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Highlights

- the kinetic arrest of martensitic transformation observed in NiCoMnIn melt-spun ribbons was 
studied by means of magnetization measurements as a function temperature, field and time.

- the metastable character of the non-equilibrium field-cooled glassy state was characterized by 
introducing thermal and magnetic field fluctuations or measuring the relaxation of magnetization.

- the relationship between occurrence of exchange bias and the frozen fraction of austenite into 
the martensite matrix is shown.
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Abstract. The kinetic arrest (KA) of martensitic transformation (MT) observed in 

Ni45Co5Mn36.8In13.2 melt-spun ribbons has been studied. These alloy ribbons show an ordered 

columnar-like grain microstructure with the longer grain axis growing perpendicular to ribbon 

plane and transform martensitically from a single austenitic (AST) parent phase with the L21-type 

crystal structure to a monoclinic incommensurate 6M modulated martensite (MST). Results show 

that the volume fraction of austenite frozen into the martensitic matrix is proportional to the 

applied magnetic field. A fully arrest of the structural transition is found for a magnetic field of 7 

T. The metastable character of the non-equilibrium field-cooled glassy state was characterized by 

introducing thermal and magnetic field fluctuations or measuring the relaxation of magnetization. 

The relaxation of magnetization from a field-cooled kinetically arrested state at 5 and 7 T follows 

the Kohlrausch–Williams–Watts (KWW) stretched exponential function with a β exponent 

around 0.95 indicating the weak metastable nature of the system under the strong magnetic fields. 

The relationship between the occurrence of exchange bias and the frozen fraction of AST into the 

MST matrix was studied. 

Keywords Ni-Co-Mn-In shape memory alloys; melt-spun ribbons; kinetic arrest of martensitic 
transformation. 
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1. Introduction  

The kinetic arrest (KA) of martensitic transformation (MT) is one of magnetic-field induced 

phenomena observed in ferromagnetic shape memory alloys of the ternary alloy systems Ni-Mn-

X (X= Sn, In, Sb). It was first reported by Sharma et al. in a bulk Ni50Mn34In16 alloy [1], and 

later in other Ni-rich [2-13] and Mn-rich [14-16] Heusler-type Ni-Mn-X alloys. However, this 

uncommon phenomenon also appears in a variety of other materials exhibiting first-order phase 

transitions, either alloys or oxides, such as the Laves phases Ce(Fe,X)2 (X= Al, Ru) [17-20] and 

HfFe2 [21], Gd5Ge4 [22], MnSi [23], NiCoMnAl [24], Mn2PtGa [25], Mn3GaC0.9 [26] and phase-

separated manganites [20, 27-29]. An overview about its manifestation and phenomenology in 

different magnetic materials can be found in Ref. 30.  

In the case of Ni-rich and Mn-rich Heusler-type alloys, a fraction of the parent austenite phase 

will be frozen into the equilibrium martensitic matrix when the material is cooled down below 

the martensitic finishing structural transition temperature Mf under the effect of a static magnetic 

field of strength beyond a certain critical value. The supercooled austenite phase experiences a 

viscous retardation of nucleation and growth, giving rise to a nonergodic glasslike state [19]. At 

present, it is still a great challenge to fully understand the nature of this kind of glass transitions 

[31, 32], and the correlated KA effect is considered as one of the deepest and most important 

unsolved problems in condensed matter physics [33].  

This mixed, or two-phase, state is metastable in nature and is commonly characterized by 

means of magnetization measurements [1, 2, 4, 19]; however, in some cases the biphasic state has 

been also studied through the temperature dependence of dc electrical resistivity [2, 30], Hall 

probe imaging [18] and neutron diffraction measurements [16]. The relevant information 

provided by these experiments is found when one compare the information obtained from the 

zero-field-cooled (ZFC) and field-cooled (FC) states in the phase coexistence region (i.e., in the 

existence temperature region of martensite). As expected, due to the higher saturation 
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magnetization of austenite (AST) with respect to martensite (MST), the zero-field cooling and 

field-cooling and field-heating (FH) pathways of the temperature dependence of magnetization 

σ(T) split in the martensite existence region [1-16]. 

