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a b s t r a c t

We studied the effect of low temperature annealing on the atomic ordering and consequent changes in
the magnetization and magnetocaloric effect of the sample. The annealing at lower temperatures initially
decreased the magnetization and magnetocaloric effect in the sample, but at higher annealing tempera-
tures both increased. The changes in magnetization and magnetocaloric effect arise from the change in
atomic ordering. We have shown that post quenching heat treatment offers easy way of optimizing
the alloy for magnetocaloric effect. In order to verify that there was no overestimation in the measure-
ment of magnetocaloric effect we also performed an infield calorimetric measurements and compared
them with those from the magnetization measurements. We did not find remarkable difference between
them.
1. Introduction Our previous studies showed that in order to retain a property
The reversible martensitic transformation and strong depen-
dence of magnetic state on the structure of Ni2Mn–X (where
X = Ga, Sn, Sb, and In) ferromagnetic shape memory alloys lead
to many interesting properties like large magneto-caloric effect
(MCE), giant magnetoresistance, and magnetic field induced strain
[1–5]. The maximum values of these properties are usually
obtained around martensitic transformation temperature. This is
mostly adjusted by changing composition and to a lesser extent
by employing different heat treatment procedures and different
preparation techniques [5–10]. The change in composition also
affects functional capability of these alloys, which can further be
adjusted to give maximum possible output for a given composition
with a proper heat treatment. Recent studies of post quenching
heat treatment of the properties like MCE, exchange bias effect
and magnetoresistance show that the changes brought about in
bulk occur because of the change in atomic ordering [6–12].
While it was shown that high temperature heat treatment mostly
increases ordering in the sample, the heat treatment at lower
temperature initially may lead to increase in disorder. Overall
the secondary heat treatment offers a way to control the
transformation temperature and also enhance functional capabili-
ties [13-15].
like large MCE at higher percentages of Al in Ni2Mn–Sn–Al system,
post quenching heat treatment was necessary [16]. Post quenching
heat treatment increased the fraction of ordered cubic L21 phase in
the system making it better from application point of view [17,18].
In the present study we have performed post quenching low tem-
perature heat treatment on a Ni2Mn1.36Sn0.32Al0.32 sample below
its B2–L21 order–disorder transition temperature and did system-
atic study of magnetic properties and magnetocaloric effect. As the
ordering in the system increases, the fraction of L21 phase
increases which leads to enhanced ferromagnetism in the system,
thus the study of the magnetism of austenitic phase reflects the
change brought about in the ordering of the system. The diffusion-
less nature of the martensitic transition (MT) guarantees that the
martensite inherits the atomic order of the austenitic phase. Thus
probing evolution of magnetic character of different phases with
heat treatment will help in better understanding of how ordering
evolves and influences structural transformation.

In our investigation we have quantified MCE (measured indi-
rectly) in terms of magnetic entropy change DS, which was evalu-
ated using modified Maxwell relation, from the isothermal
magnetic measurements performed at different temperatures as
a function of field. In Heusler alloys the first order phase transition
in general shows a magnetic irreversibility because of the presence
of mixed magnetic phase. It is established that estimation of DS
using Maxwell relation can sometime result in erroneous values
[19–27]. It is therefore important that one performs direct
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measurements to properly estimate the MCE in the FSMA. We have
thus performed an in-field calorimetric measurement on one of the
sample to find that magnetocaloric effect measured using indirect
technique was not overestimated.

2. Experimental details

A sample of composition Ni2Mn1.36Sn0.32Al0.32 was prepared as mentioned in
Ref. [29]. The post quenching heat treatment was performed by sealing the
quenched sample in quartz tube and cooling the same in furnace at a cooling rate
of 20 K/h. Samples were annealed at temperatures of 450 K, 550 K and 650 K fol-
lowed by this slow cooling. We shall refer to these post quenched annealed
(PQA) samples as A-450, A-550 and A-650 respectively. The X-ray diffraction and
differential scanning calorimetry (DSC) measurements were previously performed
on the as-prepared quenched sample and were given in Ref. [16]. The crystal struc-
ture of the quenched sample was found to be ordered L21 structure at room temper-
ature and it underwent martensitic transformations as a function of temperature.
This order–disorder transition temperature, from the B2 to the L21 phase, was
determined using DSC and is defined as the temperature at which an exothermic
peak was observed in the quenched sample, on the first heating curve [6,30]. The
B2–L21 transition temperature was found to be 650 K from DSC thermograph.
Magnetization measurements were performed using a Lake Shore 7400™ vibrating
sample magnetometer. Calorimetry under magnetic field was carried out using a
custom-build equipment described elsewhere [31].

