
Special Section: 
 

CURRENT SCIENCE, VOL. 112, NO. 7, 10 APRIL 2017 1390 

*e-mail: chhayabrita@gmail.com 

Properties of magnetic shape memory alloys in  
martensitic phase 
 
Chhayabrita Maji* 
Department of Materials Science, Indian Association for the Cultivation of Science, 2A and 2B Raja S.C. Mullick Road, Jadavpur,  
Kolkata 700 032, India 
 

The Heusler alloys that exhibit reversible martensitic 
transition show multifunctional properties including 
magnetic shape memory effect. The properties of two 
kinds of magnetic shape memory alloys are studied, 
where magnetic field-induced strain is driven by  
two different mechanisms. The properties differ in 
martensitic phase with composition and thus they are 
studied in martensitic phase. The crystal structure (X-
ray diffraction), magnetic behaviour (SQUID), trans-
port analysis (four-probe method), magneto-transport 
trend (up to 8 T), magnetocaloric effect (around 
room-temperature), electronic structure (X-ray pho-
toelectron spectroscopy and ab initio calculation),  
surface characterization (ultraviolet photoelectron 
spectroscopy and inverse photoelectron spectroscopy) 
are discussed for the matensitic phase. Analysis of the 
properties reveals alloys with possible applicability at 
room temperature with low magnetic field. 
 
Keywords: Magnetoresistance, martensitic transition, 
shape memory alloys. 
 
THE shape memory alloys (SMAs) have emerged as smart 
advanced materials in the recent past due to wide applica-
tions in bioengineering1–8, aerospace1,9–11, robotics12–14, 
consumer products and industrial applications15–17, struc-
tures and composites18, automotive industry19–21, actuators 
and micro-electromechanical systems (MEMS)1,2,22–24, 
and in fashion25. The SMAs are capable of memorizing 
their original shape. They return to their original shape 
after removal of thermal and mechanical procedures. This 
is known as shape memory effect. The shape change is 
accompanied by structural changes. The structural change 
exists in two different phases – the high-temperature 
phase (austenite) and low temperature phase (martensite). 
The phase change is reversible and could be driven by 
temperature and mechanical load. Apart from temperature 
and load, the reversible phase transition is also triggered 
by magnetic field. Such SMAs are known as magnetic 
shape memory alloys (MSMAs). 
 The MSMAs consists of ternary, magnetic, intermetal-
lic Heusler alloys defined by the generic formula X2YZ 
with X = Ni, Co, Cu, Pd, etc. Y = Mn, Ti, Hf, Zr, etc. and 

Z = Ga, Al, Sn, In, Sb, etc. The MSMA austenite phase 
crystallizes in ordered L21 structure that can be consid-
ered as four interpenetrating f.c.c. sublattices with atoms 
at (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2), (3/4, 3/4, 3/4) 
locations respectively (Figure 1). When the temperature 
is decreased, they undergo martensitic transformation and 
acquire a number of structures. The martensitic phase 
could be weakly modulated with tetragonal or orthorhombic 
or monoclinic crystal structure. The martensitic transition 
(MT) is a first-order structural transformation. Due to 
first-order phase transformation, it shows hysteresis dur-
ing heating and cooling. The characteristic transformation 
temperatures are called austenitic start (AS), austenitic 
finish (AF) (during heating), and martensitic start (MS), 
martensitic finish (MF) (during cooling) (Figure 2). 
 The Heusler alloys are traditionally considered to be 
local moment systems26,27. The Mn-based (X2MnZ) alloys 
are the most studied system in Heusler alloys. The mag-
netic moment is mainly localized on Mn. The localized 
character of the magnetization results from the exclusion 
of minority spin electrons from the Mn 3d states. The 
magnetism arises due to the RKKY-type indirect  
exchange interaction. When the interaction is mediated 
by the X conduction electrons, the alloy is ferromagnetic 
and if it is mediated by the Z conduction electrons, it can 
have either sign depending on the position of the Fermi 
level (EF) in the Mn–Z p–d hybrid states. 
 The shape memory effect originates from magnetic 
field-induced strain (MFIS). There are different classes of 
materials in the Heusler alloy system, where MFIS is  
governed by two different mechanisms: (i) martensite  
variant reorientation as a result of magnetic field-induced 
twin boundary motion, and (ii) magnetic field-induced 
reverse phase transformation28. In the former mechanism, 
if the magnetocrystalline anisotropy energy (MAE) of a 
magnetic field-favoured martensite variant is larger than 
the energy required for twin boundary motion, then that 
variant will grow at the expense of others, resulting in a 
field-induced macroscopic shape change. Few examples 
are Ni–Mn–Ga, Ni–Co–Al, Ni–Fe–Ga, Ni–Co–Ga, etc.29. 
The MAE is limited by the saturation magnetic field, 
above which it does not increase with the field. So actua-
tion stress level is also limited by the field. The MAE is 
also crystal orientation-dependent. The field-induced  
variant reorientation mechanism is limited to single  
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crystals. Thus, the high cost of single crystals and low ac-
tuation stress levels restrict the potential applications of 
these MSMAs. 
 The second mechanism for MFIS involves the Zeeman 
energy (ZE) difference between the parent and martensitic 
phase. The ZE is crystal orientation-independent. In this 
case, MAE of the martensitic phase is very less or negli-
gible. The ZE difference is not saturated with the field. 
So large actuation stress level (up to 200 MPa) with the 
MFIS is obtained in the polycrystals28. The MFIS could 
be maximized by maximizing the ZE difference. The ZE 
difference is maximized by increasing the difference  
between the saturation magnetization of both phases. 
When a ferromagnetic phase transforms to a paramag-
netic or antiferromagnetic phase, or vice-versa, the ZE 
difference is increased. Off-stoichiometric Ni–Mn–Sn, 
 