The temperature influence on KA effect in these alloys has been related to the extremely low 

mobility of the phase interfaces (habit plane) and an abnormal behavior in transformation entropy 

change at low temperatures [2, 4]. However, the underlying mechanism of the KA effect in these 

Ni-Mn-X based alloys is still unclear. As in origin the KA effect means the incompleteness of 

martensitic transformation, it should has a close connection with the local crystallographic and 

stress-strain relationships between the parent and product phases through the martensitic 

transformation under the presence of the applied magnetic field. Thus, the influence of magnetic 

and temperature field on materials parameters associated to the MT such as lattice parameters and 

elastic modulus should provide useful knowledge to deeply understand this effect. 

Most of the studies carried out on the observation and characterization of the KA phenomenon 

in Ni-rich and Mn-rich Heusler-type alloys have been performed in bulk alloys. In the case of 

melt-spun ribbons, the field-induced arrest of MT has been only reported in a few alloys such as 

Mn50Ni40In10 [14], Ni52.2Mn34.3In13.5 [13], Ni45Co5Mn38Sn12 [10], Ni38Co12Mn41Sn9 [11], and 

Ni47Mn35Fe5In13 [12]. However, most of these studies are limited to report its existence based on 

the above mentioned splitting between ZFC and FC(FH) σ(T) curves, whereas no further 

characterization is presented. For the investigation of this phenomenon melt-spun ribbons present 

two important advantages. First, they show a much more homogeneous chemical composition in 

comparison with bulk alloys since the molten alloy is rapidly solidified during ribbon formation. 

Second, a proper control of synthesis parameters may produce a microstructure formed by 

columnar in shape highly oriented grains growing through the entire ribbon thickness (as occurs 

for the ribbon samples here studied). Hence, the applied magnetic field direction, that is usually 

along ribbon length, keeps constant with respect to the preferred crystal growth direction 
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facilitating any analysis of crystallographic preferred orientation of ribbon. 

In this manuscript, we present an experimental study the kinetic arrest of MT in 

Ni45Co5Mn36.8In13.2 melt-spun ribbons by means of different magnetization measurements (as a 

function temperature, field and time). After a comprehensive structural, microstructural and 

thermomagnetic characterization of samples, emphasis is given to characterize the metastable 

character of the kinetically arrested inhomogeneous magnetic glass glassy (MG) state. We also 

studied the relationship between exchange bias and the frozen fraction of AST into the MST 

matrix. 

2. Experimental details 

2.1 Synthesis of melt-spun ribbon samples. 

A bulk button shaped ingot was fabricated through arc melting under a highly pure argon 

atmosphere from high pure metallic elements (> 99.9 %). The ingot was further annealed at 1173 

K for 24 hours in a sealed quartz tube under Ar atmosphere and followed by water quenching. 

From this sample, melt spun ribbons were obtained in a highly pure argon environment using a 

home-made single roller melt spinner system at a rotating speed of the copper wheel of 15 m·s-1. 

As-solidified ribbons were further sealed in a quartz ampoule that was thermally annealed at 

1173 K for 24 hours and water quenched.  

2.2 Structural, microstructural, thermal and magnetic characterization. 

The critical temperatures of starting and finishing reverse and direct martensitic 

transformation of ribbons, hereafter referred to as AS, Af, MS, and Mf, respectively, were 

determined by simple extrapolation from the differential scanning calorimetric (DSC) curves 

measured at heating/cooling rate of 5 K·min-1 in a TA model Q100 DSC system. The crystal 

structures of ribbons were examined with an X-ray diffractometer (XRD, Rigaku, Smartlab) with 

a 9 kW rotating anode using Cu-Kα radiation. The measured temperatures for the XRD pattern of 

austenite and martensite were 298 and 253 K, respectively. The “step” mode was used with a 
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scanning step of 0.02° (2θ). Microstructural examinations and crystallographic orientation 

investigations were performed in a field emission gun scanning electron microscope (SEM, Jeol 

JSM 6500 F) with an EBSD acquisition camera and the Aztec online acquisition software 

package (Oxford Instruments). During the EBSD measurements, the “beam-control” mode was 

applied.  

