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a b s t r a c t

We made a series of ferromagnetic shape memory alloys by large replacement of Sn in Ni2Mn1.36Sn0.64

system with Al to get good magnetocaloric effects. We studied this effect as a function of increase in
amount of Al. While magnetocaloric property increased initially, it fell with higher contents of Al. To
increase the effect at this Al concentration, we did secondary heat treatments at temperatures below
the first annealing temperature. It was found that heat treatment can be used to tune the magnetism
of the system, to obtain larger change in magnetization across the phase transformation, thus enhancing
the functional capabilities of these alloys.
1. Introduction rise to large MCE and other properties. The problem with Ni2Mn–Al
The Ni–Mn–Z (where Z = Ga, In, Sn, Sb) class of system called
ferromagnetic shape memory (FSMA) alloys, shows many interest-
ing properties like large inverse magneto-caloric effect (MCE),
barocaloric effect, giant magnetoresistance, magnetic field induced
strain etc. which can have practical applications [1–4]. But brittle-
ness of these systems is one of the limiting factors in their use. The
Ni–Mn–Al type of FSMA has better mechanical properties [5] but
its functional properties were not as good as Ni–Mn–Z system. It
was argued that if more of L21 phase can be stabilized in the
austenitic phase then large strain can be obtained [6]. The develop-
ment of Al based system with larger fraction of L21 phase will thus
lead to better functional property with the possibility of improving
mechanical property. There are few studied where Al has been
replaced with Z, but mostly in a small amount [7–9]. We expect
that blending of mechanical and functional properties of NiMnAl
system with NiMnSn system will require that a large fraction of
Sn be replaced with Al.

The structural transformation in Ni–Mn–Z i.e. reversible mar-
tensitic transformation (MT) also brings about change in the mag-
netic state of the system. Usually the high temperature austenitic
phase (L21 phase) is ferromagnetic which transforms to martens-
itic phase at low temperature with a lower magnetization. The
magnetic state of martensite can be paramagnetic or mixture of
antiferromagnetic (AFM) and ferromagnetic (FM) phase [10–12].
These transformations coupled with change in magnetization give
system is that upon direct quenching from high temperatures it
becomes a mixture of B2 and L21 phases [13]. The disadvantage
of the presence of B2 phase is that it is antiferromagnetic [14]. This
reduces the overall ferromagnetism in the austenite phase –
thereby reducing the change in magnetization during the MT, this
crucially affects the effective magnetocaloric property of the sys-
tem. Careful and long heat treatments are required at lower (than
quench) temperature to stabilize larger fraction of L21 phase as
kinetic of system is very low [13]. However, substitution of Al in
Sn system can result in stabilized L21 structure [15,16], as well
as inheritance of desired properties of both the systems, like better
mechanical durability, adjustment of MT near to room temperature
(110 K for Ni2Mn1.36Sn0.64 [12] and around 400 K for Ni2Mn1.36-

Al0.64 [13]), etc.
We have in this report studied a Ni2Mn1.36Sn0.64 system in

which the Sn was gradually substituted by Al, with the above goal
in mind. The effect of replacement of Al on transformation temper-
ature, magnetic property and functional property like MCE has
been reported. The gradual replacement of Al led to increase in
magnetization and magnetocaloric property initially, but then it
decreased. It was also found that the change in magnetization
and accompanying MCE across the phase transformation of these
alloys could be enhanced with a post quenching heat treatment.

2. Experimental

Polycrystalline samples of composition Ni2Mn1.36Sn0.64�xAlx (where x = 0.24,
0.28, 0.32 and 0.36) were prepared by melting pure constituent elements in arc-fur-
nace under inert argon atmosphere. To homogenize, samples were sealed in an
evacuated quartz tube and annealed at 1273 K for 72 h and then quenched in ice
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water. The post quenching heat treatment was performed by cutting small pieces
from the original sample and again sealing them in quartz tube as mentioned above,
followed by cooling in furnace at 20 K/h. The details of crystal structure determina-
tion, calorimetry and ac susceptibility measurement were given in another commu-
nication [17]. Magnetization measurements were performed using a Lake Shore
7400™ vibrating sample magnetometer.
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Fig. 2. DSC curve in heating and cooling cycle as function of temperature. The curve
for x = 0.24 has been taken from Ref. [17].
3. Result and discussion

