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We have replaced Al partially with Sb and Sn in Ni–Mn–Al systems and investigated its effect on magnetism, entropy change and magnetoresistance in the vicinity of martensitic transformation. Both the
samples had identical lattice parameters and Mn contents, which are mostly responsible for magnetism
in these systems, yet there were marked changes in magnetic and functional properties of these systems.
It was found that the magnetization increased in Sb alloy, while entropy change and magnetoresistance
decreased as compared to Sn alloy. These changes are attributed to the change in antiferromagnetic
interaction as a result of variation in the Ni d–Mn d hybridization arising due to presence of different sp
elements.

1. Introduction
The multifunctional properties such as large magnetocaloric
effect (MCE), giant magnetoresistance (MR) and large magnetic
ﬁeld induced strain obtained in Ni2Mn–X (X ¼Sn, Sb, In) Heusler
alloys showing magnetic shape memory effect has attracted great
attention in recent decade [1–3]. Large values of these properties
are usually obtained in the vicinity of structural transformation
temperature, where they are driven by large difference in the
Zeeman energy of austenitic and martensitic phase [4].
The Ni–Mn–Al system has better mechanical properties than
Ni2Mn–X system, but this system tends to stabilize into anti-ferromagnetic (AFM) disordered B2 phase upon quenching form high
temperature, whereas Ni–Mn–X system in general stabilizes into
ordered L21 phase in which interaction is predominantly ferromagnetic (FM). The presence of B2 structure in austenitic phase
reduces the functional capabilities of these alloys [5,6]. Previous
work has shown that it is possible to obtain lager functional capabilities in the Ni–Mn–Al system by replacing Al with X element
and giving proper heat treatment [7,8]. The presence of X element
stabilizes the L21 phase in the system and with proper heat
treatment L21 fraction can be further increased [9,10]. Sn and Sb
based system display least change in martensitic transformation
temperature with variation in X concentration [11]. Thus these two
n
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systems were selected for the substitution give us better control
over the transformation temperature. We studied how properties
such as magnetism, MC and MR get affected and thus tried to
determine which system is better suited for the substitution. Such
substitution further becomes interesting because of the fact that
upon substitution of X with an element of smaller radii, structural
transformation temperature of the system increases. This increase
occurs even though the e/a ratio system decreases, as the compression of lattice parameter creates internal pressure, thus offering a way to control the transformation temperature [12].
The main contribution to magnetism in Ni–Mn–X FSMA alloys
comes from the interaction between the Mn atoms. The interaction is sensitive to the distance that is predominantly FM in austenitic phase (L21) and is competing AFM/FM in martensitic phase
[13]. Recent experimental and theoretical work on Ni2Mn–In system indicate that the origin of AFM interaction in martensitic
phase is superexchange in nature and these interactions mediates
through Ni-3d orbitals. In stoichiometric sample (Ni2MnX) it is
ferromagnetic in nature between Mn atoms in the regular Mn site
(stoichiometric) and in off-stoichiometric sample with excess Mn
it is AFM between Mn atom in regular Mn site and Mn atom in X
site [14,15]. Khan et al. have shown that replacement of Cr with
Mn in Ni50Mn37  xCrxSb13 (x ¼1–6) reduces AFM interaction and
argued that it occurs because of weakening of Ni–Mn hybridization [16]. But changing Mn content with increasing Cr content and
possibility of Cr occupying Ni, Mn and X site leaves other possibilities affecting magnetism wide open. For example previous
study by the same authors on Ni–Mn–Sb system showed that
exchange bias effect increased with increase in Mn content,

showing that change in AFM interaction in Cr replaced system can
possibly also be outcome of decrease in Mn content [17]. To avoid
confusion, here we have studied systems with composition
Ni2Mn1.36Sb0.40Al0.24 and Ni2Mn1.36Sn0.40Al0.24, where Mn and Ni
content both remain same and systems have almost identical
lattice parameter. Hence such study will make comparison of Ni–
Mn hybridization more pertinent and may lead to better understanding of magnetism in Ni–Mn–X system.
Usually the comparison of magnetic properties of the systems
with different fractions of X elements is hindered by the fact that
the electron concentration and Mn–Mn distance (lattice parameter) both changes with the change in composition. Since only e/
a ratio changes in here, our study will help to understand the
underlying mechanism of the functional capabilities in these systems and thus pave the way for development of better FSMA.

