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Abstract. The magnetic phase diagram of Ni2Mn1+xSn1−x based ferromagnetic (FM) shape memory 
alloys for varied concentrations of x have been studied. With increasing concentration of Mn, the 
FM Curie temperature (TC) decreases, while the martensitic transition temperature (TM) goes higher. 
For x = 0.44 and 0.48, TM is close to the onset of ferromagnetism, and two distinct magnetic 
transitions are observed  corresponding to the TC’s of the FM phases of martensite and austenite 
respectively. The isothermal magnetization at 5 K indicates saturating behaviour at high fields and 
the saturation moment drops linearly with x.  The samples show reasonably large negative 
magnetoresistance around TM, however the magnitude drops with increasing x. The 
magnetoresistance is found to be highly irreversible with respect to the applied magnetic field and 
field induced arrested state is observed for all the FM samples studied around the first order 
martensitic transition. The present investigation clearly indicates complex magnetic ground state of 
the Ni2Mn1+xSn1−x samples with competing magnetic interactions.  

Introduction 

In recent times, Ni2Mn1+xZ1-x (Z = Sn, Sb, In) type ferromagnetic shape memory alloys (FSMAs) are 
emerging as the potential alternative for the familiar Ni-Mn-Ga system of alloys [1-5]. The former 
compositions are less brittle and less toxic than the Ni-Mn-Ga alloys, and therefore found to be 
suitable for practical applications.  They provide fascinating electronic and magnetic properties, 
which include phase coexistence, metastability, field induced reverse transition, glassy magnetic 
phase, magnetic exchange anisotropy, kinetically arrested state, inverse magnetocaloric effect etc.[6-
11]. It has been observed that the magnetic, electronic and structural properties of these alloys are 
very closely interlinked. One big advantage in Ni2Mn1+xZ1-x is that the alloys exist over a wide range 
of Mn concentration and therefore provide an opportunity to investigate the origin of their properties 
through doping studies. 

In the present work, we have investigated several Ni-Mn-Sn based samples with formulation, 
Ni2Mn1+xSn1-x (x = 0.36, 0.40, 0.44, 0.48, 0.52).  It has been already reported that the martensitic 
transition temperature (TM) of the alloys increases with increasing x, while the ferromagnetic Curie 
point (TC) decreases. [6] The present work brings out interesting trend in the evolution of various 
magnetic and transport properties with increasing Mn concentration in the sample. 

Experimental Details 

The polycrystalline sample of compositions Ni2Mn1+xSn1-x (x = 0.36, 0.40, 0.44, 0.48 and 0.52) were 
prepared by argon arc melting the constituent elements (purity 99.9% or above). The ingots were 
homogenized in a sealed evacuated quartz tube at 900oC for 42 hours, followed by a quenching in 
ice water. The room temperature powder x-ray diffraction patterns (Cu Kα) confirm that x = 0.36, 
0.40 and 0.44 materials are single-phase alloys with cubic Heusler (L21) structure, while x = 0.48 
material is found to have both cubic (L21) and orthorhombic four-layered (4O) structures. This is 
due to the fact that TM for the former alloys are well below the room temperature, while for x = 0.48 
alloy, TM is around room temperature and as a result it shows a mixture of cubic austenite and 
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orthorhombic martensite phases. For x = 0.52 alloy with TM well above room temperature, we only 
observe orthorhombic martensite phase in the x-ray diffraction pattern. 

 

 
The resistivity (ρ) of the samples was measured by standard four probe technique in the temperature 
(T) range between 5 and 460 K using both liquid nitrogen cryostat and a commercial closed cycle 
refrigerator. Magnetoresistance was measured using a cryogen free high magnetic field device from 
Cryogenic Ltd., UK. The magnetization (M) was measured by Quantum Design SQUID 
magnetometer (MPMS 6, Ever-cool model) and commercial cryogen free vibrating sample 
magnetometer from Cryogenic Ltd., UK in the temperature range 5-300 K. A homemade mutual 
induction type setup was used to measure the ac susceptibility (χ′ac) down to liquid nitrogen 
temperature. 

