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varying the duration of annealing (0, 6, 12, 18, and 24 h) at 1173 K. The atomic ordering increases,

martensitic transition (MT) becomes sharper and exchange bias field increases with increasing

annealing time. The sample annealed for 24 h has shown a large magnetic entropy change (DSM)

near its MT. But, the net refrigerant capacity at the MT of 12 h annealed sample is larger than the

Study of the magnetocaloric effect (MCE) in Ni-Mn

based Heusler alloys has become a very popular field of

research during the last few years.1–4 In addition to MCE,

these materials are also very effective for some multifunc-

tional properties like magnetoresistance (MR),5–7 exchange

bias (EB),8–10 magnetothermal conductivity (MC),11–13 etc.

Among these Heusler alloys, Ni-Mn-Sn off-stoichiometric

alloys are found to be a good magnetocaloric candidate.14–17

A maximum 33 J/kg K magnetic entropy change (DSM) was

reported for a Mn-rich composition of the same alloy family

due to a field change of 5 T.18

Stoichiometric Ni-Mn-Sn Heusler alloys have cubic

(L21) structure with four interpenetrating face centered cubic

(fcc) sublattices.19,20 For a completely ordered structure, Ni

atoms takes (0,0,0) and (1=2,1=2,1=2) sites and the remaining

(1=4,1=4,1=4) and (3=4,3=4,3=4) sites are occupied separately by Mn

and Sn atoms. In the case of off-stoichiometric Ni-Mn-Sn

Heusler alloys, the excess Mn atoms occupy the partially

vacant Sn site. In practical cases, a degree of disorder always

presents where some % of Ni, Mn, and Sn atoms occupy the

four sites randomly.21 This disorder can be removed up to a

certain level by annealing these materials at high tempera-

tures for a long time.22 Slow cooling or quenching is done to

obtain different ordered phases.23,24 Sokolovskiy et al.25

have theoretically studied the structural disorder in

Ni-Mn-Sn alloys by intermixing the Mn and Sn atoms in

their sublattices. Their calculations show a good agreement

with the experimental values for the ferro-para Curie temper-

ature (TC) of these alloys. It is expected to observe some no-

ticeable changes in the magnetic and structural properties of

the same materials due to the aforementioned disorder.

A large number of Ni-Mn-Sn off-stoichiometric Heusler

alloys were investigated by the researchers, and they showed

large isothermal magnetic entropy change (DSM) and large

refrigerant capacity (RC) associated with the first order

magneto-structural transition (FOMST) of the same

alloys.14–18,26 The dependence of the transition temperatures

and DSM on the constituents’ ratios,14,16 substitution of Co

and Fe,17,27 and heat treatment process at different tempera-

tures22,23 were investigated in this context. The change in the

magnetic properties and magnetocaloric potentials of these

alloys with the change in structural ordering during the

annealing period still needs some investigations.25 We have

chosen Ni50Mn36.5Sn13.5 alloy for such investigation. This

composition is a new one, and the reported structural transi-

tion temperatures of Ni-Mn-Sn alloys with very similar com-

positions indicate that the FOMST of Ni50Mn36.5Sn13.5

might reside near or just below the room temperature

(300 K), which can enhance its significance in the sense of

practical applications.1,14,18,28

In this work, we have prepared a series of

Ni50Mn36.5Sn13.5 alloy by varying the annealing time and

studied their magnetic and magnetocaloric properties. The

EB is present in all the samples and found to increase with

increasing annealing time. DSM has the maximum value for

24 h annealed sample, but the sample that annealed for 12 h

shows the largest net RC among the others.

The Ni50Mn36.5Sn13.5 alloy was prepared by the arc

melting technique under a 4N purity Argon atmosphere. The

ingot was turned and re-melted several times (at least seven

to eight times) to ensure its homogeneity. The as prepared

sample (sample A) was cut into five pieces, and their starting

compositions were checked by energy-dispersive spectros-

copy (EDS), which indicated the uniformity of the sample.

Four of the five pieces were annealed separately in highly

evacuated quartz ampoules for different time durations: 6 h

(sample B), 12 h (sample C), 18 h (sample D), and 24 h (sam-

ple E) at 1173 K (see Table I). After annealing at 1173 K, the

ampoules were quenched in ice water. The final composi-

tions were reconfirmed for all the samples (after annealing)

by EDS and found the same as the starting compositions of

all the pieces (before annealing). X-ray diffraction patterns

were carried out in Rigaku MiniFlex II using CuKa radiation

in order to determine the crystallographic parent phase.

Magnetic measurements were performed using a vibrating

sample magnetometer (Lake Shore, model-7144) up to a
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field of 1.5 T. Both the heating and cooling rates were kept at

2 K/min during the magnetization vs temperature (M-T)

measurements. The thermal hysteresis at the FOMST

increases with increasing heating/cooling rates as reported in

the literature.29 The same preparation technique and meas-

urements were performed on a different ingot with the same

composition, and the obtained data were found to be

repeatable.