2. Method and results
Fig. 2. DSC curves obtained for Sn and Sb based samples in cooling and heating
cycle performed at the rate of 10 K/min.

Samples
of
compositions
Ni2Mn1.36Sn0.40Al0.24
and
Ni2Mn1.36Sb0.40Al0.24 were prepared. The details of sample preparation and magnetic measurement technique are given in Refs.
[8,12]. The resistivity measurements were performed using four
probe technique in 10 T and 14 T setups from Cryogenics™.
The XRD pattern obtained at room temperature for
Ni2Mn1.36Sb0.40Al0.24 is shown in Fig. 1. Rietveld reﬁnement of the
sample showed that it was in austenitic phase with L21 structure
and lattice parameter of 0.593 nm. The XRD pattern of
Ni2Mn1.36Sn0.40Al0.24 was given in Ref. [12]. It had L21 structure
and the lattice parameter was 0.593 nm. The structural transformation temperatures were determined form DSC curves as shown
in Fig. 2. The martensite start (Ms), martensite ﬁnish (Mf), austenite
start (As) and austenite ﬁnish (Af) temperatures for the Sb and Sn
systems were found to be 189 K, 154 K, 158 K and 207 K, and 171 K,
158 K, 168 K, and 196 K respectively [12]. The Ms of the Sb alloy
was slightly higher than that of Sn. This is consistent with the fact
that with increase in electron concentration the transformation
temperature increases. As per phenomenological theory of martensitic transformation, thermal hysteresis with slope indicates
presence of boundary friction, elastic strain energy and interfacial
energy. Narrow thermal hysteresis indicated that there is lesser
boundary friction, whereas the larger elastic strain energy and
interfacial energy resist the martensitic and reverse transformation leading to larger slope of transformation [18,19]. It was found

that under same heating and cooling rates, the thermal hysteresis
in case of Ni2Mn1.36Sn0.40Al0.24 alloy was 10 K (ΔTH ¼As  Mf)
where as it was 4 K for Ni2Mn1.36Sb0.40Al0.24. Narrow thermal
hysteresis in case of Sb alloy indicates that there is lesser boundary
friction as compared to Sn alloy. The slope of transformation was
found to be greater in case of Sb alloy. This indicates that Sb system will have better phase transition response time and more
strain energy across MT.
The Curie temperature (TC) of Sb alloy was found to be 355 K,
while that of Sn alloy was 326 K [12]. Higher TC in case of Sb alloy
shows that the presence of Sb enhances ferromagnetic exchange.
Magnetization measurements were performed at 300 K till the
ﬁeld of 1.5 T for both the samples and the obtained M–H curve is
shown in Fig. 3. It can be seen that the magnetic moment of Sn
system is 1.60 μB/f.u. and that of Sb based system is 1.73 μB/f.u.,
which is higher in case of Sb system. In Ni2Mn–X system magnetism is mostly carried by Mn atom. Both the systems are in ordered L21 structure with similar lattice parameters and same
contents of Ni and Mn, the only difference is that they have different atoms on the X sites. The presence of different atoms at X
site effects hybridization between the Mn–Ni–Mn atoms differently, which in turn effects the interaction among the different Mn

Fig.1. XRD pattern obtained at 300 K alone with calculated pattern, residue and
peak position.