In Fig. 1 XRD patterns at 300 K are shown for the alloys. The pat-
tern shows that all the compositions were in austenitic phase at
room temperature. The Rietveld refinement was performed as pre-
viously [17] (not shown here) and it confirmed the presence of L21

structure with calculated lattice parameter as shown in Table 1.
With an increase in Al concentration lattice parameter of the
austenitic phase decreased and it followed Vegard’s law as shown
in the inset in Fig. 1, thus implying a good substitution. It was
found that with increase in Al concentration the (111) peak corre-
sponding to the L21 phase, remained almost the same for x = 0.24
and 0.28 and then decreased for x = 0.32 and 0.36, relative to
(220) peak corresponding to the B2 and L21 phase (shown as a
magnified view in the inset of Fig. 1). The result shows that with
increase in Al concentration beyond x = 0.28 system moved to dis-
ordered B2 type structure. This is an expected tendency for the sys-
tem was now becoming richer in Al [18].

The DSC curves are shown in Fig. 2 for all the samples. The peaks
during cooling and troughs during heating confirm that the samples
underwent reversible structural transformations. The characteristic
martensite finish (TMf) temperatures were determined and are
shown in Table 1. The small kinks above 300 K correspond to Curie
temperature, Tc. It was found that the TMf of the present samples
increased as the concentration of x increased whereas Tc remained
almost constant. The TMf of Ni2Mn–Z type FSMA depends strongly
on the e/a ratio and lattice parameter, and it decreases with
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Fig. 1. Room temperature powder XRD pattern of Ni2Mn1.36Sn0.64�x Alx FSMA alloy.
The inset shows lattice parameter and Vegard’s law fitting. Magnified view of (111)
peak normalized w.r.t (220) is shown in left.

Table 1
Curie temperature Tc, martensitic finish temperature TMf, lattice parameter (a) of
austenitic phase, saturation magnetization (Msat) and valence electron concentration
in Ni2Mn1.36Sn0.64�x Alx.

x Tc (K) TMf (K) a cubic (nm) Msat (lB/f.u.) e/a

0.24a 326 158 0.593 1.60 7.96
0.28 324 207 0.592 1.61 7.95
0.32 330 215 0.591 1.53 7.94
0.36 332 226 0.590 1.50 7.93

a From Ref. [17].
decrease in e/a ratio and increases due to compression of lattice
parameter upon substitution of element with smaller radii
[12,19,20]. In the present alloy system TMf increased even when
the e/a ratio decreased because the effect of compression domi-
nated over former. It can be seen from the DSC graph that for the
x = 0.36 multiple peaks were additionally observed in both heating
and cooling cycles, showing that the system most probably
underwent intermartensitic transformations [21,22].

Fig. 3 shows the real part (v0) of ac susceptibility measurement
performed at frequency of 111 Hz during heating and cooling cycle.
As the temperature fell below 350 K, the v0 in all the samples
showed jumps with no hysteresis, corresponding to Tc of the
austenitic phases. These Tc’s agree with the DSC values within
experimental errors. Below 300 K thermomagnetic hysteresis had
occurred due to structural changes. It can be seen that with the
MT the v0 of the samples falls. The magnetism of the Ni2Mn–Z
alloys depends on the Mn atoms where the interaction is mainly
the RRKY type which is mediated by conduction electrons. In the
Ni2Mn–Z type of system interaction between the Mn–Mn atoms
in regular Mn site is ferromagnetic, whereas it is antiferromagnetic
between Mn atom in regular and Mn atom at Z site. In austenitic
phase FM is predominant and in martensitic phase because of
change in inter-atomic distance upon MT the antiferromagnetic
interaction gets enhanced [23]. This relative change results in a
drop in magnetization upon MT and may result in formation of
spin glass [10–12]. DC magnetization measurements were also
performed on these samples in the applied field of 100 Oe and
are shown in Fig. 4. Measurements were performed in the zero-
field-cooled (ZFC), field-cooled (FC) and field-heated (FH) protocol.
The ZFC curves agree with the corresponding v0 measurements. In
the martensitic region the presence of FM–AFM interaction lead to
bifurcation in ZFC–FC curve [11,12]. The bifurcation is also
observed in the austenitic phase between ZFC and FC curve below
Tc, indicating that frustration due to AFM interaction may exist
here. If so, then the bifurcation increased as Al content increased,
showing that antiferromagnetism in the sample increased in
austenitic phase with increase in Al.