Magnetization measurements were carried out by vibrating sample magnetometry (VSM) in a 

Quantum Design PPMS® Dynacool®-9T platform. The magnetic field µoH was applied along 

the ribbon axis (i.e., the rolling direction) to minimize the effect of the internal demagnetizing 

field. The low-field (5 mT) and high-field (from 1 to 9 T) magnetization as a function of 

temperature σ(T) curves were measured between 10 and 400 K. First, the sample was cooled from 

room temperature under zero applied magnetic field (ZFC process) to 10 K (the initial measuring 

temperature); then, the magnetic field is applied and the magnetization is measured while 

increasing the temperature up to 350 K; once the last point is measured, the sample is cooled 

back to the lowest temperature keeping the static field (FC process); finally, the magnetization 

was measured again by increasing the temperature (FH process). As the non-equilibrium field-

cooled state at a given T is affected by the temperature-sweeping rate [18], in all the experiments 

this parameter was set at 1.0 K·min-1. Accordingly, this criterion was not only followed to record 

σ(T) curves, but also to reach any temperature at which a magnetization measurement versus field 

or time is performed or initiated. 

3. Results and discussions 

3.1 Structural and microstructural properties. Martensitic transition temperatures. 

Fig. 1(a) shows the heating/cooling DSC scans along with the low-field (5 mT) ZFC, FC and 

FH σ(T) curves (referred to as σ(T)5mT). As stated before, from these curves we estimated the 

starting and finishing temperatures of the direct and reverse martensitic transformation. The 

values determined from the DSC [σ(T)5mT] curves were: MS= 277 (266) K, Mf= 253 (259) K, AS= 
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287 (289) K and Af = 306 (296) K. The Curie temperature of austenite, TC
A = 400 K, was 

determined from the small step observed at the same temperature in the heating and cooling 

pathways of the DSC curves. From the DSC data, we estimated a transformation entropy change 

ΔS associated to the structural transition of 14.2 J kg-1 K-1. 

Fig. 1(b) shows the X-ray diffraction patterns of ribbon measured at its austenitic (298 K) and 

martensitic (253 K) state, respectively. It is seen that, in agreement with DSC and σ(T)5mT cooling 

curves, the ribbon samples are in a single austenitic state at room temperature. The observation of 

superlattice reflections (111)A and (113)A of austenite, representing the ordering degree of the 

constituent elements, suggests that the austenite has a highly ordered cubic L21-type crystal 

structure (space group Fm-3m), as inserted in the upper part of Fig. 1(b), rather than B2-type 

(space group Pm-3m) crystal structure [34]. The lattice parameter was determined to be 5.9818(5) 

Å. For the martensite phase, the appearance of satellite reflection (1211)
M
 indicates that it has a 

modulated crystal structure [35]. Determinations show that the martensite of the studied ribbons 

has a monoclinic incommensurate 6M modulated martensite (superspace group I2/m(α0γ)00 

[35]) with modulation wave vector q= 0.3194(5)c*, which can be approximated by a three-fold 

layered superstructure model (as illustrated in the bottom part of Fig. 1(b)) in the three 

dimensional space. The similar crystal structures were also observed in the martensites of ternary 

Mn-rich Ni-Mn-In alloys [36]. The lattice parameters determined were a= 4.4064(8) Å, b= 

5.5731(1) Å, c= 4.3344(6) Å and β= 93.943(1)˚.  