3. Results and discussion

Fig. 1(a–d) shows the thermo-magnetization curves, measured
for quenched and annealed samples, performed from 80 to 400 K
under constant dc field of 0.01 T in zero-field-cooled (ZFC), field-
cooled (FC), and field-heated (FH) protocol. At Curie temperature
(TC) around 330 K the austenitic phase underwent a ferromagnetic
(FM) transition. At lower temperatures (around 250 K) the system
underwent first order structural transformation resulting in a hys-
teresis in FC and FH curves and a large change in magnetization.
The main contribution to magnetization in these alloys comes from
Mn atoms which interacted via conduction electrons (RKKY inter-
action). In stoichiometric composition (Ni2MnX), the interaction
between Mn in regular (stoichiometric) Mn site is ferromagnetic.
In off stoichiometric sample with excess of Mn, the interaction
between Mn atoms in regular and X site is antiferromagnetic
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Fig. 1. ZFC, FC, and FH at the field of 0.01 T as the function of temperature till 80 K for q
inset in (b) shows the normalized real part of ac susceptibility measurement performed
(AFM), leading to coexistence of both ferromagnetic and antiferro-
magnetic interactions [32–34]. In the austenitic phase the FM
interaction dominates over the weak AFM interaction giving rise
to large magnetization. Upon structural transformation due to
change in the crystal structure the AFM interaction becomes stron-
ger in martensitic phase and gives rise to competing AFM/FM inter-
action. This leads to a drop in magnetization during structural
transformation. The presence of competing AFM/FM interaction
in the martensitic phase also results in splitting of ZFC and FH
curves below martensitic finish temperature (TMf) as seen in
Fig. 1(a–d) [10,12,13,17,29]. The quenched sample further showed
exchange bias effect (not shown here) when the sample was FC in
0.025 T from room temperature and magnetization curve was
measured at 5 K, which confirms the presence of competing
AFM/FM interaction in the present samples. It can be further seen
from the M–T curves that the drop in magnetization across the
martensitic transformation and the magnetization of the austenitic
phase fell for A-450 sample and gradually increased for the sample
A-550 and A-650. The martensitic start temperatures (TMs) of the
samples were determined from the ac susceptibility measurement
performed on the samples at 111 Hz in the oscillating field of
0.004 T. The real part of ac susceptibility (v0) curve obtained during
cooling run for all the samples are shown in the inset of Fig. 1(b).
The TMs fell as the annealing temperature was increased which is
discussed later.

The magnetization measurements were performed up to fields
of 1.51 T on the PQA samples at 300 K as shown in Fig. 2. The mag-
netization at 1.5 T fell slightly for the sample annealed at 450 K and
then increased as the annealing temperature was increased. The
drop in magnetization for A-450 sample may be attributed to
increase in disorder in the L21 phase. Recent work by Sánchez-
Alarcos et al. [6] and Chen et al. [11] have shown that low temper-
ature annealing increases disorder in the system even though the
annealing was performed below the order–disorder transition
temperature. With the increase in disorder larger number of Mn
atom occupied X site, with which the weak AFM interaction
increased at the expense of stronger FM interaction in the austeni-
tic phase resulting in drop in the magnetization of austenitic phase
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at 111 Hz in rms field of 40 Oe during cooling, for all the samples.
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Fig. 2. Full MH curve measured till 1.5 T at 300 K. The inset in figure shows the
expanded region near zero field.
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in A-450 sample. In the inset in Fig. 2, it can be seen that the coer-
civity increased for sample annealed at 450 K and then decreased
toward the value of quenched sample as annealing temperature
was increased. The increase in the coercive field of A-450 in auste-
nitic phase in the sample can be due to increasing amount of AFM
which was weak compared to FM interaction. Thus the anisotropy
of AFM interaction could not pin the FM regions, nevertheless the
presence of AFM regions hindered the growth of FM regions. As the
field was increased the FM rotation could irreversibly drag along
more and more of AFM regions, thereby increasing coercivity. As
annealing temperature was increased the ordering in sample
increased which now led to increase in FM at expense of AFM thus
resulting in increase in the magnetism of the samples. The coerciv-
ity of the samples decreased now as FM had a small amount of AFM
hindering its growth.