The isothermal magnetizations (M–H) were measured at various
temperatures up to a field of 1.5 T, around MT as shown in Fig. 5.
These measurements were performed in the heating sequence,
starting from temperature below austenitic start temperature, after
the sample was cooled in zero field below its martensitic finish tem-
perature. It was found that in all cases the sample magnetizations
increased abruptly near MT as the sample was heated. These hap-
pened because sample transformed from the weak magnetic mar-
tensitic phase to predominantly ferromagnetic austenitic phase.
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Fig. 3. Real part (v0)of a.c. susceptibility measurement performed at the frequency of 111 Hz.
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Fig. 4. ZFC, FC, and FH curve at the field of 100 Oe as function of temperature.
The change in magnetization (DM) resulted in a large magnetocalo-
ric effect in this system. The magnetocaloric effect is quantified in
terms of isothermal magnetic entropy change (DS), calculated from
a modified Maxwell’s relation [4–7,24,25] DSM ¼

R T2
T1

@M
@T

� �
H

dH. The
value DSM obtained for various values of x in Ni2Mn1.36Sn0.64�xAlx

are shown in Fig. 6. From the figure it is clear that the sample showed
inverse MCE. The maximum value of MCE was found to be 5.6, 10.2,
8.2 and 2.4 J kg�1 K�1 respectively, for x = 0.24–0.36. Substitution of
Al not only enhanced the MCE initially, but also moved the maxi-
mum value of DSM towards room temperature. Another important
parameter to evaluate the magnetocaloric material is its refrigerant
capacity (RC). RC is the amount of heat transferred in a single
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Fig. 5. Isothermal magnetization curve measured at the temperature interval of 3 K
in the heating sequence for Ni2Mn1.36Sn0.28 Al0.36 sample. The (zero field) austenitic
start and finish temperatures were 236 K and 270 K respectively for this sample.
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Fig. 6. Entropy change due to application of field of 1.5 T in Ni2Mn1.36Sn0.64�x Alx

samples. The inset shows magnetization of samples in austenitic phase measured at
300 K in lB/f.u.
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Fig. 7. Magnetization of samples measured in martensitic phase at 80 K in lB/f.u.
The inset shows magnified view of near zero field.
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Fig. 8. ZFC, FC, and FH curve at the field of 100 Oe as function of temperature for
Ni2Mn1.36Sn0.28Al0.36 sample measured for quenched and sample annealed at 900 K
and 1000 K.
thermodynamic cycle from the cold end at T1 to the hot end at T2 and
it is calculated by integrating DSM–T curve over the full width at half
maxima using the relation RC ¼

R T2
T1

DSMðTÞH dT. Obtained values of
RC for the field of 1.5 T are 25.2, 24.6, 20.5 and 12.9 J kg�1 respec-
tively, for x = 0.24–0.36. It can be seen that even though the maxi-
mum of DSM increased first and then dropped, the RC decreased
with increase in x. It has been shown that a large adiabatic temper-
ature change is obtained in these materials when the DM is large
across the structural transformation [1]. The DM was found to be
19.5 emu/g, 20 emu/g, 15.5 emu/g and 14 emu/g for the sample
respectively, for x = 0.24–0.36, following tread similar to the DSM.
Another parameter should be DTadia [26] that gives information
about the final temperature change per unit of magnetic field. How-
ever, since we did not measure Cp under magnetic field, we can only
estimate it from the DSM values.