Fig. 2(a) and (b) displays SEM images of the free surface (BSE mode) and the fractured cross-

section (SEI mode) of ribbon, respectively. It is seen that the microstructure consists of well-

formed columnar grains growing along the entire ribbon thickness. The grain size of austenite is 

about 100 µm. Note that the cross-sectional microstructure of the studied ribbons differs from the 

one typically observed in as-solidified ones in which a thin layer of small equiaxed grains appear 
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in the surface in contact with the rotating copper wheel [37]. The absence of such a thin layer is 

attributed to the long thermal annealed performed (1173 K during 24 hours), which lead to the 

preferential grain growth of the dominant columnar in shape grains during annealing process. In 

addition, a very limited amount of martensite plates appear in some austenite grains. A 

characteristic orientation map appears in Fig. 2(c). It is seen that the habit planes between 

austenite and martensite are bordered by a single martensite variant.  

3.2 Kinetic arrest of martensitic transformation. 

The temperature dependencies of the magnetization σ(T) under different applied static 

magnetic fields, ranging from 5 mT to 9 T, are shown in Fig. 3(a). As previously stated, the 

atypical behavior observed in the graphs, which reveals the occurrence of kinetic arrest of the 

martensitic transformation, is the magnetization difference between the ZFC and FC (or FH) 

pathways in the martensitic existence region (referred to as DsFC-ZFC). Figs. 3(b) and (c) zoom 

into such difference for the σ(T) curves measured at 5 and 7 T that reflect incomplete and 

complete arrest, respectively. The magnetic field dependence of the starting and finishing 

temperatures of the reverse and direct martensitic transformation, determined by simple 

extrapolation from the σ(T) curves, and thermal hysteresis of the transformation DThys, 

determined as DThys = Af - MS, are given in Fig. 3(d). Notice that AS and Af are plotted up to 7 T, 

while MS and Mf are not given at this magnetic field value owing to the complete arrest of 

martensitic transformation on cooling. The expected decrease of the characteristic temperatures 

of both the reverse and direct martensitic transformation with the increase of the applied 

magnetic field is accompanied by the increase in DThys; the rate of change of AS and Af with 

applied field for the studied ribbons is about -9.6 KT-1, while MS and Mf decreased at a much 

faster rate of -17.8 KT-1 (almost double). 
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The metastable character of the magnetically inhomogeneous field-cooled two-phase state 

attained under a magnetic field of 5 T was characterized by means of different magnetization 

experiments designed to show the effects of energy fluctuations introduced, either by cycling the 

magnetic field or the temperature, in the martensitic existence temperature region; for the sake of 

comparison, similar experiments were conducted for the fully arrested state that is obtained at 7 

T. These experiments will demonstrate that in both cases the system tends to the ZFC equilibrium 

state.  

In the first test, thermal energy fluctuations were introduced through successive thermal 

cycling starting from a temperature of 10 K in both FC and ZFC states. In the former case the 

sample follows the FC regimen from 400 K to 10 K under a static magnetic field either of 5 or 7 

T. Then the temperature is increased from 10 K to successively increasing maximum 

temperatures Tmax of 50 K, 90 K, and 120 K; after the sample reaches the respective Tmax 

temperature is decreased to 10 K. Along these increasing and decreasing temperature paths, the 

magnetic moment as a function of temperature is continuously measured. The s(T)5T and s(T)7T 

curves measured following this procedure are plotted in Figures 4(a) and (b) where the short 

vertical bars indicate the selected Tmax values. The metastable character of the FC state is 

manifested by the magnetization decrement after successive temperature cycling since the 

thermal fluctuations gradually transform a small fraction of AST into MST, indicating that the 

system tends to the ZFC equilibrium state [3, 8]. On a second test, we started with the sample in 

ZFC state and followed the same thermal cycling procedure. As shown in Figures 4(a) and (b) 

that thermal energy fluctuations gradually increase the magnetization after each cycle. It is well 

known that in both martensite and austenite phases antiferromagnetic (AFM) and FM coupling 

between Mn magnetic moments coexist [38]. The introduction of thermal energy fluctuations 

leads to the metastable coupling of AFM moments with the applied magnetic field during the 
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cooling process originating the observed magnetization increase. Thus FC and ZFC methods lead 

to opposite behaviors underlying the metastable nature of the FC state. 