 

 
 

Figure 1. The L21 crystal structure of Heusler alloys (figure repro-
duced from http://www.nims.go.jp/mmu/tutorials/halfmetal.html). 

 
 

 
 

Figure 2. Schematic of martensitic transformation (figure reproduced 
from http://memry.com/nitinol-iq/nitinol-fundamentals/transformation-
temperatures). 

Ni–Mn–In, Ni–Mn–Sb and Ni–Co–Mn–In are the promis-
ing materials for this mechanism, in which ferromagnetic 
austenite transforms to the non-magnetic (para or anti-
ferro) martensitic phase28. 
 In austenitic phase the behaviour of both kinds of 
MSMAs is similar. They crystallize into L21 cubic struc-
ture30–32. The austenitic phase is predominantly ferro-
magnetic30,31,33. The transport behaviour is metallic30,34,35. 
The negative magnetoresistance (MR) is obtained with 
similar values (around 5%)30–33. The magnetocaloric  
effect is not obtained in the austenitic phase. Further, the 
electronic structure is also similar in the autenitic 
phase36–38. In this article the properties of both kinds of 
MSMAs are studied in the martensitic phase. The proper-
ties of the martensitic phase are highly composition-
dependent. For the first kind of MSMA, Ni2+xMn1–xGa 
polycrystals are studied. For the second kind of MSMA, 
Ni2Mn1+xSn1–x, Ni2 Mn1+xIn1–x, Ni1.8Co0.2Mn1+xIn1–x poly-
crystalline Heusler alloys are studied. The crystal structure, 
magnetic behaviour, transport analysis, magneto-trans-
port trend, magnetocaloric effect (MCE) and electronic 
structure are discussed for the matensitic phase. 

Experimental and theoretical methods 

The polycrystalline ingots of Heusler alloys are prepared 
by arc-melting appropriate amount of high purity 
(99.99%) constituent elements under argon atmosphere, 
which are annealed at various temperatures (composition-
dependent) with subsequent quenching to ice water30,31,33. 
The actual composition is obtained by averaging the en-
ergy-dispersive X-ray analysis from different parts of the 
alloy. The actual composition is within 1% of the in-
tended composition. The homogeneity in different parts 
of the sample is within 3%. The structural and magnetic 
transition temperatures are determined by differential 
scanning calorimetry (DSC). The values of the transition 
temperatures are tabulated for Ni2+xMn1–xGa (Table 1)30, 
Ni2Mn1+xIn1–x (Table 2)35 and Ni–Co–Mn–In (Table 3)39. 
Figure 3 shows the phase diagram for characteristic tran-
sition temperatures of Ni2Mn1+xSn1–x. 
 The room-temperature X-ray diffraction (XRD) is done 
using CuK radiation. The Rietveld refinement and  
LeBail fitting are performed to determine the crystal 
structure and lattice parameter. The zero-field-cooled 
(ZFC) and field-cooled (FC) thermomagnetization at 
0.05 T was measured in the temperature range 
5  T  300 K using superconducting quantum interfer-
ence device from Quantum Design. The MR measure-
ments were carried out by standard four-probe technique 
using a home-made resistivity set-up with superconduct-
ing magnet system (Oxford Instruments Inc., UK). The 
magnetic field (maximum 0H = 8 T) was applied parallel 
to current flow direction. The photoemission spectra  
were recorded using monochromatic AlK (1486.6 eV)  
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radiation (for Ni2Mn1+xSn1–x) and non-monochromatic 
MnK (for Ni2+xMn1–xGa) at an operating pressure of 1  
10–10 mbar. The electron detection was carried out using 
Gammadata Scienta analyzer R4000 (for Ni2Mn1+xSn1–x) 
and an electron energy analyser of Specs GmbH (for 
Ni2+xMn1–xGa). The energy resolution was 0.44 eV and 
1 eV respectively. The ultraviolet photoelectron spectros-
copy (UPS) is performed using He I radiation. The en-
ergy resolution is 120 meV. Inverse photoelectron 
spectroscopy (IPES) in the isochromat mode was per-
formed using an electron source (Stoffel Johnson) and a 
CaF/acetone photon detector. The total energy resolution 
was about 0.5 eV. 
 The ab initio relativistic spin-polarized FPLAPW cal-
culations were performed using the WIEN97 code with 
the generalized gradient approximation for exchange cor-
relation for Ni2+xMn1–xGa (ref. 36). The ab initio elec-
tronic structure calculations for Ni2Mn1+xSn1–x were 
carried out using the PAW method as implemented in the 
VASP code within GGA for the exchange correlation 
functional40. A supercell consisting of 5  5  1 primitive 
cells of the L21 crystal structure was considered to calcu-
late the behaviour of excess Mn substitution at Sn sites41. 
The IPES spectra were calculated using the Korringa–
Kohn–Rostoker method38. 

