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studied by varying the Ni/Fe and Mn/Fe ratios. The martensitic transition temperature was found to

decrease when Ni was replaced by Fe, but an opposite result was observed in the case of replace-

ment of Mn by the same element. Substitution of Fe significantly affected the ferro/antiferro inter-

actions in both the austenite and martensite phases of these alloy series. Large magnetic entropy

changes with high refrigerant capacities were observed in the alloys with a small percentage of Fe

doping which can be effective for efficient magnetic cooling. V

I. INTRODUCTION

Off-stoichiometric Ni-Mn based Heusler alloys have

become a very effective magnetocaloric material during the

last few years as they show large magnetic entropy change

(DSM) in the vicinity of their first order magneto-structural

transition (FOMST) from cubic austenite to a tetragonal or

orthorhombic martensite phase.1–4 These materials are also

well known for showing some interesting multifunctional

properties like magnetoresistance (MR),5–7 magnetothermal

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

these materials, Ni-rich Ni50Mn50�xSnx alloys have shown

large DSM and thus they have been studied extensively till

date.14–17 For example: a DSM of 20 J/kg K was reported in

Ni50Mn37Sn13 by Krenke et al.14 under a magnetic field

change (DH) of 50 kOe and DSM� 32 J/kg K was found by

Muthu et al.15 in Ni47Mn40Sn13 alloy under the same DH.

Some researchers have reported large values of DSM in

these alloys either by varying the Ni/Mn or the Mn/Sn ratio

and by replacing Ni with Co/Fe.14–21 But, some very recent

studies suggest that the DSM of this alloy family can be

enhanced to a significant extent by taking Mn near about

50 at. %.3,15,16,22–24 Therefore, Mn-rich Mn-Ni-Sn alloys

(Mn� 50 at. %) have attracted immense attention to the

research community during the last three years. The mag-

netic response of Mn-rich Mn-Ni-Sn alloys is better than that

of Ni-rich alloys.

Stoichiometric Mn2NiSn Heusler alloys have Hg2CuTi-

type structure where (0,0,0) and (1=4,1=4,1=4) sites are occupied

by Mn atoms. The remaining (1=2,1=2,1=2) and (3=4,3=4,3=4) sites

are occupied by Ni and Sn atoms, respectively.25,26 It is well

known that Mn atoms carry most of the magnetic moments

of theses alloys.27 Therefore, the ferromagnetic (FM)/antifer-

romagnetic (AFM) interactions between the Mn atoms sitting

at the two different sites are expected to be larger for Mn-

rich alloys as compared to the Ni-rich and this may give rise

to a large DSM also.14,16,24 The thermal hysteresis (DThys) at

FOMST can also be reduced by making these alloys Mn-

rich. Some of the previous studies on Ni-rich (�50 at. %)

Ni-Mn-Sn off-stoichiometric Heusler alloys have reported

that replacement of Ni/Mn by Co/Fe induces strong FM/

AFM correlation in the system which can enhance the mag-

netocaloric parameters of these alloys to a large value.16–21

Till date, a few investigations have been done on the Mn

rich Mn-Ni-Sn alloys by varying the Ni/Sn, Mn/Sn and the

Mn/Ni ratios or substituting Co in the place of Ni.16,22–24

Some of them have studied the magnetocaloric effect of

these Mn-rich alloys. For undoped alloys, it is reported that

DSM increases with the increase of Mn-concentration.16 On

the other hand; DSM increases up to 4% of Co-content for Co

doped similar alloys and then decreases.24 If Ni and Mn are

replaced by Fe, it is expected to get some interesting mag-

netic responses from the Mn-rich Mn-Ni-Sn alloys. The FM

correlations in theses alloys can be enhanced by replacing Ni

with Fe and the AFM correlations can be diminished if Mn

are replaced by the same element. In this work, we have pre-

pared Mn-rich (Mn� 50 at. %) Mn-Ni-Fe-Sn Heusler alloys

by substituting Fe in the place of Ni and Mn to study their

magnetic and magnetocaloric properties. The change in mag-

netic correlations is observed to be different between the two

alloy series (first series: change in Ni/Fe ratio; second series:

change in Mn/Fe ratio). The value of DSM is found to

increase first (a maximum value of DSM� 12–13 J/kg K

obtained due to 16 kOe fields change) and then decreases

monotonically as the Fe-content increases. The net refriger-

ant capacity (RC) of these Fe-doped alloys are significantly

high (obtained maximum value �73 J/kg under 16 kOe

fields) compared to the similar undoped alloys.16

II. EXPERIMENTAL DETAILS

Mn-rich Mn50Ni40.5�xFexSn9.5 (x¼ 0, 1, 2, 3, and 4) and

Mn50�yFeyNi39.5Sn10.5 (y¼ 0, 1, 2, 3, 4, 5, and 6) alloys

were prepared by arc melting technique under a 4 N purity

Argon atmosphere. The ingots were turned and re-melted for
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several times to ensure homogeneity. Each ingot was

wrapped with Tantalum foil and sealed in highly evacuated

quartz ampoules for annealing. After 24 h of heat treatment

at 1173 K, the ampoules were quenched in ice water. The

final compositions of the prepared samples were checked by

energy-dispersive spectroscopy (EDS) and found very close

to the nominal compositions. X-ray diffraction patterns have

been carried out in Rigaku miniflex II using CuKa radiation

to detect the crystallographic parent phase. All the magnetic

measurements were performed using a vibrating sample

magnetometer (Lake Shore, model-7144) up to 16 kOe mag-

netic fields.

III. RESULTS AND DISCUSSION

Figs. 1 and 2 represent the room temperature (295 K)

XRD patterns for Mn-rich Mn50Ni40.5�xFexSn9.5 and Mn50�y

FeyNi39.5Sn10.5 alloys. All the samples of the former series

are found to be in cubic austenite phase. This predicts that

all the samples of the same series are in cubic austenite phase

and their martensitic transition may reside near or below the

room temperature. The super lattice diffraction peaks ((111)

and (311)) signify the existence of high level of atomic

ordering in these alloys. In the case of later alloy series, the

structural phase of the samples with y¼ 0, 1, 2, 3, and 4 is

austenite at room temperature. The y¼ 5 sample is in mixed

phase with the phase fractions of both martensite and austen-

ite phases. This indicates that the martensitic transition of

this sample may reside near room temperature. The sample

with y¼ 6 is found to be in the martensite phase at room

temperature.

The zero field cooled (ZFC) and field cooled (FC) tem-

perature dependent magnetization (M-T curves) in the pres-

ence of 100 Oe field are plotted in Fig. 3 for both the series

of alloys. Figs. 3(a)–3(e) represent the M-T curves for

Mn50Ni40.5�xFexSn9.5 alloys and Figs. 3(f)–3(l) represent the

same for Mn50�yFeyNi39.5Sn10.5 alloys. Except y¼ 6, all the

samples undergo a para-ferro magnetic transition near room

temperature where the magnetization increases abruptly with

the decrease of temperature. This is known as the Currie

temperature of austenite phase (TC
A) of these alloys. A phase

transition with thermal hysteresis between the ZFC and FC

curves can be found in all the samples. The magnetization

here decreases significantly as the temperature of a sample is

decreased. As there is no ferromagnetic austenite phase

exists in y¼ 6 alloy, no such change in magnetization is

found for the same material. But, its differential scanning

calorimetry (DSC) data (Fig. 3(l), inset) clearly shows the

existence of a first order phase transition. This is known as

the martensitic transition of theses alloys which is a FOMST.

The structural phase above this transition is austenite and

below is the martensite. The characteristic transition temper-

atures for FOMST are austenite start (AS), finish (Af); mar-

tensite start (MS), finish (Mf) and indicated in Fig. 3(a).

Other characteristic temperatures for martensitic transition

are TA¼ (ASþAf)/2 (martensite to austenite transition) and

TM¼ (MSþMf)/2 (austenite to martensite transition). The

transition width for martensite to austenite phase transition

(DT¼Af�AS) increases with the increase in Fe content for

both alloy series. All these temperatures are given in Table I.

Another phase transition can be found in these materials

where the magnetization in the martensite phase starts to

increase with the decrease of temperature. It is known as the

Currie temperature of the martensite phase (TC
M).

The phase diagram of these two Mn-rich Heusler series

can be found in Figs. 4(a) and 4(b). For Mn50Ni40.5�xFexSn9.5

alloys, TA decreases as Ni are replaced by Fe. On the other

hand, the same increases with the replacement of Mn by Fe in

Mn50�yFeyNi39.5Sn10.5 alloys. The valence electron concentra-

tion (e/a ratio) of these alloys are calculated and shown in Fig.