In a second experiment, the sample is heated to 400 K, a strong magnetic field is applied and 

then the sample is field-cooled (FC) to different selected temperatures within the martensitic 

existence region that in the present case were 10, 50, 90 and 120 K; after reaching such 

temperatures the isothermal demagnetization curve σ(µoH) is measured by removing the 

magnetic field; this curve is usually referred as thermo-remanent (TR) demagnetization curve 

σ(µoH)TR [1]. Once the field reaches zero value, subsequent magnetization/demagnetization 

σ(µoH) curves are measured by applying and removing the magnetic field. This experiment is 

useful to determine if the frozen AST will fully or partially transform into MST after removing 

and re-applying the magnetic field. In turns this is another way to prove the metastable nature of 

the FC inhomogeneous state. We performed this experiment for the same two applied magnetic 

fields, namely 5 and 7 T, this is for a partial and full kinetic arrest of the MT; the results obtained 

shown in Figs. 5(a) and (b), respectively. First note that at 10 K and 5 T σ(µoH)TR and subsequent 

σ(µoH) curves overlap indicating that upon removal and re-applying the magnetic field no frozen 

AST transforms into MST. However, at 7 T the situation is different; in this case, a magnetization 

difference between σ(µoH)TR and subsequent σ(µoH) curves is observed indicating that a fraction 

of AST has been transformed into MST. Vertical double arrows in Fig. 5 denote this irreversible 

magnetization change Dsirrev.  As this difference results from the metastable nature of the FC 

inhomogeneous state it has the same origin than the splitting between ZFC and FC σ(T) curves. 

Note that for both applied magnetic fields studied Ds(µoH)irrev increases with the temperature 

increase. 

It has been pointed out that the dynamical behavior of this arrested non-equilibrium magnetic 

state, or magnetic glassy state, is very similar to those of structural glasses [32]. The relaxation of 
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magnetization in the FC kinetically arrested state is another phenomenon that characterizes the 

metastable nature of the magnetic glassy state [33]. For this state, the normalized magnetization 

as a function of time σ/σo(t) at a fixed magnetic field value follows a Kohlrausch–Williams–

Watts (KWW) stretched exponential function Ф µ exp [-(t/τ)β], where τ is a characteristic 

relaxation time and β a shape parameter [1]. β accounts for the number of intermediate states 

through which the system evolves and for different magnetic disordered systems its value lies 

between 0 and 1 [29, 39]. In order to check that our system follows this behavior and the validity 

of this model, in a third experiment we measured σ/σo(t) curves at several temperatures in the 

martensitic existence region. Each of these temperature was reached following the same 

thermomagnetic protocol: cooling at a rate of 1 K·min-1 from 400 K under a static fields of 5 and 

7 T applied at 400 K. The experimental relaxation curves measured at different temperatures in 

the FC pathway of the σ(T) curve for static magnetic fields of 5 and 7 T are shown in Fig. 6(a) 

and (d), respectively (in all the cases σ was normalized to its zero-time value σo), whereas the 

fitting of the curves measured at 10 and 50 K for these two fields assuming a KWW stretched 

exponential function are shown in the bottom part as graphs (b) and (c), and (e) and (f), 

respectively. In all the cases the obtained values for the exponent β were around 0.95 indicating 

the weak metastable nature of the system under the strong magnetic fields applied. 