Martensitic crystal structure 

The martensitic phase crystal structure depends on the 
composition. The martensitic crystal structure is tetrago-
nal with Fmmm space group for Ni2+xMn1–xGa (Figure 4; 
a = b = 5.469 Å and c = 6.517 Å). Ni1.8Co0.2Mn1+xIn1–x  
 
 
Table 1. Characteristic transition temperatures of Ni2+xMn1–xGa found  
 using DSC 

Composition Ms (K) Ms (K) As (K) Af (K) 
 

Ni2MnGa 207 182 212 223 
Ni2.2Mn0.8Ga 350 329 360 378 

 
 
Table 2. Structural and magnetic transition temperatures of  
 Ni2Mn1+xIn1–x obtained from DSC 

x Ms (K) Mf (K) As (K) Af (K) a
cT  (K) 

 

0.32     312 
0.36 258 201 215 266 314 
0.42 391 369 374 394 
0.48 457 437 444 466 

 
 
Table 3. Structural and magnetic transition temperatures of  
  Ni–Co–Mn–In obtained from DSC 

Sample Ms (K) Mf (K) As (K) Af (K) a
cT  (K) 

 

NCMI1 346 317 329 359 390 
NCMI2 335 292 312 349 397 

has a similar tetragonal martensitic crystal structure 
(space group Fmmm) as shown in Figure 5 for 
Ni1.8Co0.2Mn1.47In0.53 (a = b = 5.59 Å, c = 6.8 Å). Whereas 
the Ni2Mn1+xIn1x composition without Co doping undergoes 
structural change to monoclinic structure (10 M 
 
 

 
 

Figure 3. Phase diagram of Ni2Mn1+xSn1–x alloys obtained from DSC, 
magnetization and resistivity measurements. 
 

 
 

Figure 4. Room temperature XRD pattern of Ni2+xMn1–xGa with Riet-
veld fitting and residue. The martensitic phase has single-phase tetra-
gonal structure30. 

 

 
 

Figure 5. Martensitic-phase tetragonal crystal structure of 
Ni1.8Co0.2Mn1.47In0.53 with fitting and residue39. 
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modulated with space group P2/m). Figure 6 b shows  
the monoclinic structure with β = 89.06, a = 4.42 Å, 
b = 5.54 Å and c = 22.05 Å. The replacement of In by Sn, 
i.e. Ni2Mn1+xSn1–x, results in orthorhombic structure in 
the martensitic phase with Pmma space group. Interest-
ingly, the orthorhombic structure consists of two phases, 
namely 14-layered (14L) and four-layered (4L). Figure 
6 a shows the combined fitted 4L and 14L orthorhombic  
 
 

 
 

Figure 6. Room temperature XRD pattern with fitting and residue of 
(a) Ni2Mn1+xSn1–x and (b) Ni2Mn1+xIn1–x. 

 
 

 
 

Figure 7. Magnetization behaviour of Ni2MnGa (ref. 30). 

phases for Ni2Mn1.48Sn0.52 (14L: a = 4.26 Å, b = 28.86 Å, 
c = 5.54 Å and 4L: a = 4.32 Å, b = 5.78 Å, c = 8.70 Å). 
 The ab initio calcuation40 for Ni2Mn1+xSn1–x shows that 
with increase in Mn2 concentration, the Ni atoms move 
towards both Mn1 and Mn2. The resultant movement is 
along a lattice parameter. The movement of the Ni atoms 
is away from the Sn atoms. The Ni atoms moving away 
from the Sn atoms results in reduced repulsion felt by the 
electrons on Ni from lone pair on Sn. Hence the energy of 
the system is lowered and structural transition occurs  
for Ni2Mn1+xSn1–x. The lone pair electrons is also present 
in In. So, the mechanism proposed should be valid for the 
In system as well. However, the bond length between  
Ni–In, Ni–Sn and Co–In would be different which may 
give rise to different crystal structure of the martensitic 
phase. 

