responsible for the differences in physical properties observed between Mn rich and Ni rich Heusler alloys, as mostly the Mn content contributed to the magnetism of these alloys. In the present report, we have investigated the martensitic transition, magnetic, structural, microstructural, EB properties and magnetoresistance in Mn rich Mn50Ni50−xSnx (x = 10) Heusler alloy melt spun ribbons.
EXPERIMENTAL CHARACTERIZATION
A polycrystalline sample of the presented Mn50Ni50−xSnx (x = 10) Heusler alloy was prepared by arc melting method in the presence of highly pure argon atmosphere, by taking the stoichiometric amount of high purity elements such as Mn, Ni, and Sn. The sample was melted several times to get the homogeneity. The weight loss after melting was found to be less than 1%. After melting, the sample was annealed at 1073 K for 72 h in a sealed quartz tube, and subsequently quenched in liquid nitrogen in order to achieve better homogeneity. After that the annealed sample was taken in a quartz tube (i.e., of 1 mm diameter nozzle), and melted in the induction furnace in presence of highly pure argon atmosphere. Following this, the molten alloy was ejected through the nozzle onto a rotating wheel (made up of Cu) and made to cool rapidly, which gave the melt spun ribbons. The ejection rate of the ribbons can be changed by changing the argon gas pressure accordingly. A typical arrangement for the melt spinning process is shown in the Figure 1. The structural analysis for these melt spun ribbons is performed by collecting the X-ray diffraction pattern at room temperature (RT) using a PANalytical X’pert PRO diffractometer. The qualitative and the quantitative microstructural analyses were performed by scanning electron microscopy (ESEM-FEI quanta 200 model) and energy dispersive spectroscopy (EDS arrangement attached with ESEM) respectively. The magnetization measurements have been performed by using a superconducting quantum interference device magnetometer (SQUID) (Quantum Design). Magnetization as a function of temperature was recorded in zero (ZFC), FC and field heating (FH) modes. In all these modes, the sample was cooled down to 2 K from 400 K. The resistivity measurements were carried out in a vibrating sample magnetometer attached with the physical property measurement system using a four probe method.
[image: Figure 1]FIGURE 1 | A schematic diagram of the melt spinning method.
RESULTS AND DISCUSSION
Structural and Microstructural Analysis
Figure 2 shows the RT XRD pattern for Mn50Ni50−xSnx (x = 10) Heusler alloy melt spun ribbons. From the refinement (using Fullproof software), it is found that these ribbons exhibit the cubic structure at RT, with the estimated lattice parameter (a = b = c) of around 5.99 Å. The lattice parameters for ribbons are found to be almost the same as that for the same bulk sample (a = b = c = ∼6.00 Å), which suggests that average size of the crystallites will be nearly the same in both of the samples. The absence of (111) peak in the XRD pattern suggests that there may be disorder present in these ribbons (Graf et al., 2011). The observation of cubic structure at RT (i.e. the austenite phase structure) indicates that their martensitic transition lies below RT. Generally the structure of the Heusler alloys is made up of four interpenetrating fcc lattices, which have the Wyckoff positions namely 4a(0,0,0), 4b(1/2,1/2,1/2), 4c(1/4,1/4,1/4) and 4d(3/4,3/4, 3/4) (Graf et al., 2011). The preferred site occupancy of 3d elements in Ni-Mn based Heusler alloys is decided by their number of valence electrons, such as the 3d elements having more valence electrons than Mn, prefer to occupy the 4a and 4b sites, and the structure is called Cu2MnAl (regular) type. On the other hand, the 3d elements, which have the lesser valence electrons than Mn, prefer to occupy the 4a and 4c sites, and structure is known as Hg2CuTi (inverse Heusler) type (Graf et al., 2011). Therefore, for a better understanding, a schematic of the cubic unit cell of present Heusler ribbons along with the Wyckoff positions of different atoms is shown in Figure 3. In the present case, Mn atoms are expected to occupy the 4a(0, 0, 0) and 4c(1/4,1/4,1/4) sites, which are denoted as the regular Mn atoms i.e., Mn(A) and Mn(C) respectively. Whereas Ni atoms occupy the 4b(1/2,1/2,1/2) sites, and Sn atoms occupy the 4d(3/4,3/4, 3/4) sites, which are denoted as Ni(B) and Sn(D) respectively. Generally it is seen in literature that, in Mn rich Heusler alloys, excess Mn atoms randomly occupy the Sn sites as well as the Ni sites, which suggests the presence of disorder in these systems, and consequently affects their electronic and magnetic properties (Xuan et al., 2010; Graf et al., 2011). The estimated nearest and next nearest inter-atomic distances (i.e., √3a/4 and a/2 Å respectively) between the Mn atoms suggest that there would be coexistence of AFM and FM coupling in the present ribbons.