Fig. 3. Magnetic isotherms measured at 300 K for Sn and Sb samples in μB/f.u. Inset
shows ZFC, FC, and FH at the ﬁeld of 100 Oe as the function of temperature.

atoms. This possibly gives rise to difference in magnetization of
two systems.
The results of Zero-ﬁeld-cooled (ZFC), ﬁeld-cooled (FC), and
ﬁeld-heated (FH) thermo-magnetization (MT) measurements for
Sb sample performed at the ﬁeld of 100 Oe are given in inset of the
Fig. 3. Similar curves for Sn sample measured at the ﬁeld of 500 Oe
were given in Ref. [11]. The transformation temperatures obtained
from DSC are marked in the ﬁgure. It can be seen that magnetization measurement shows hysteresis and samples have lower
magnetization in the martensitic phase. The structural transformation changes the lattice parameter, thus the Mn–Mn distance in
the martensitic phase changes which results in enhancement of
AFM interaction and drop in magnetization of martensitic phase
[13]. The samples transforms from the dominant FM state (austenitic) to a state with lower magnetization (martensitic) within a
few Kelvin. This results in large change in magnetization (ΔM)
across martensitic transformation giving rise to properties like
inverse magnetocaloric effect and giant magnetoresistance. The
magnetocaloric effect was calculated from isothermal magnetization
measurements
using
modiﬁed
Maxwell's
relation
T2 ∂M

ΔSM = ∫ [ ∂T ]H dH for the system Ni2Mn1.36Sn0.40Al0.24 in Ref. [8].
T
1

The isothermal magnetization (M–H) measurements were performed till the ﬁeld of 1.5 T for Ni2Mn1.36Sb0.40Al0.24 around the
martensitic transformation in the warming cycle at a temperature
interval of 3 K. To make sure that sample was completely in
martensitic phase it was cooled to temperature below the Mf. The
obtained values of entropy change (ΔS) are plotted in Fig. 4 along
with the ones obtained for Sn based alloy. The maximum of ΔS
obtained in case of Sn alloy was 5.6 J kg  1 K  1 and was
0.365 J kg  1 K  1 in Sb alloy. The refrigerant capacity (RC) which is
deﬁned as the amount of heat transferred in a single thermodynamic cycle from the cold end at T1 to the hot end at T2, was
calculated by integrating the ΔSM–T curve over the full width at
half maximum using the relation RC =

T

∫T 2 ΔSM (T )H dT . Obtained
1

values of RC for the ﬁeld of 1.5 T are 25.2 and 6.8 J kg  1 respectively for Sn and Sb alloys.
The ΔM obtained from the M–H curve in Sn alloy was
19.5 emu/g and in case of Sb alloy is only 4 emu/g, it can be seen
that even though magnetization is higher in case of Sb the value of
ΔM is much lesser. Recent experimental and theoretical work has
shown that increased Ni–Mn hybridization leads to stronger AFM
interaction, between the Mn atom, occupying Mn site and X site, in
martensitic phase [14,15]. The replacement of Sn with Sb most