Magnetic behaviour 

The martensitic phase of Ni2+xMn1–xGa has a ferromag-
netic ground state30. Figure 7 shows the thermo-
magnetization behaviour of Ni2MnGa. The sudden  
decrease in the magnetization upon martensitic transition 
reveals that although the ground state is ferromagnetic, 
the magnetic moment of the martensitic phase is less than 
the austenite phase. The temperature hysteresis is clearly 
observable at the first-order martensitic transition. A 
small dip is observed around the pre-martensitic transi-
tion, which occurs due to phonon softening. Unlike 
Ni2+xMn1–xGa, Ni2Mn1+xIn1–x, Ni1.8Co0.2Mn1+xIn1–x and 
Ni2Mn1+xSn1–x have mixed magnetic (ferro and antiferro) 
ground state31,33. The antiferromagnetic coupling occurs 
between Mn at Mn site (Mn1) and Mn at Sn (In) site 
(Mn2)41. Figure 8 shows a typical magnetization behav-
iour of Ni2Mn1+xIn1–x. The splitting between ZFC and FC 
below the structural transition temperatures MF and AS 
indicates the presence of magnetically inhomogeneous 
phase and competition between them. The blocking of the 
martensitic phase is observed at 14 T magnetic field. The 
 
 

 
 

Figure 8. Magnetization behaviour of Ni2Mn1.36In0.64 (ref. 33). 
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Co doping in Ni–Mn–In alloys further increases the mag-
netic moment and the martensitic transition occurs above 
room temperature (Figure 9). The huge change in  
the magnetization at the martensitic transition with the 
applied magnetic field in Ni–Co–Mn–In alloys gives  
the large inverse MCE (ref. 39). 
 The Ni–Mn–Sn alloys have less magnetic moment 
(Figure 10) compared to Ni–Mn–In alloys in the autenitic 
phase. In the austenitic phase of Ni–Mn–In alloys Mn1 
and Mn2 atoms have ferromagnetic coupling, while in the 
Ni–Mn–Sn alloys Mn1 and Mn2 atoms have weak anti-
ferromagnetic coupling. This difference might be related 
with the larger atomic size of In than Sn, and higher  
lattice parameter of Ni–Mn–In alloys compared to  
Ni–Mn–Sn alloys. A weak antiferromagnetic coupling 
(Jij = –10 meV) between Mn1 and Mn2 is present in the 
austenitic phase of Ni2Mn1+xSn1–x (ref. 42). The anti-
ferromagnetic exchange interaction is enhanced by a  
decrease in the Mn1–Mn2 distance upon the martensitic 
transition due to change in the lattice parameter. The anti-
ferromagnetic exchange (Ji j = –30 meV) between Mn1 
 
 

 
 

Figure 9. Magnetization behaviour of Ni1.81Co0.22Mn1.450.52. 
 
 

 
 

Figure 10. Magnetization behaviour of Ni2Mn1.4Sn0.6 (ref. 31). 

and Mn2 is enhanced in the martensitic phase42. Thus the 
magnetic ground state in the martensitic phase has both 
ferromagnetic (Mn1–Mn1) and antiferromagnetic (Mn1–
Mn2) spin alignment. The step-like anomaly in ZFC 
(marked as T*) is due to the drop in magnetization arising 
from the competition between ferromagnetic and anti-
ferromagnetic interaction. The exchange bias phenome-
non is reported below T* temperature43,44. The competing 
magnetic interactions lead to spin freezing and re-entrant 
spin glass-like behaviour at the low-temperature marten-
sitic phase43. 
 Figure 11 a shows the isothermal magnetization at 
80 K for 0.40  x  0.52. It clearly reveals that the satura-
tion magnetization decreases with increasing Mn2 (x) 
concentration. Figure 11 b shows the total magnetic  
moment per formula unit (m) and the coercivity of 
Ni2Mn1+xSn1–x at 80 K as a function of x. The magnetic 
moment linearly decreases with increasing x, while 
 
 

 
 

Figure 11. a, Isothermal magnetization curve at 80 K for 
Ni2Mn1+xSn1–x. b, Magnetic moment per formula unit (m) and coerci-
vity of Ni2Mn1+xSn1–x at 80 K as a function of x. 

 
 

 
 

Figure 12. Different contributions to resistivity (phonon, magnetic and 
disorder) deduced by fitting the experimental data with eq. (1) for 
Ni2Mn1+xSn1–x under (a–d) ZFC (0 T) and (e–h) FC (7 T)34. 
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Table 4. The parameters obtained for Ni2Mn1+xSn1–x from least square fitting of ZFC resistivity behaviour by eq. (1)34 

  0  B  10−4 C  10–5  D  10–2 
x  (-cm) A (-cm) (-cm/K2) (-cm/K5/2) D (K) (-cm/K1/2) 
 

0.40 137 26.44  1.28 11.6  0.7 14.9  3.2 251  4 9.1  0.5 
0.44 155 19.62  0.79 11.1  0.3 12.4  0.4 253  4 12.7  0.2 
0.48 256 28.53  3.11 21.3  1.1 24.5  1.4 260  10 29.0  0.9 
0.52 251 15.57  2.98 23.7  0.7 25.6  0.9 284  19 26.5  0.5 