Figs. 1(a)–1(c) show the room temperature XRD pat-

terns for samples A, C, and E, respectively. It can be seen

that the as cast alloy (sample A) is in mixed martensite-

austenite phase. The austenite phase becomes dominated as

the annealing time increases (samples C and E). The super-

lattice diffraction peak (111) in the XRD pattern of sample E

indicates that the atomic ordering increases as the samples

are annealed for more times.14

The temperature dependence of magnetization (M-T
curves) is carried out for these samples in order to investigate

the effect of annealing on the structural and magnetic proper-

ties of Ni50Mn36.5Sn13.5 alloy. Figs. 2(a)–2(c) show the M-T
curves for samples A, C, and E, respectively, in the presence

of 0.01 T field. By following the zero field cooled curves

(ZFC) of these samples, a martensite to austenite phase tran-

sition can be observed within 270 K to 300 K, where the

magnetization increases rapidly with increasing temperature.

The reverse phase transition can be found by following the

field cooled (FC) curves of the same samples. The character-

istic transition temperatures: austenite start (AS), finish (Af),

martensite-austenite transition (TA¼ (ASþAf)/2), martensite

start (MS), finish (Mf), austenite-martensite transition

(TM¼ (MSþMf)/2) are given in Table I and some of them

are also indicated in the M-T curves. A sharp change in the

magnetization is observed from all the samples within the

temperatures between 300 K and 325 K, which is due to a

ferro-para transition at the Curie temperature of the austenite

phase (TC
A). The thermal hysteresis (DThys¼TA � TM)

becomes narrower and the transition width at FOMST

(DT¼Af � AS) decreases with the increase of annealing

time. The Curie temperature of the martensite phase (TC
M)

appears clearly as the samples are annealed for the higher

times. This is because of the increase in the Mn-Mn inter-site

interaction due to the atomic ordering during heat treatment

process which is discussed later in detail in this paper.

In the temperatures below 200 K, a magnetically inho-

mogeneous phase is found to present in these alloys and is a

possible indication of EB which is thought to originate from

the interfacial exchange interaction between the spins of fer-

romagnetic (FM) and antiferromagnetic (AFM) layers.8,9

The step like nature in the ZFC M-T curves increases with

the increase of annealing time. This can be attributed to the

formation of ordered interface, which enhances the FM-

AFM coupling.

Fig. 2(d) shows the ZFC M-T curves for samples A, C,

and E in the presence of 0.5 T and 1.5 T magnetic fields. In

the case of disordered sample (sample A), the magnetic

response is very low during the structural phase transition as

TABLE I. Name of the samples according to the duration of annealing and their characteristic transition temperatures. The maximum possible error is 63 K.

Annealing time (h) Samples’ name AS (K) Af (K) TA (K) MS (K) Mf (K) TM (K) DThys (K) DT (K) TC
A (K)

0 A 280 304 292 295 260 277.5 14.5 24 310

6 B 277 300 288.5 289 263 276 12.5 23 312

12 C 276 298 287 285 265 275 12 22 316

18 D 276 292 284 280 264 272 12 16 319

24 E 276 288 282 275 263 271 11 12 320

FIG. 1. Room temperature XRD patterns for (a) sample A, (b) sample C,

and (c) sample E. Peak identification: “A” for the austenite and “M” for the

martensite phase.

FIG. 2. Temperature dependence of magnetization (M-T curves) for (a) sam-

ple A, (b) sample C, and (c) sample E in the presence of 0.01 T field. (d)

ZFC M-T curves of these samples under 0.5 T and 1.5 T fields.



compared to other samples in the presence of high fields.

The field induced shift of structural transition is found to

increase with the increase of the structural ordering.

Figs. 3(a)–3(c) show the magnetic hysteresis loops for

sample A, C, and E at 80 K. The data have been taken after

cooling these samples from 350 K to 80 K in the presence of

1 T field.27 A small but finite shift in the hysteresis loops is

present in all the samples which proves the existence of EB

in Ni50Mn36.5Sn13.5 alloy.8–10,27 Fig. 3(d) shows the anneal-

ing time dependence of the EB field (HEB) and the coercivity

(HC) of these alloys at 80 K. The HEB increases and HC

decrease with the increase of the duration of annealing. This

may be ascribed to the change in the exchange coupling

between the AFM and FM layers due to the annealing. The

samples undergo a structural relaxation and the growths of

grain size during the annealing period, which modify the

degree of atomic order. Thus, the Mn-Mn inter site distance

decreases, which enhance the AFM-FM coupling to a signifi-

cant extent.24

Figs. 4(a)–4(c) show the magnetic isotherms (M-H
curves) for samples A, C, and E in the vicinity of the struc-