[image: Figure 2]FIGURE 2 | Room temperature XRD pattern for the Mn50Ni50-xSnx (x = 10) Heusler alloy melt spun ribbons.
[image: Figure 3]FIGURE 3 | A schematic cubic unit cell comprising of four interpenetrating fcc lattices, along with the expected site occupancies of different atoms.
Figure 4A,B shows the RT SEM images for the present melt spun ribbons, recorded at different areas of its free surface. It can be seen from the figure that these ribbons show a coarse granular microstructure, which consist of multiple shape grains (such as small columnar grains and tree leafs-like grains). No elongated thin plates and strips corresponding to the martensitic twin variants have been found inside the grains, this again confirm that the martensitic phase lies below the RT for these ribbons, which is in agreement with the XRD results. The average size of the grains lie between around 1–5 μm, which can be attributed to the different grain growth dynamics as a result of rapid solidification process. EDS analysis has also been performed on these ribbons (figure is not shown here), which confirmed the homogeneous composition throughout the sample. The chemical composition for these ribbons is found to be Mn48.78Ni40.76Sn10.46. Standard deviation in elemental chemical composition obtained from EDS analysis is around 1.22 at. % for Mn, 0.76 at. % for Ni and 0.46 at. % for Sn respectively.
[image: Figure 4]FIGURE 4 | (A,B) Room temperature SEM micrographs of these melt spun ribbons collected at different areas of its free surface.
DC Magnetization Measurements
Figure 5 shows the magnetization as a function of temperature (M-T) curves for present ribbons in ZFC, FC and FH modes, measured in presence of 1 kOe field. It can be seen from the figure that the ribbon undergoes a first order structural (i.e., called martensitic) transition at around 205 K with a sudden increase in magnetization value (i.e., the maximum magnetization value), which corresponds to martensitic start temperature (Ms). It gets the minimum magnetization value at around 165 K, which corresponds to martensitic finish temperature (Mf). This corresponds to the forward martensitic transition. Similarly, we can notify the martensitic transition in terms of austenite start temperature (As) and the austenite finish temperature (Af), as also marked in the Figure 5, that corresponds to the reverse martensitic transition. Curie temperature of austenite phase (TCA) occurs at around RT. As the temperature decreases below Mf, the magnetization starts to increase again, and ZFC, FC M-T curves show splitting at around 120 K. The ZFC curve shows a hump at around 66 K followed by that ZFC magnetization decreases with the further decrease in temperature down to 2 K. This splitting suggests the presence of the magnetic frustration at low temperatures in the martensite phase, which may be due to the presence of SG or coexistence of AFM/FM exchange interactions in these ribbons (Giri et al., 2011; Sharma and Suresh, 2015b). The first order nature of the martensitic transition is confirmed by the hysteresis observed between FC and FH M-T curves. The martensitic transition temperatures for these ribbons are found to be lower than that for the same bulk alloy, as Ms and Mf for the bulk composition are around 228 and 171 K respectively. Whereas TCA for the ribbons (i.e., around RT) is found to be higher than that for the bulk alloy (i.e., TCA = 278 K) (Sharma and Suresh, 2015a). The decrease in the martensitic transition temperatures for these ribbons comparative to the bulk composition may be attributed to the change in exchange interactions, as a result of the change in grain size after rapid solidification process. Table 1 shows the better comparison of different martensitic transition temperatures observed in other Heusler alloys ribbons with the present case. One can see from the Table 1 that the observed values of martensitic transition temperatures in the present case are in agreement with those obtained for other Heusler ribbons (Rama Rao et al., 2007; Maziarz et al., 2013; González-Legarreta et al., 2015).
[image: Figure 5]FIGURE 5 | The ZFC, FC and FH, magnetization as a function of temperature (M-T) curves measured at 1 kOe field.
TABLE 1 | Comparison of various martensitic transition temperatures obtained for other Heusler alloys ribbons reported in literature with the present ribbons.
[image: Table 1]To study the nature of the low temperature frustrated magnetic state of these ribbons, AC susceptibility as a function of temperature has been measured, at different frequencies ranging from 10 to 995 Hz, such as the data is shown in the Figure 6. It can be seen from the figure that at 10 Hz frequency, there is broad peak observed at around 150 K (marked as TP in the figure), which occurs at a significantly higher temperature than that observed in DC M-T curve (Figure 5). A small frequency dependence of this peak at 250 Hz can be seen from the figure, but it is not measurable due to the broadness of the peak. Whereas for higher frequencies, there is no prominent frequency dependence observed for this peak, which rules out the possibility of a SG phase in these ribbons. Therefore the low temperature martensite phase is expected to consist of the mixed FM/AFM phases, which was expected and discussed earlier.