 
 
 

Table 5. The parameters obtained for Ni2Mn1+xSn1–x from least square fitting of FC resistivity behaviour by eq. (1)34 

 0  B  10−4 C  10–5  D  10–2 
x  (-cm) A (-cm) (-cm/K2) (-cm/K5/2) D (K) (-cm/K1/2) 
 

0.40 136 20.4  0.4 11.4  1.2 13.5  1.2 253  2 8.6  0.4 
0.44 153 13.7  0.2 8.9  0.7 8.7  1.2 253  2 11.3  0.2 
0.48 253 23.8  0.5 20.8  1.7 23.3  1.2 260  3 28.4  0.8 
0.52 248 16.5  0.1 21.0  0.5 24.0  1.2 283  2 25.7  0.5 

 
 
 
coercivity increases with increasing x. At 80 K all the 
compositions are in martensitic phase; thus a decrease in 
the magnetic moment with increasing x confirms the 
presence of strong antiferromagnetic coupling between 
Mn1 and Mn2 atoms in the martensitic phase. The coerciv-
ity in the martensitic phase might be due to spin pinning 
or domain wall pinning caused by the antiferromagnetic 
spins. As the antiferromagnetic spins increase with in-
creasing Mn2 (x), pinning also increases, which results in 
increase of coercivity45. 

Transport analysis 

The electrical resistivity in ideal Heusler alloys (X2YZ) 
arises from two main sources, scattering of electrons by 
lattice vibrations and scattering from the interaction with 
the spin system46. The transport property of Ni2MnGa is 
dominated by electron–magnon and electron–phonon 
scattering47. The resistivity behaviour of Ni2+xMn1–xGa is 
metallic with sudden increase in resistivity at the marten-
sitic transition (see Biswas et al.30, figure 1 a). 
 The very basic property of electrical resistivity in met-
als is modified by the presence of disorder in the crystal-
line system. In the off-stoichiometric Heusler alloys, 
martensitic transformation and disorder effects (site and 
magnetic) significantly modify the electrical resistiv-
ity48,49. The martensitic transition enhances the structural 
and magnetic disorder in the system. Unlike Ni2+x 
Mn1–xGa, the second kind of Heusler alloys exhibits low 
temperature anomaly as shown in Figure 12 for 
Ni2Mn1+xSn1–x. The contribution from different scattering 
mechanisms which are responsible for anomalous resis-
tivity behaviour at low temperature in the martensitic 
phase has been estimated through experimental data fit-
ting by eq. (1). 
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where 0 is the residual resistivity due to scattering of 
electrons by defects and impurities that are temperature-
independent, A the measure of electron scattering by pho-
nons, B and C the measure of diffusive spin excitation, 
and D represents the localized states and electron–
electron interaction. From the least square fitting by eq. 
(1), the individual contributions to the total resistivity are 
plotted (Figure 12). Tables 4 (ZFC) and 5 (FC) summa-
rizes the fitting coefficients. 
 The magnetic disorder scattering contribution is maxi-
mum and increases with Mn2 concentration. The BT2 − 
CT5/2 variation in Tables 4 and 5 confirms the spin-
freezing state in the martensitic phase where impurity 
spins (Mn2) are short-range antiferromagnetically cou-
pled to Mn1. The scattering of electrons by phonons is in-
fluenced by coexistence of two martensitic structural 
phases. The Debye temperature (D in Tables 4 and 5) for 
x = 0.40–0.48 increases with increasing Mn2 concentra-
tion. The resistivity behaviour with applied magnetic 
field implies strong interplay of structural and magnetic 
states in the martensite phase. The electron–electron  
interaction with localized states also exists. The T  
variation of the low-temperature resistivity anomaly pre-
dicts the coexistence of extended and localized states. 
Further, the application of magnetic field reduces the 
phase coherence resulting in decrease in the magnitude of 
D in the FC condition. 
 Similar to Ni–Mn–Sn alloys, the Ni–Mn–In alloys  
display resistivity minima at low temperature as shown in 
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Figure 13 a and b for 0 and 7 T respectively. Unlike 
Ni2Mn1+xSn1–x, under 7 T magnetic field, resistivity upturn 
disappears for the composition x = 0.36 and resistivity 
behaviour is almost similar to the composition x = 0.32. 
This is due to the fact that under 7 T magnetic field at 
5 K, only a small fraction (10%) of the martensitic phase 
is present. The presence of large austenitic phase fraction 
(90%) enhances the structural and magnetic order. The 
disappearance of resistivity minima with magnetic field is 
not observed for Co-doped Ni2Mn1+xIn1–x (Figure 14). 
 The large value of D (84.2  0.6  10−2 -cm/K1/2) 
for Co-doped Ni2Mn1+xIn1–x compared to that for Ni–Mn–
Sn (9.1  0.5  10−2 -cm/K1/2) and Ni–Mn–In (11.3  
0.3  10−2 -cm/K1/2) alloys implies that these alloys 
have higher structural and magnetic disorder. This might 
be the influence of quenched atomic disorder. 