The TMs of the sample (as shown in Fig. 3) fell as the PQA tem-
perature increased. A main factor that affects TMs is the change in
valence electron concentration. As we annealed the same sample
at different temperatures the valence electron concentration
remained unaltered, thus the change in TMs came from other fac-
tors such as change in stress distribution at phase boundary,
change in atomic ordering and grain size [30]. The stress relief at
grain boundary generally leads to fall in the transition tempera-
ture. On the other hand change in ordering causes change in the
magnetization of the austenitic phase, causing austenitic phase
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Fig. 3. Martensitic start temperature (TMs) as the function of annealing temperature
(the sample at 300 K corresponds to quenched sample). Line is guide to eye.
with higher magnetism to stabilize. Thus austenitic phase with
higher magnetism was more stable at lower temperature leading
to fall in TMs [6–12]. The scanning electron microscope result
showed that average grain size remained unaltered upon anneal-
ing. The slight fall in TMs, despite fall in magnetism for the A-450
sample may be because of dominating effect of stress relief. The
subsequent falls in A-550 and A-650 were outcome of combined
effect of increase in magnetism of austenitic phase and stress relief
in the system.

As seen earlier the sample underwent abrupt change in magne-
tization near MT which could result in large value of magnetic
entropy change (DS) across transformation [31–33]. The value of
DS can be calculated from the isothermal magnetization curve
using a modified Maxwell relation, DS = S(T, H) � S(T, 0) = l0
R H

0 ð@M=@TÞH dH [4,9,11,15,16]. Isothermal magnetization measure-
ments were performed in heating sequence, starting from temper-
ature that was below TMf, till the temperature at which
transformation was completed. These measurements were per-
formed on all samples up to a field of 1.5 T at a temperature inter-
val of 3 K and are shown in Fig. 4(a) for A-650 sample. Similar
curves were obtained for other samples. The values obtained for
DS are shown in Fig. 4(b). The maximum of DS obtained for
quenched, A-450 K, A-550 K and A-650 K samples are 8.2, 3.5, 6.1
and 6.8 J kg�1 K�1 respectively. It is interesting to note that even
the quenched sample already has DSm that was higher than that
for the parent composition of Ni2Mn1.36Sn0.64 (5 J kg�1 K�1 in the
field of 2 T [35]). This was due to partial replacement of Sn by Al.
Another important parameter defining MCE is refrigerant capacity
(RC), calculated by integrating over full width at half maxima

using, RC =
R T2

T1
DSðTÞH dT where T1 and T2 are temperature of cold

and hot reservoirs of the refrigeration cycle respectively. The
210 240 270

0

4

8

ΔS
M

 (
J 

K
g-1

K
-1
)

(b)

 Quenched

 450 K

 550 K

 650 K

T (K)

μ0H (T)

Fig. 4. (a) Isothermal magnetization curve measured at the temperature interval of
3 K for Ni2Mn1.36Sn0.32Al0.32 quenched sample, (b) entropy change due to applica-
tion of field of 1.5 T in Ni2Mn1.36Sn0.32Al0.32 samples annealed at various
temperatures.
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Fig. 6. Entropy change as a function of temperature evaluated from the calorimetric
curves for selected values of the magnetic field (1, 1.5 and 6 T) in quenched
Ni2Mn1.36Sn0.32Al0.32.
samples gave values of 20.4, 16.0, 15.9 and 24.5 J kg�1 in the
sequence as mentioned above. The maximum of DS fell initially
with annealing temperature but then rose with increase in PQA
temperature, though it was less than quenched sample. The RC of
sample increases slightly for sample annealed at higher tempera-
ture thus offering an overall improvement in the MCE of the
sample.