[image: Figure 6]FIGURE 6 | Temperature dependence of the real part of AC susceptibility (χʹ) measured at different frequencies for the present ribbons.
Exchange Bias Properties
As we have discussed from the DC magnetization and AC susceptibility measurements, there is a coexistence of FM/AFM phases in the martensite phase, which can lead to the EB effect. Therefore, to investigate the EB effect in the present ribbons, we have collected the magnetic hysteresis (M-H) loop at 2 K in field range of ±20 kOe, after FC the sample in presence of 10 kOe. The M-H hysteresis loop at 2 K is shown in Figure 7 in the field range of ±8 kOe for better visibility of M-H loop shifting. It is clear from the figure that the M-H loop completely shifts towards the negative field axis, which confirms the EB effect in these ribbons. A maximum value of exchange bias field (HEB) of around 960 Oe has been estimated at 2 K, which is found to be comparable to that reported in other Heusler systems (Pathak et al., 2009; Xuan et al., 2010; Sahoo et al., 2013; Zhao G. X. et al., 2013; Zhao X. G. et al., 2013; Czaja et al., 2014; Sharma and Suresh, 2015a). The present ribbons are found to show improved EB as compared to the same bulk composition (as HEB = 920 Oe) at the same temperature and cooling field conditions, which may be attributed the change in the strength of AFM/FM exchange interactions as a result of the change in Mn-Mn inter-atomic distances (Sharma and Suresh, 2015a). Similarly, the present ribbons also show the relatively larger EB than that observed in other related Heusler alloys ribbons, such as in Ni50Mn37Sn13 ribbons (HEB = ∼225 Oe at 5 K), in Ni45.5Mn43.0In11.5 ribbons (HEB = 270 Oe at 5 K), in Ni50Mn38Sn12 ribbons (HEB = ∼300 Oe at 5 K), in Mn46Ni42Sn11Sb1 ribbons (HEB = 90 Oe at 50 K), and in Mn50Ni50−xSnx (x = 11) Heusler ribbons (HEB = ∼213 Oe at 2 K) (Yang et al., 2012; Llamazares Sánchez et al., 2013; González-Legarreta et al., 2014; Huang et al., 2016; Sharma et al., 2020). The HEB is calculated by using the formula HEB = −(H1 + H2)/2, where the H1 and H2 are designated as the left and right coercive fields, where the magnetization vanishes. The presence of EB effect in these ribbons confirms the coexistence of FM/AFM phases at low temperatures in the martensite phase.
[image: Figure 7]FIGURE 7 | EB effect: Magnetic hysteresis (M-H) loop measured at 2 K after field cooling process in presence of 10 kOe magnetic field. Inset shows the training effect of exchange bias observed in the present ribbons. Here solid squares show the experimental data and solid line shows the fit to simple power law (HEB − HEB∞α1/√n).
The training effect, which is a characteristic feature of EB, has also been investigated in the present ribbons. The training effect is defined by the decrease of EB field, when the field cooled M-H loop is repeated consecutively “n” (n = no. of cycles) times. To study the training effect, we have recorded M-H loops at 2 K in the consecutive field cycles (n), after FC the sample at 10 kOe (data not shown here). The estimated EB field, HEB from these consecutive M-H loops at 2 K is shown in the inset of Figure 7, as a function of no. of cycles. It can be seen from the inset that HEB is decreasing with the increase of n. This experimental data has been fitted to the simple power law (i.e., given by equation HEB − HEB∞α1/√n, where HEB∞ is EB field in the asymptotic limit of n. It is clear from the inset that, our experimental data fits well with the simple power law (as shown by the solid line in the inset), and the estimated value of HEB∞ from the fit is around 946 Oe. Training effect is described by the fact that at the time of magnetization reversal in consecutive M-H loops, FM moments do not get reversed homogenously, which is attributed to the AFM moments rearrangement at the interfaces and this consequently results in the decrease of HEB with increasing n.
To study the effect of temperature on EB properties, the magnetic hysteresis (M-H) loops have been recorded at different temperatures in a field range of ±20 kOe after the FC process in the presence of 10 kOe (data not shown here). The shifting of the M-H loop has been found to decrease with the increase of temperature, and vanishes at around 70 K, which corresponds to the EB blocking temperature (TB), at which the AFM moments would not be able to pin the FM moments and consequently results in the zero EB field. The estimated value of the EB field from these M-H hysteresis loops as a function of temperature is shown in the Figure 8. The HEB is found to decrease with increasing temperature, which may be attributed to the decrease in exchange coupling between the AFM/FM phases as a result of the increase in thermal energy. It can be noted that the present Heusler alloy ribbons show a large EB at the low temperatures, and retains the reasonable value upto around 40 K.
[image: Figure 8]FIGURE 8 | Temperature dependence of the EB field (HEB) estimated from the M-H loops recorded at different temperatures after field cooling at 10 kOe field.