Magneto-transport trend 

The MR in the Ni–Mn-based Heusler alloys has attracted 
attention of researchers since 2005, after Biswas et al.30 
 

 
 

Figure 13. Resistivity () divided by resistivity minimum (min) as a 
function of temperature under 0 T and 7 T for Ni2Mn1+xIn1–x (ref. 35). 

 
 

 
 

Figure 14. Resistivity () divided by resistivity minimum (min) as a 
function of temperature for NCMI1 and NCMI2 under (a) 0 T and (b) 
7 T. 

reported –5% MR at room-temperature in ferromagnetic 
shape memory alloy Ni2+xMn1–xGa. The MR is found to 
increase with x. While MR for x = 0 varies almost linearly 
in the austenitic and pre-martensitic phases, in the  
martensitic phase it shows a cusp-like shape (Figure 15). 
This has been explained by the changes in twin and  
domain structures in the martensitic phase30. 
 The large MR is observed across the martensitic trans-
formation of Ni–Mn–Sn, Ni–Mn–In and Ni–Co–Mn–In 
alloys. The large MR of –36% and –81% within the mart-
ensitic transition temperature range is observed in 
Ni2Mn1.4Sn0.6 (Figure 16) and Ni2Mn1.36In0.64 (Figure 
17 a) respectively. The large MR is due to the magnetic 
field-induced reverse phase transformation which is be-
cause of spin alignment in ferromagnetic state favouring 
L21 lattice of austenitic phase through spin lattice cou-
pling. The large difference in the FC and ZFC MR is obser-
ved in the martensitic phase of Ni2Mn1.36In0.64 (Figure  
 
 

 
 

Figure 15. MR of Ni2+xMn1–xGa (x = 0, 0.1 and 0.2) in the martensitic 
phase. Arrows indicate the points of inflection. The curves for x = 0.1 
and x = 0.2 are staggered by –0.5% and –1.5% respectively, for clarity 
of presentation30. 
 
 

 
 

Figure 16. MR as a function of temperature at 7 T for x = 0.40 and 
x = 0.44 (Ni2Mn1+xSn1–x) during cooling (open symbol) and heating 
(filled symbol)31. 
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17). With FC and ZFC at 5 K, the maximum MR is –79% 
and –3.1% respectively at 7 T (Figure 17 b). The large 
MR with FC is because of the austenitic phase that has 
structural and magnetic ordering. Whereas with ZFC the 
MR is small. This is because the martensitic phase is pre-
sent where magnetization rotation within twin and reduc-
tion of twin boundary scattering occur. This large  
 
 

 
 

Figure 17. For x = 0.36 (Ni2Mn1+xIn1–x), (a) FC (open symbol) and 
FH (filled symbol) MR as a function of temperature at different fields 
and (b) ZFC MR at 5 K (ref. 33). 

 
 

 
 

Figure 18. FC MR as a function of temperature for Ni1.81Co0.22- 
Mn1.45In0.52. 

difference in FC and ZFC MR of Ni–Mn–In makes the 
system flexible for application. This is not achieved  
in Ni–Mn–Sn. Although large MR (–81%) is obtained in 
Ni–Mn–In alloy, it is achieved much below room tem-
perature (115 K). Co doping at Ni site in Ni–Mn–In alloy 
exhibits large negative MR (–70%) at room temperature 
(Figure 18). Thus Ni–Co–Mn–In alloys are a more prom-
ising candidate for room-temperature applications. 
 
 

 
 

Figure 19. Entropy change Sm for Ni1.81Co0.22Mn1.46In0.51 during (a) 
cooling, (b) heating39. 

 

 

 
 

Figure 20. Experimental and calculated valence band spectra of 
Ni2MnGa in the martensitic phase. Contributions from Ni and Mn 3d 
states to the calculated spectrum are shown36. 
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Magnetocaloric effect 

The application of magnetic field in the vicinity of the 
martensitic transition results in large MCE effect in  
Ni–Mn–Ga alloys. When structural and magnetic transi-
tion temperatures are near to other, the MCE is maxi-
mum. The inverse MCE is also observed in near 
stoichiometric compositions of Ni–Mn–Ga. However, in-
verse MCE vanishes at high magnetic field50. The magni-
tude of inverse MCE (Sm) is 20 J/kg K at 300 K for 5 T 
applied field in Ni–Mn–Sn alloys51. Although the magni-
tude of MCE is comparable to existing giant MCE mate-
rials, the magnetic field required is very high. For  
Ni–Mn–In, the Sm = 12 J/kg K around 235 K with 5 T 
applied magnetic field52. Thus, the challenge is to obtain 
similar magnitude of inverse MCE near room temperature 
with minimum applied magnetic field. Thus, the MCE in 
Ni–Co–Mn–In alloys is studied at low magnetic field, 
across the first-order magneto-structural transition.  
Co-doping at Ni site induces the large magnetic entropy 
change above room temperature. The large Sm of 
11 J/kg K is observed for Ni1.81Co0.22Mn1.46In0.51 alloy at 
337 K with an applied field of 1.5 T (Figure 19). The 
atomic disorder is known to significantly increase the 
peak value of Sm and decrease the peak width39. The  
refrigeration capacity is almost unchanged with atomic 
disorder39. The peak value Sm can be maximized by in-
ducing more atomic disorder in the system. However, 
TRC of the disordered system decreases compared to  
the ordered system. Thus, depending on the requirement, 
the ordered and disordered systems could be utilized for 
magnetic refrigeration. 