We observe in Fig. 4(a) that magnetization changed abruptly by
15.5 emu/g for the temperature change of 3 K at MT. This leads to a
possibility that at intermediate temperatures the system might
undergo metamagnetic transformation, from lower magnetic
martensitic phase to higher magnetic austenitic phase [19–21].
Such phase coexistence leads to large hysteresis at transformation
which may lead to overestimation of DS when Maxwell relation is
used [19–25]. There are also reports where the DS measured from
magnetization agrees with calorimetric measurements [25–28]. In
order to make sure that sudden jump in the DS at the transition in
our samples does not come from such overestimation we per-
formed a quasi-direct [36] magneto-caloric measurement to esti-
mate DS directly in the quenched sample.

Isofield calorimetric measurements were performed on the
sample in zero field and field of 1, 1.5 and 6 T in both heating
and cooling runs in the vicinity of structural transformations as
shown in Fig. 5. The sample was first brought to a low temperature
where it was fully in martensite phase, and a magnetic field was
applied. The field was kept constant, while the temperature was
swept at a rate 0.5 K/min. Upon completion of the thermal cycle,
the field was increased and the sample was thermally cycled again
through the martensitic transition. In agreement with the inverse
nature of the magnetocaloric effect the martensitic transition
shifted to lower temperatures with increasing magnetic field, as
illustrated in the inset of Fig. 5 which shows the transition temper-
ature TM (computed as the temperature where 50% of the sample
has transformed) as a function of magnetic field. The entropy of
transformation was calculated from isofield measurement, after a

proper baseline correction, using SðT;HÞ � SðT0;HÞ ¼
R T

T0

1
T

_QðH;TÞ
_T

dT

where _Q and _T are the heat flux and rate of temperature change
[26,27]. The entropy change is then obtained by subtraction of
the integral curves obtained at H = 0 and at fixed value of H (fol-
lowing the method of Ref. [36]). Results obtained from cooling
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Fig. 5. Calorimetric curves recorded on cooling and heating runs at selected values
of the magnetic field for quenched Ni2Mn1.36Sn0.32Al0.32. The inset shows the
transition temperature TM as a function of magnetic field.
and heating isofield runs are shown in Fig. 6 for different values
of the applied fields. For inverse magnetocaloric materials applica-
tion of field drives the sample from the martensitic to austenitic
phase and therefore data from magnetization curves are to be com-
pared to calorimetric values corresponding to heating runs [31].
The maximum value of entropy change obtained for the field of
1.5 T was found to be 10.1 J kg�1 K�1 whereas that measured from
the isothermal magnetic measurement was 8.2 J kg�1 K�1. The sim-
ilarity of DS values obtained using the quasi-direct calorimetric
measurement and magnetic measurement rules out the possibility
of over estimation of the same. As the system studied are similar
and MCE occurs in almost same temperature range, it is expected
that the value of DS evaluated from the isothermal magnetization
measurement for other samples is also not overestimated. We fur-
ther observe that with increasing magnetic field the width of the
DS vs T peak increases which shows that the refrigerant capacity
of the sample increased as the field increased.
4. Conclusion

We investigated the effect of low temperature post quenching
annealing on the magnetism, structural transformation and mag-
netocaloric effect. The structural transformation temperature of
the system decreased as the annealing temperature was increased.
The magnetization, peak value of the entropy change and the value
of RC initially decreased and then increased as the annealing tem-
perature was increased. The changes occur because of change in
ordering in the system. The initial fall in magnetization and DS
was due to increase in disorder in the system. Though the DS fell
drastically for A-450 sample the peak became wider, thus the RC
for A-650 was even larger than quenched sample. It was further
found using infield measurement technique that the large value
of DS near structural transformation temperature was not overes-
timated. Thus we see that post quenching heat treatment offers
easy way of vary the enhancement for the alloy for MCE, apart from
only substitution of Sn by Al.
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