The coexistence of AFM and FM interactions if the martensitic phase has been stated as the 

origin of the exchange bias (EB) effect observed in these Heusler alloys [40, 41]; this 

phenomenon typically occurs below a temperature that varies between 50 and 120 K depending 

on the alloy composition. For the observation of the EB, an external magnetic field must be 

applied at a temperature above the Néel temperature TN of the AFM sublattice, and the sample 

must be field-cooled down to a temperature below; then, the magnetic field is removed and the 

FC hysteresis loop is recorded. Considering that the kinetic arrest retains a fraction of AST into 

the MST matrix reducing the volume fraction of MST, we have measured and compared the FC 



 11 

hysteresis loops at 10 K under applied magnetic fields of 3, 5 and 7 T following two different 

thermomagnetic protocols referred hereafter as P1 and P2. They are as follows. In protocol P1 the 

sample is first heated up at zero-field to 400 K, cooled down to 130 K where a static magnetic 

field is applied and then cooled down to 10 K. At this temperature the FC hysteresis loop is 

measured. This is the typical thermomagnetic protocol followed to measure EB in these materials 

[40, 41]. In protocol P2 the sample is first heated up to 400 K where the magnetic field is applied 

and then cooled down to 10 K. At this temperature the FC hysteresis loop is measured. The 

results of these experiments are shown in Figure 7. The left- and right-hand columns of the figure 

show the FC hysteresis loops and a zoom into their low-field region, respectively, after following 

thermomagnetic protocols P1 and P2; the latter allows checking their shift along the µoH-axis. 

The maximum saturation magnetization is consistent with the one derived from the respective 

curve σ(T) curve; the splitting observed at 7 T for P2 agrees with the behavior denoted by the 

thermo-remanent curve. Fig. 7(g) shows the trend of the exchange bias (µoHe) and coercive 

(µoHC) fields. As expected, the sample shows µoHe for thermal protocol P1 owing to the existence 

of MST; however, in the case of P2  the fraction of MST phase decreases when the field increases 

from 3 to 5 T becoming zero at 7 T, thus, in agreement µoHe gradually decreases to reach zero.   

4. Conclusions  

The kinetic arrest effect of martensitic transformation observed in Ni45Co5Mn36.8In13.2 5 melt-

spun ribbons was characterized by means of several magnetization experiments. In the ribbons 

fabricated austenite with a highly ordered cubic L21-type crystal structure transforms into a 

monoclinic martensite with incommensurate 6M modulated structure. With the increase of the 

magnetic field strength from 1 T, the volume fraction of L21-type austenite frozen into the 

martensitic matrix increases to a complete arrest of the structural transition for a magnetic field 

value equal or greater than 7 T. The metastable character of the non-equilibrium field-cooled 
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magnetic glass state was characterized by the decreasing trends of magnetization from a field-

cooled arrested state when temperature or magnetic field fluctuations are introduced or during 

time evolution in the presence of a strong applied magnetic field. The latter follows a 

Kohlrausch–Williams–Watts (KWW) stretched exponential function with exponent β around 

0.95 indicating the weak metastable nature of the system under strong magnetic fields. At last, a 

connection between the occurrence of exchange bias and the volume fraction of MST was found; 

in fact, the exchange bias field decreased with the decrease of the martensite fraction owing to the 

increasing fraction of arrested austenite. 
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FIGURE  CAPTIONS   
Fig. 1. (a) ZFC, FC and FH σ(T) curves at 5 mT and DSC scans in the temperature range of the 

structural transition region (black line). (b) X-ray diffraction patterns of austenite (top) and 

martensite (bottom) of ribbons measured at 298 K and 253 K, respectively. 
 

Fig. 2. SEM images of the free surface (a) and the fractured cross-section (b) of ribbons and 

orientation map of austenite and martensite where the two phases are colored according to their 

crystallographic orientations (c).  
 

Fig. 3. (a) ZFC, FC and FH σ(T) curves measured under various static magnetic fields from 5 mT 

to 9 T. (b) and (c) zoom into the σ(T) curves in the martensitic region at 5 and 7 T, respectively, 

to point on the magnetization difference DσFC-ZFC between the ZFC and FC pathways of the 

curves. (d) Magnetic field dependence of the starting and finishing temperatures and thermal 

hysteresis of the transformation DThys (determined as DThys = Af –MS) for the reverse and direct 

martensitic transformation. 
 

Fig. 4. Effect of the successive thermal cycling between 10 K and Tmax, for Tmax = 50 K, 90 K, 

and 120 K, on the ZFC and FC σ(T) curve at 5 T (a) and 7 T (b).  
 