probably weakens the hybridization between the Mn–Ni–Mn thus
resulting in enhancement of ferromagnetism in the Sb alloy
compared to Sn alloy. The effect is more pronounced in the martensitic phase and as a result of it the value of ΔM is lower in case
of Sb alloy. The lower value of ΔM thus results in lower value of
ΔS and RC in the Sb sample.
The resistivity measurements were performed in cooling and
heating cycles for Sn and Sb alloys as a function of temperature.
Fig. 5(a) shows the curves obtained for 0 T and 10 T for Sn sample
and Fig. 5(b) shows the curves obtained for 0 T and 14 T for Sb
alloy. The resistivity showed sharp changes upon structural
transformation. The resistivity of the martensitic phase (ρΜ) is
higher than austenitic phase (ρA) by (ΔρΜ  Α ¼(ρΜ  ρA)/ρA) 37%
and 32% for Sn and Sb alloys respectively. The structural transformation to martensitic phase enhances the AFM interaction by
change in the density of state at Fermi surface. The different
magnetic ordering (AFM) and crystal structure in the martensitic
phase compared to that of austenitic phase establishes different
kind of electronic band structure. This gives rise to super zone gap
upon martensitic transformation thus leading to increase in resistance [16,20,21]. The value of ΔρΜ  Α is not much different for
Sn and Sb alloy (compared to ΔM and ΔS), which shows that
change in magnetic interaction is not solely responsible for increase in resistivity upon MT. It is rather outcome of the combined
contributions due to change in magnetic scattering and scattering
from the various orientations of martensitic variants [19,22]. The
lower value of ΔρΜ–Α in Sb alloy shows that AFM interaction is
weak in this system. The resistivity curve measured under dc ﬁeld,
shifts to lower temperature. The shift is large in Sn alloy compared
to Sb alloy. The lowering to transformation temperature with ﬁeld
can be understood from Clausius–Clapeyron relation [3]. As the
magnetization change in Sb alloy is much smaller than Sn alloy,
the resulting shift in transformation temperature is also lower. The
drop in MT with ﬁeld also results in large magnetoresistance
(MR¼ [ρ(H, T)  ρ(0, T]/ρ(0, T). The MR obtained for both samples
are given in the Fig. 5(c) and (d). For Sn alloy the maximum MR of
36% is observed for the applied ﬁeld of 10 T whereas the maximum
for Sb alloy is much lower and comes out to 5% for the ﬁeld of 14 T,
even though both the alloy have slightly different change of
ΔρΜ–Α upon MT. The MR results are consistent with the magnetic
measurements.
So we ﬁnd that upon substituting Sn with Sb, the magnetization of austenitic phase increases but the change in magnetization
across MT decreases. The effect of substitution is even more pronounced on the functional properties like MCE and MR where they
decrease by an order of magnitude. The increase in magnetization
of Sb alloy shows that the AFM interaction in the sample weakens
in austenitic phase. The lowering of ΔM, MCE and MR further
shows that the decrease in AFM interaction is more pronounced in
martensitic phase than in austenitic phase. The AFM interaction in
martensitic phase has been attributed to Ni 3d–Mn 3d hybridization which is sensitive to distance. The XRD results show that the
lattice parameter does not change upon substitution of Sn with Sb.
The replacement of Sn with Sb leads to increase in the electrons in
conduction band. It was argued by Khan et al. that change in
electron concentration inﬂuences metallic radii of Mn [16,23]. The
radii of Mn decreases with increase in electron concentration
which will reduce in Ni–Mn distance compared to Sn in Sb, thus
the Mn–Ni–Mn hybridization decreases, reducing the AFM interaction in the Sb sample.

3. Discussion
Fig. 4. Entropy change due to application of ﬁeld of 1.5 T calculated form modiﬁed
Maxwell relation.

In summary, we have shown that it is possible to obtain large
fraction of L21 phase by replacing Al with other sp elements having

Fig. 5. (a) and (b) show resistivity measurement performed in the zero applied dc magnetic ﬁeld and ﬁeld of 10 T and 14 T for Sn and Sb alloy respectively. (c) and (d) show
MR obtained for respective alloys.

larger radii. Such replacement also offers us way to control the
magnetic and functional properties of these systems. We have also
shown the effect that sp element can have on the magnetism and
properties like MCE and MR. The presence of Sb weakens the AFM
interaction in system leading to increase in magnetism of both
austenitic and martensitic phases, the effect being more pronounced in martensitic phase. This leads to decrease in magnitude
of ΔM, MCE and MR by more than an order. It was further found
from the electrical transport measurements that change in magnetic interaction is not solely responsible for the resistivity change
in the present systems and there is large contribution from scattering form the different orientation of martensitic variants.
Overall it is found that Sn based system are more suitable for MCE
and MR devices whereas Sb based alloys is expected to be more
suitable for mechanical devices.
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