Results and Discussion 

Fig. 1 shows the ρ versus T data for different compositions for both cooling and heating sequences. 
All the samples show clear anomaly related to the martensitic transition (MT), which is associated 
with the thermal hysteresis. The martensitic start temperature, TM is indicated by an arrow in fig.1a 
for x = 0.40 sample only. We observe that TM is extremely sensitive with the composition of the 
alloy: for x changing from 0.36 to 0.52, TM changes from 110 K to 375 K. Apart from MT, a clear 
signature of change in slope due to paramagnetic (PM) to ferromagnetic (FM) transition is observed, 
which has been indicated by TC in fig 1a. 

In order to estimate TM and TC for wide range of compositions, we have used dc magnetization 
(M) and ac susceptibility data along with ρ(T) data. Fig. 2 shows the M versus T data for different 
samples up to maximum temperature of 300 K. The data have been recorded for both field-cooled 
cooling (FCC) and field-cooled heating (FCH) protocols in presence of 100 Oe of applied magnetic 
field (H). The MT is clearly identified by the characteristic thermal hysteresis and the corresponding 
T matches well with the anomaly in ρ(T). Since M(T) measurements are restricted to the maximum 
T of 300 K, the full thermal hysteresis due to MT is only visible for the x = 0.40 and 0.44 samples. 
A partial (minor) loop is seen for the 0.48 sample, while no loop is present for the x = 0.52 data as 
the MT for the sample is well above 300 K. This is supported by the observation of pure martensitic 
orthorhombic phase in the x-ray diffraction pattern at room temperature for that particular sample. 
 

Fig.1: Resistivity as a function of temperature for the Ni2Mn1+xSn1−x alloys. For each 
composition, both heating and cooling data are depicted in the plot. 
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If one looks carefully on the M(T) behaviour of x = 0.48 sample, a dip is observed within the 

region of MT. Similar dip has been observed in some other FSMAs within the region of MT [5, 12]. 
This has been interpreted due to the existence of two critical temperatures corresponding to the FM 
phases of martensite and austenite. It might happen in certain situations, particularly when TM is 
close to the TC of the austenite phase (TCA), the martensite TC (TCM) may separate out from TCA. 

We show χ′ac(T) data up to 400 K in fig. 3a for x = 0.48 sample. Two anomalies are clearly 
visible in the data, which are actually separated by the thermal hysteresis region of the MT. With 
decreasing T, the sample shows sharp rise in χ′ac around 330 K, which indicates the long range FM 
order in the austenite phase with TCA = 330 K. Further lowering in T results the MT, where χ′ac falls 
drastically. It again shows the peak like anomaly around 250 K, which can be identified as the TCM 
of the martensite phase. The resistivity data show multiple anomalies for the sample around the MT. 

In order to ascertain the true significance of TCA and TCM, we measured isothermal M versus H as 
shown in fig. 3b for x = 0.48 sample. We observe a clear non-monotonic change in the behaviour of 
the M-H curves with T. At 5 K, the sample shows FM behaviour with the highest saturation 
moment. Similar FM nature is seen at 307 K (below TCA but above TM) and 206 K (below TCM), 
although with reduced values of the saturation moment. However, the nature of the curve is 
completely different at 276 K, which is between TCM and TM. Here the moment is much lower than 
the other curves, and it does not show a rising part at low values of H. In addition, a strong field-
hysteresis is observed, which is not very apparent at other isotherms.  It suggests that the sample is 
not ferromagnetic at 276 K. The sample presumably orders ferromagnetically at TCA, loses its 
ferromagnetism below TM (becomes paramagnetic) and then again second ferromagnetic phase 
develops below TCM. This is an example of re-entrant ferromagnetism, and we observe two TC’s [5]. 
However, one should remember that at 276 K, the sample is in a metastable phase. The observed 
field hysteresis might indicate the field induced transition to an FM phase by the application of H. 
Considering the fact that Ni-Mn-Sn alloys show reverse structural transition (martensite to 
austenite) under H [9], the applied field at 276 K might cause regeneration of the austenitic FM 
phase. 
 

Fig.2: Magnetization (M) as a function of temperature for the Ni2Mn1+xSn1−x alloys recorded at 
an applied field of 100 Oe in FCH and FCC condition. 