Fig. 5. Demagnetization thermo-remanent curve  s(µoH)TR followed by the subsequent field-up 

and field-down   σ(µoH) curves measured at different temperatures in the martensitic existence 

region i.e., below 120 K); single and double arrows indicated the sweeping field direction. The 

irreversible magnetization change  Ds(µoH)irrev at 50 K is indicated by the vertical double arrow. 
 

Fig. 6. Normalized magnetization σ/σo versus time plots at several temperatures in the martensitic 

existence region measured under static field of 5 T (a) and 7 T (d). The experimental σ/σo(t) 

curves measured at 10 and 50 K and their fitting (solid red line) to a KWW stretched exponential 

function are given in (b) and (c) for 5 T, and in (e) and (f) for 7 T. 
 

Fig. 7. Left-hand side top column: FC hysteresis loops at 10 K measured following thermal 

protocols P1 and P2 under applied magnetic fields of 3 (a), 5 (b) and 7 T (c). Right-hand side top 

column: zoom into the low-field region of the FC hysteresis loops measured following thermal 

protocols P1 and P2 under applied magnetic fields of measured at 3 (d), 5 (e) and 7 T (f) 

following thermal protocols P1 and P2. (g) Coercive field µoHC and exchange bias µoHe fields as 

a function of the applied magnetic field. 
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Fig. 1. (a) ZFC, FC and FH σ(T) curves at 5 mT and DSC scans in the temperature range of the 

structural transition region (black line). (b) X-ray diffraction patterns of austenite (top) and 

martensite (bottom) of ribbons measured at 298 K and 253 K, respectively.. 
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Fig. 2. SEM images of the free surface (a) and the fractured cross-section (b) of ribbons and 

orientation map of austenite and martensite where the two phases are colored according to their 

crystallographic orientations (c).  
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Fig. 3. (a) ZFC, FC and FH σ(T) curves measured under various static magnetic fields from 5 mT 

to 9 T. (b) and (c) zoom into the σ(T) curves in the martensitic region at 5 and 7 T, respectively, 

to point on the magnetization difference DσFC-ZFC between the ZFC and FC pathways of the 

curves. (d) Magnetic field dependence of the starting and finishing temperatures and thermal 

hysteresis of the transformation DThys (determined as DThys = Af –MS) for the reverse and direct 

martensitic transformation.  
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Fig. 4. Effect of the successive thermal cycling between 10 K and Tmax, for Tmax = 50 K, 90 K, 

and 120 K, on the ZFC and FC σ(T) curve at 5 T (a) and 7 T (b).  
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Fig. 5. Demagnetization thermo-remanent curve  s(µoH)TR followed by the subsequent field-up 

and field-down   σ(µoH) curves measured at different temperatures in the martensitic existence 

region i.e., below 120 K); single and double arrows indicated the sweeping field direction. The 

irreversible magnetization change  Ds(µoH)irrev at 50 K is indicated by the vertical double arrow.  
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Fig. 6. Normalized magnetization σ/σo versus time plots at several temperatures in the martensitic 

existence region measured under static field of 5 T (a) and 7 T (d). The experimental σ/σo(t) 

curves measured at 10 and 50 K and their fitting (solid red line) to a KWW stretched exponential 

function are given in (b) and (c) for 5 T, and in (e) and (f) for 7 T. 
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Fig. 7. Left-hand side top column: FC hysteresis loops at 10 K measured following thermal 

protocols P1 and P2 under applied magnetic fields of 3 (a), 5 (b) and 7 T (c). Right-hand side top 

column: zoom into the low-field region of the FC hysteresis loops measured following thermal 

protocols P1 and P2 under applied magnetic fields of measured at 3 (d), 5 (e) and 7 T (f) 

following thermal protocols P1 and P2. (g) Coercive field µoHC and exchange bias µoHe fields as 

a function of the applied magnetic field.  