The M–H curves obtained at 300 K are shown in inset of Fig. 6
(magnetization values measured at 1.5 T at 300 K are given in
Table 1), it can be seen that magnetization increases slightly when
x changed from 0.24 (1.60 lB/f.u.) to 0.28 (1.61 lB/f.u.) and then
fell for 0.32 (1.53 lB/f.u.) and 0.36 (1.50 lB/f.u.) sample. The reason
for the drop in magnetization, leading to the drop in MCE, RC and
DM across transformation, is probably due to the amount of anti-
ferromagnetic B2 increasing into the system at the expense of fer-
romagnetic L21, as inferred from the XRD and MT measurement.
The curves do not saturate in the field of 1.5 T, possibly due to
AFM present in samples. The MCE, M and DM value increased
slightly when x changed from 0.24 to 0.28, which can be attributed
to the fact that the L21 fraction remains almost the same for these
two samples, but the lattice parameter of x = 0.24 sample is slightly
larger than x = 0.28 sample. The M–H curves were also obtained for
the martensitic phase at 80 K and are shown in Fig. 7. The magne-
tization at martensitic phase for the x = 0.28 sample is slightly
lower than that for the x = 0.32 sample, overall the magnetization
falls as the Al content is increased. The inset in Fig. 7 shows a mag-
nified view at low field. The coercivity increased with Al content,
thus the strength of AFM coupling decreased. Thus we see that
though the overall AFM fraction increases, AFM coupling strength
decreases with increasing Al content in martensitic phase.

If the fraction of L21 phase can be increased at higher concentra-
tion of Al then system may give large MC, MCE, M and DM for those
compositions also. To test this hypothesis, post annealing heat
treatment was performed to increase L21 fraction, as is generally
performed in case of Ni2Mn–Al sample [6]. Small pieces of
x = 0.36 sample were heat treated at 900 K and 1000 K for 24 h
and slowly cooled down at 20 K/h. The ZFC, FC and FH curves mea-
sured in the field of 100 Oe and are shown in the Fig. 8. As the
annealing temperature is increased the bifurcation between ZFC
and FC in the austenitic phase decreased and the magnitude of
drop across MT also increased. MC effect was measured in these
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secondary heat treatment under magnetic field of 1.5 T. The inset shows magne-
tization of sample measured at 300 K in lB/f.u.
samples using same protocol as mentioned above and result is
shown in Fig. 9 along with that of quenched sample. It can be seen
that the maximum of DSM increased to more than twice for the
sample annealed at 900 K (from 2.4 J kg�1 K�1) to 6.6 J kg�1 K�1

and then fell slightly for 1000 K annealed samples to 5.1 J kg�1 K�1,
but the area under the curve increased as the heat treatment tem-
perature was increased. The RC value which was 12.9 J kg�1

increased to 15.6 J kg�1 for sample annealed at 900 K and to
26.3 J kg�1 for sample annealed at 1000 K, which is the same as
in the case of untreated x = 0.24 sample. The inset in Fig. 9 shows
the magnetization measured at 300 K. The magnetization mea-
sured for quenched sample, sample annealed at 900 K and
1000 K were 1.50 lB/f.u., 1.60 lB/f.u. and 1.64 lB/f.u. respectively.
The increase in magnetization with increasing annealing tempera-
ture along with narrowing of bifurcation of ZFC and FC curves of
Fig. 8, confirm that ferromagnetism in the sample in the austenite
phase increased, as compared to that of the quenched sample thus
showing that ordering in the sample had increased. Apart from
these the DM value across the phase transformation which was
14 emu/g for quenched sample, increased to 15 emu/g for sample
annealed at 900 K and to 32 emu/g for the sample annealed at
1000 K. These shows that even at higher percentage of Al it is pos-
sible to get better functional property with a secondary heat treat-
ment performed at much higher temperature than in case of
Ni2Mn–Al system [6]. It is expected that further work by varying
composition may lead to a ductile alloy with large functional
properties.

4. Conclusion

In this study we showed that substituting Sn with Al in a Ni2-

Mn1.36Al0.64 resulted in a large change in magnetization from the
pure Al based system. This allows for a better MC effect. Addition-
ally, we found that there was an optimum composition for this
MCE. We also found that this property can be substantially
enhanced by doing proper heat treatment on these systems. This
increase may result in a higher value of DTadia, thus making the
system more efficient in magnetocaloric effect. We also argued
that this was due to atomic reordering occurring due to the heat
treatment and lead to optimized functional properties of the
system.
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