Magnetoresistance
To shed more light onto the results obtained from the magnetization measurements near the first order martensitic transition of these ribbons, the electrical resistivity measurements have also been performed. The temperature dependence of resistivity (in heating and cooling modes) measured in presence of zero and 50 kOe field is shown in Figure 9. At higher temperatures i.e., in the austenite phase, ρ-T curves show a typical metallic behavior. As the temperature is lowered from 400 K, resistivity suddenly starts increasing and first order martensitic transition takes place. After reaching its maximum value, resistivity becomes almost constant with further lowering the temperature. The value of martensitic transition temperatures obtained from these ρ-T curves are in agreement with those obtained from the DC magnetization measurements (Figure 5). The hysteresis observed between the heating and cooling ρ-T curves again confirms the first order nature of the martensitic transition. It can be seen from the figure that with the application of magnetic field (50 kOe), the martensitic transition temperatures are found to decrease, which can be attributed to the fact that martensitic phase transformation gets hindered by the application of the magnetic field. At 50 kOe field, the austenite phase may not completely transform into the martensite phase i.e., the remaining phase gets kinetically arrested in the austenite state, which consequently leads to the shift in martensitic transition to lower temperature. The similar type of phenomenon i.e., kinetic arrest of the first-order martensitic transition from FM austenite phase to weakly magnetic/AFM phase has also been observed in many Heusler systems (Sharma et al., 2007; Xu et al., 2010). This implies that the application of magnetic field leads to the stabilization of the austenite phase in the present ribbons. To confirm the kinetic arrest behavior of the martensitic transition, the electrical resistivity as a function of magnetic field for the present ribbons has also been measured at various temperatures in the vicinity of martensitic transition (data not shown here). The results obtained from the ρ(H) curves are found to be in agreement with those observed from ρ(T) curves.
[image: Figure 9]FIGURE 9 | Temperature as a function of resistivity (ρ), measured in zero and 50 kOe field. Inset shows the magnetoresistance (MR) as a function of temperature, calculated from these ρ-T curves.
The magnetoresistance (i.e., the measure of change in resistivity with respect to the change in magnetic field) has also been calculated for the present ribbons using the resistivity data (Figure 9). MR (calculated by using the formula (ρ(H) − ρ(0))/ρ(0) × 100) as a function of temperature for 50 kOe field change is shown in the inset of Figure 9. These ribbons are found to show a maximum negative MR of around 12% at 198 K for 50 kOe field change, which is comparable to that obtained for other Heusler systems (Pathak et al., 2010; Sahoo et al., 2013). The observed MR in present ribbons is found to be larger as compared to that observed in the same bulk composition i.e., MR = −6.4% for same field change (Sharma et al., 2019). Similarly, a relative improvement in MR is also obtained in the present ribbons as compared to that observed in some other Heusler alloys ribbons, such as MR = −10% is obtained in Ni-Co-Mn-Sb as spun ribbons, and a maximum negative MR of 9% is obtained in Ni–Fe–Ga Heusler ribbons (Sahoo et al., 2013; Tolea et al., 2017). MR shows the maximum value near the martensitic transition temperature, as it arises due to the field induced nature of the first order martensitic transition.
SUMMARY
Here the first order martensitic transition, magnetic, structural, microstructural, EB properties and MR of Mn50Ni50−xSnx (x = 10) shape memory Heusler alloy melt spun ribbons have been studied. These ribbons were prepared by melt spinning method. The RT structure is found to be cubic for these ribbons with the estimated lattice parameters (a = b = c) of 5.99 Å. They have been found to undergo a first order martensitic transition at around 205 K from the cubic austenite phase to the martensite phase, which is comparatively lower than that for the same bulk composition. This can be attributed to the change in strength of AFM/FM exchange interactions, as a result of the change in grain size during the melt spinning process. Curie temperature of the austenite phase (TCA) lies around RT. These ribbons show a significant EB effect with EB field of 960 Oe at 2 K, after FC in presence of 10 kOe, which is found to be relatively larger than that reported in some other Heusler systems. The HEB decreases with the increase in temperature. The presence of EB in these melt spun ribbons can be attributed to the coexistence of FM/AFM exchange interactions in the martensite phase. DC magnetization, AC susceptibility measurements and the observation of training effect confirm the presence of coexistence of FM/AFM exchange interactions at low temperatures. They have also been found to show a maximum negative MR of 12% around the martensitic transition for 50 kOe field change. Resistivity measurements show that the application of a magnetic field leads to the stabilization of the austenite phase. Thus the present results suggest that the melt spinning may be used as an effective method of material preparation, so that various physical properties of Heusler alloys, such as the magnetic, magnetocaloric effect, EB and MR, etc. can be modified according to the fundamental research as well as from the application point of view.
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