Materials Science Forum Vol. 635 99



 

 
Now let us look at the magnetoresistance (MR = [ρ(H)- ρ(0)]/ ρ(0)) data recorded for different 

samples (see fig. 4). In fig. 4 we have shown MR of four samples, measured at T lying close to the 
centre of their respective MT region, where the MR is supposed to be highest. In practice the 
measurement temperatures were chosen to be the mean temperatures of the two end point of the 
thermal hysteresis loops in ρ(T). Clearly all the samples show very similar MR behaviour, although 
with different values of the absolute magnitude. The value of MR at the centre of the MT are -26%, 
-16%, -13%, -4% for x = 0.36, 0.40, 0.44 and 0.48 respectively for applied field of 50 kOe recorded 
on the heating cycle. The observed MR is found to be highly irreversible with respect to the applied 
field, and even if the field is removed, the samples do not return back to their virgin zero field value 
of ρ. This is a clear indication of field induced arrest around the martensitic type magneto-structural 
transition [9]. 

The noteworthy point in the present measurements is that the absolute magnitude of MR drops 
systematically with the increasing Mn concentration of the sample. The phase diagram for the 
Ni2Mn1+xSn1−x alloys are shown in fig. 5a. As evident, with increasing x (and hence Mn 
concentration) TM increases linearly, and simultaneously absolute magnitude of the MR varies 
almost linearly. In the phase diagram, two FM transition temperatures, TCA and TCM are shown for 
the samples. For x = 0.36 to 0.40, only one single TC is observed, and it is found to be almost 
independent of concentration. However, for x = 0.44 and 0.48 signature of two distinct TC’s are 
observed. The observation of two TC’s is due to the fact that FM phase becomes unstable in the 
martensite phase due to lower crystallographic symmetry and sample transforms into paramagnetic 
phase. As the temperature is further lowered, the FM phase wins over the thermal fluctuation and a 
second TC is observed. For x = 0.36 and x = 0.40 samples, TM is already low, and therefore the two 
FM phases may overlap. 

Fig.3: [a] Real part of ac susceptibility (χ′ac) is plotted as a function of temperature (T) at 343 
Hz of applied frequency of ac signal for x=0.48 sample. [b] Isothermal magnetization (M) is 
plotted as a function of applied magnetic field at different constant temperature for x=0.48 
sample. 
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The gradual change in TM with x is presumably related to the change in the ratio of electron 
concentration to the number of atoms (e/a ratio) as observed in Ni-Mn-Ga system of alloys [13]. 
The increasing e/a ratio with the increasing concentration is expected to bring structural instability 
and as a result TM will increase. The magnitude of MR, measured at the respective mid-point of the 
MT, decreases with x. This can naively be ascribed to the increase of TM with x, because MR is 
expected to decrease with T due to enhanced thermal fluctuations. However, the effect can be 
subtle, as addition of excess Mn at the Sn site actually aligns antiferromagnetically with original Mn 
atoms. The MR observed in Ni2Mn1+xSn1−x alloys is related to the field induced reverse transition 
[8], and increasing antiferromagnetic (AFM) correlation with x may alter the field-induced 
transition. A recent polarized neutron scattering investigations on Ni2Mn1+xZ1-x (Z = Sn, Sb) 
confirms the existence of AFM state in the otherwise FM alloys. [14] 

 
 

The existence of AFM correlations in Ni2Mn1+xSn1−x alloys is further supported by the variation 
of saturation moment (MSat), which has been obtained from isothermal magnetization measurement 
at 5 K up to 50 kOe of field. The value of Msat decreases linearly with x, indicating the existence of 
antiparallel spins arrangements in the system. 

Fig.5: [a] TM, TCA, TCM and [b] MR, Msat are plotted as a function of excess Mn concentration 
(here x) and also as a function of e/a ratio. 

Fig.4: Magnetoresistance is plotted as a function of temperature for x=0.36, 0.40, 0.44, 0.48, 
0.52 alloys at different constant temperature. 

Materials Science Forum Vol. 635 101



 

Conclusion 

We observe a systematic variation of the magnetic and transport properties of Ni2Mn1+xSn1−x alloys 
with x. For certain concentration, we observe re-entrant FM phase, which occurs across the MT in 
those samples. All the samples show very similar open ended MR versus H behaviour within the 
region of MT, which is closely connected to the irreversible nature of the field induced transition, 
reported earlier in various Ni-Mn-Z alloys [8, 9]. The present study strengthens the view of the role 
of electron concentration in determining the structural properties of the shape memory alloys. In 
addition, it once again indicates the existence of AFM correlations in the excess Mn doped alloys, 
which gives rise to fascinating effect like reentrant ferromagnetism and MR anomalies. 
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