tural phase transition point. Field induced magnetic hystere-

sis is observed in all the samples, which increases with

increasing annealing time. The M-H curves at 265 K and

305 K for samples A, C, and E are shown in Fig. 4(d). The

saturation magnetization (Msat) in the austenite phase (at

305 K) is maximum for the sample E. One can notice that

unlike the austenite phase, the Msat in the martensite phase

(at 265 K) is maximum for sample A. It is also evident that

the samples become paramagnetic like in the martensite

phase as they are annealed for the longer time (Fig. 4(d) and

the appearance of TC
M in Figs. 2(b) and 2(c)).24 The heat

treatment process affects the magnetic properties of both the

structural phases to a significant extent. This can be

explained in the context of varying magnetic correlations in

these alloy systems. The two Mn atoms, one from the regular

Mn site and another from the Sn site order ferromagnetically

in the austenite phase.30 The increase in annealing time

causes an increase in the ordering of the Mn atoms to their

respective proper sites and as a result, the FM correlation

increases. The inter site Mn-Mn separation decreases as the

structure of these materials transforms from austenite to mar-

tensite on cooling and AFM interaction starts to increase.

This aforementioned interaction increases as the Mn atoms

in the Sn site increases. The complete structural ordering

corresponds to the 25 Mn atoms (out of a total of 100 atoms,

including, Ni, Mn, and Sn) occupying the regular Mn site

and the rest of the Mn atoms occupying the Sn site and it

provides a maximum AFM interaction between the Mn

atoms sitting at the two different sites. The paramagnetic

like M-H curve for the sample E at 265 K indicates a very

similar aspect as mentioned earlier (Fig. 4(d)).

The DSM of all the samples has been estimated using

Maxwell’s thermodynamic relation7

DSMðT;DHÞ ¼ l0

ðH

0

@M

@T

� �
H

dH (1)

where, T, M, H, and l0 are, respectively, the temperature,

magnetization, magnetic field intensity, and permeability of

free space. The temperature dependence of DSM for the sam-

ples A, C, and E are plotted in Figs. 5(a)–5(c). A maximum

DSM� 5.15 J/kg K is obtained in the sample E at 285 K due

to a field change of 1.5 T. As compared to other samples, a

larger value of DSM for the sample E originates from the

sharp change in magnetization during the structural phase

transition.

RC of the materials has been calculated from the DSM

–T curves using the following formula:27

RC ¼
ðT2

T1

jDSMðT;DHÞjdT; (2)

where T1 and T2 are, respectively, the lower and upper tem-

peratures of the full width at half maxima (FWHM) of the

DSM –T peak. RC estimates the total amount of thermal

energy that can be transferred to a hot sink (T2) from a cold

FIG. 3. Magnetic hysteresis loops for (a) sample A, (b) sample C, and (c)

sample E at 80 K measured after FC under 1 T field. (d) The annealing

time dependence of the exchange bias field and coercive field for

Ni50Mn36.5Sn13.5 alloy at 80 K.

FIG. 4. M-H curves for (a) sample A, (b) sample C, and (c) sample E in the

vicinity of martensite-austenite phase transition. (d) M-H curves of these

samples at 265 K and 305 K.



source (T1) in one ideal thermodynamic cycle. The value of

RC for the sample C is the maximum among them (42 J/kg).

In order to find out the actual magnetocaloric potential of

these samples, we have calculated the average losses due to

the field induced hysteresis. Incorporating this, a net

RC� 35.5 J/kg is obtained for the sample C. Fig. 5(d) shows

the dependence of DSM and net RC of Ni50Mn36.5Sn13.5 alloy

on the annealing time. The values of DSM and net RC are

comparable with the results reported in the literature for the

similar compositions which were annealed for similar

times.7,14,18,27 One can notice that the DSM increases in a

nonlinear way with the increase of annealing time and nearly

saturates after 18 h but, the net RC has a peak value at the

annealing time of 12 h and decreases on the both sides of

increasing and decreasing the duration of annealing. The ex-

perimental aspect of MCE demands that the value of DSM

should be high and its corresponding temperature depend-

ence peak should be broad enough so that the same material

can be used within a wide temperature range and can extract

a large amount of heat from the environment that needs to

cool. In the sample that annealed for 12 h (sample C), these

aforementioned properties exist with satisfactorily larger val-

ues as compared to others which indicates that these partially

disordered materials can be a better magnetic refrigerant.

In summary, we have systematically investigated the

structural, magnetic, and magnetocaloric properties of off-

stoichiometric Ni-Mn-Sn Heusler alloy by varying the

annealing time of a single material. The exchange bias effect

gets improved with the increase of the duration of annealing.

Although the DSM is found to increase with increasing

annealing time from 0 to 24 h, the RC for the 12 h annealed

sample is maximum among the others which is due to an

affordable value of DSM and a broad transition width at the

martensitic phase transition. Finally, one conclusion can be

drawn that up to a certain degree of disorder can provide a

better magnetic cooling as compared to the ordered one.
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