Electronic structure 

All the above-mentioned properties are closely related to 
density of states near Fermi energy. Thus, understanding 
of electronic structure is required to design the possible 
modifications for a particular application. A detailed study 
of Ni-doped Ni2+xMn1–xGa shows that the valance band 
(VB) spectra are dominated by the Ni 3d–Mn 3d states 
and are in good agreement with theory (Figure 20)36. The 
XPS difference spectrum between x = 0 and x = 0.2 
shows a feature at 0.6 eV that is in good agreement with 
the Ni metal 3d states. The experimental UPS difference 
spectrum between x = 0.2 and x = 0 (Figure 21) also 
shows extra states in the former around 0.65 eV. These 
extra states are related to bonding between doped Ni at 
Mn position and Ni atoms at Ni position. The Ga 4s, p 
states are observed at 7.7 eV BE (Biswas53; figure 7.13). 
 A satellite feature is observed in Ni 2p core level, 
whose origin is similar to that in Ni metal. It is found that 
the band width (W = 5.3 eV) is smaller than the core 
hole–3d Coulomb interaction (Udc = 5.9 eV), which is the 
reason for the appearance of the satellite feature. The Mn 

3s exchange splitting decreases with x, which indicates 
decrease in Mn magnetic moment with Ni doping54. 
 The Mn substitution at Sn site does not affect Ni core-
level states in Ni–Mn–Sn. The Mn core-level states undergo 
BE shift due to change in local environment (Figure 22). 
The local Mn moment also increases with increase in Mn 
concentration55. The Sn core level is also unaffected by Mn  
 

 
 

Figure 21. UPS spectra of Ni2+xMn1–xGa in the martensitic phase. The 
spectra have been normalized to the same height. The experimental dif-
ference spectrum between x = 0.2 and x = 0 is compared with the calcu-
lated difference spectrum between x = 0.25 and x = 0 (ref. 36). 

 
 

 
 

Figure 22. Mn 3s spectra of Ni2Mn1+xSn1–x in the martensitic phase. 
The spectra are recorded with 1486.6 eV photon energy at 10 K (ref. 
55). 
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substitution. The band width of VB as a function of Mn2 
concentration remains the same. The number of holes in 
Ni–Mn–Sn compared to that for Ni metal is less. The ef-
fect of Ni 3d–Mn 3d state hybridization is manifested 
through Ni satellite55. The martensitic transformation in 
Ni2Mn1+xSn1–x alloys has been studied within ab initio 
DFT40. The martensitic transformation is obtained for 
x = 0.375, which is in good agreement with the experi-
mental value of x = 0.36. The relative on-site energies of 
Ni d states are very less in cubic and fully relaxed te-
tragonal structure of Ni2Mn1.5Sn0.5. This implies that the 
Jahn–Teller effect could not be the driving force for the 
martensitic transition as predicted for these systems.  
Also, the Ni–Mn hybridization alone is not responsible 
for martensitic transition. The presence of Sn lone pair 
effect on Ni makes the cubic structure unstable and trig-
gers the structural transformation in Ni–Mn–Sn systems. 
 The trend of site occupation of Co at Ni sites of 
Ni2MnIn system is also studied in the austenitic phase by 
ab initio DFT calculation. The Co atoms prefer to be at 
Ni site rather than at Mn site. The Co spin is ferromageti-
cally coupled with that of Ni and Mn. The martensitic 
ground state has tetragonal structure for Ni1.5Co0.5MnIn 
and Ni1.25Co0.75MnIn. The doped Co tends to form a clus-
ter rather than random distribution Co (ref. 56). 
 Further, the trend of site occupation of Mn at Sn sites 
of Ni2Mn1+xSn1–x systems is studied in the austenitic 
phase by ab initio DFT calculation. The excess Mn ran-
domly occupies the Sn site instead of forming a cluster. 
The Mn1 is antiferomagnetically coupled with Mn2. The 
martensitic phase stabilizes with orthorhombic structure 
(Pal et al.41; figure 1). 

Surface characterization 

For device application of Heusler alloys, thin films are 
required. Since the properties of MSMA are composition-
dependent, proper chracterization of the surface is also 
required that could lead to possible mechanisms of han-
dling thin films. For this purpose, a clean Ni2.1Mn0.9Ga sur-
face with bulk composition is obtained by sputtering and 
annealing. The surface becomes Ni-rich by sputtering. By 
annealing the sputtered surface, the bulk composition 
could be regained. The annealing compensates Mn loss 
due to sputtering. Figure 23 shows the effect of annealing 
on composition of sputtered surface. The bulk composi-
tion is obtained at 390C annealing temperature. Simi-
larly, the surface of nearly stoichiometric Ni–Mn–Sn and 
Ni–Mn–In surface after sputtering and annealing is stud-
ied by inverse photoemission and photoemission spec-
troscopy. The annealing of sputtered surface at about 580 
and 500–700 K is enough to produce stoichiometric com-
position of Ni–Mn–Sn and Ni–Mn–In respectively38. The 
spectral shapes of Ni–Mn–In and Ni–Mn–Sn are quiet 
similar (compare Figure 24 and figure 4 of Maniraj et 

al.38). The dominant feature in experimental and calcu-
lated IPES is related to the Mn 3d-like state (Figure 24). 
The Ni 3d and Mn 3d states contribute near the Fermi 
edge. The peak position in the calculated spectra of  
Ni–Mn–In (shown by an arrow in figure 4 of Maniraj et 
al.38) is around 1.2 eV above EF. Whereas that for  
Ni–Mn–Sn is around 1 eV above EF (Figure 24). The dif-
ference in peak position between Ni2MnIn and Ni2MnSn 
could be related to rigid band effect. The outer shell con-
guration of In is 5s25p1 and that of Sn is 5s25p2. Thus, the 
extra 5p electron in the valence band of Sn causes a shift 
of EF. Moreover, the calculated IPES spectra of Ni2MnSn 
(Figure 24) and Ni2MnIn also exhibit similar features 
with similar shift (figure 4 of Maniraj et al.38). This conrms 
that the difference in peak position between Ni2MnIn and 
Ni2MnSn is due to the rigid band shift. 
 
 

 
 

Figure 23. Ni : Mn ratio as a function of annealing temperature fitted 
by a straight line. Arrow shows the temperature where the bulk compo-
sition is restored57. 

 
 

 
 

Figure 24. IPES spectra measured at room-temperature for different 
surface compositions of Ni–Mn–Sn as indicated by the Mn : Ni ratio. 
The convoluted total density of states and partial density of states are 
also shown38. 
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Figure 25. He I UPS valence band spectra measured for different sur-
face compositions of Ni–Mn–Sn and Ni–Mn–In as indicated by the 
Mn : Ni ratio. The calculated valence band for Ni2MnSn and Ni2MnIn, 
and Ni 3d and Mn 3d contributions to the calculated valence band are 
also shown38. 
 
 
 The experimentally obtained UPS valence band spectra 
could very well be explained by the theoretically obtained 
spectra (Figure 25). The calculated partial density of 
states shows that the UPS valence band is dominated by 
Ni 3d states for both Ni2MnSn and Ni2MnIn (Figure 25). 
The Mn 3d states are observed near the Ni 3d states. 
Thus, the main feature of VB arises due to Ni 3d–Mn 3d 
hybridized states. This is realized in the composition-
dependent spectra of NiMnSn. The peak broading and  
increase in intensity at about 0.4 eV are observed with 
decreasing Mn : Ni ratio. Further, the spectral weight in 
the vicinity of EF increases with decreasing Mn : Ni ratio. 
This is due to change in Ni 3d and Mn 3d state hybridiza-
tion (Figure 25). 

Conclusion 

The two types of MSMAs were analysed to improve the 
possibility of applications. It is revealed that the second 
kind of Heusler alloy, where MFIS is driven by magnetic 
field induced reverse phase transition, is suitable for 
magnetic refrigeration and sensors. The Co-doping at the 
Ni site in Ni–Mn–In alloy makes the applicability at 
room temperature possible. The applications are possible 
with polycrystalline alloys, unlike Ni2MnGa. The disor-

der in the second kind of MSMA is, mainly, magnetic in 
nature due to substitution of Sn by Mn. This disorder  
induces anti-ferromagnetic coupling. Thus, ferro and anti-
ferromagnetic coupling co-exist. Further, the structural 
disorder leads to spin-glass like state in the second kind 
of MSMA. The Ni 3d–Mn 3d hybridization occurs for 
both the kinds of MSMA. However, lone pair of Sn 
mainly drives martensitic transition in Ni–Mn–Sn. The 
surface of Ni–Mn–Ga could be prepared by sputtering 
and annealing. However, the second kind of MSMA  
surface stabilizes around stoichiometric composition. The 
shift of EF in Ni–Mn–In is due to rigid band shift. It is 
suggested that properties of the second kind of MSMA 
could be improved by suitable doping. This creates fur-
ther interest in exploring the second kind of MSMA. 
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