4. The conventional dependence of TA on the e/a ratio is such

that they are proportional. There are few reports where TA

decreases with the increase of e/a ratio and its reason is sup-

posed to be the hybridization between 3d states of Ni and

Mn.19,28 In our series of samples, the conventional relation-

ship is maintained. In the case of TC
A and TC

M, they increase

with the increase of Fe in both the alloy series. This in turn
FIG. 1. Room temperature (295 K) XRD patterns for Mn50Ni40.5-xFexSn9.5

(x¼ 0, 1, 2, 3, and 4) alloys.

FIG. 2. Room temperature (295 K) XRD patterns for Mn50�yFeyNi39.5Sn10.5

(y¼ 0, 1, 2, 3, 4, 5, and 6) alloys.



signifies the increase in ferromagnetic interaction in these se-

ries as the Fe atoms are doped.

The isothermal magnetization vs magnetic field curves

(M-H curves) of these alloys are plotted in Fig. 5. As the

complete saturation is not obtained under 16 kOe fields, we

have calculated the saturation values of magnetization (Msat)

from M-H curves using a simple approach as Msat¼M
(H!1). This is just an estimate and it allows us to compare

the magnetic properties of the samples in their structural

phases. The obtained values of Msat are given in Table II.

Figs. 5(a) and 5(b) represent the M-H curves in respectively

austenite phase (at 265 K) and martensite phase (at 80 K) of

Mn50Ni40.5�xFexSn9.5 alloys. The Msat in both the structural

phase increases as the Ni atoms are replaced by Fe. This is

due to the enhancement of ferromagnetic exchange interac-

tion with the increase of Fe content in the place of Ni. The

Msat of martensite phase is much lower as compared to the

austenite phase. This is because the structural phase transi-

tion from austenite to martensite accompanies some decrease

in the inter-site Mn-Mn distance which causes change in the

electronic band structure of these alloys and this in turn

modifies the Mn-Mn magnetic correlations.27 On the other

hand, Figs. 5(c) and 5(d) show the M-H curves in austenite

phase (at 260 K for y¼ 0, 1, 2, and 3; at 280 K for y¼ 4 and

at 300 K for y¼ 5) and martensite phase (at 80 K) for

Mn50�yFeyNi39.5Sn10.5 alloys. Here, the observations are

something different from the previous series. The Msat in the

austenite phase decreases with the increase of Fe. As the Mn

atoms carry most of the magnetic moments for Ni-Mn based

Heusler alloy family, the obtained results predict that the

decrease in Mn concentration actually cause the decrease in

total moment in the austenite phase. In the case of martensite

phase, the inter-site Mn-Mn interaction is strongly AFM. If

some of the Mn atoms are partially replaced by Fe, the

FIG. 3. Temperature dependent magnetization (M-T curves) for (a)–(e) Mn50Ni40.5�xFexSn9.5 (x¼ 0, 1, 2, 3, and 4) and (f)–(l) Mn50�yFeyNi39.5Sn10.5 (y¼ 0, 1,

2, 3, 4, 5, and 6) alloys in the presence of 100 Oe field. 2(l):Inset: DSC heat flow vs temperature curves for y¼ 6 sample.

TABLE I. The characteristic temperatures of Mn-rich Mn50Ni40.5�xFexSn9.5 and Mn50�yFeyNi39.5Sn10.5 alloys.

Sample AS (K) Af (K) TA (K) MS (K) Mf (K) TM (K) TC
A (K) TC

M (K) DT (K)

x¼ 0 239 254 246 250 230 240 280 161 15

x¼ 1 219 240 229 230 210 220 289 172 21

x¼ 2 195 214 204 200 180 190 300 176 19

x¼ 3 145 175 160 160 130 145 311 … 30

x¼ 4 95 130 112 110 80 95 319 … 35

y¼ 0 120 130 125 120 110 115 279 … 10

y¼ 1 164 179 171 169 154 161 283 … 15

y¼ 2 196 219 207 206 187 196 289 185 23

y¼ 3 231 256 243 242 205 223 296 194 25

y¼ 4 255 288 271 271 233 252 299 199 33

y¼ 5 285 321 303 297 261 279 305 203 36

y¼ 6 311 345 328 293 329 312 … 210 35



aforementioned AFM interaction in the martensite phase of

Mn50�yFeyNi39.5Sn10.5 alloys becomes weaker due to the

reduction in number of Mn-Mn inter-site pair. As a result,

the Msat in the martensite phase increases with the addition

of Fe by replacing Mn.

The M-H curves across the martensitic transition of

Mn48Fe2Ni39.5Sn10.5 are plotted in Fig. 6. The existence of field

induced metamagnetic phase transition can be found in this

material. This transition starts near 12 kOe where the magnet-

ization starts to increase nonlinearly.29 These M-H isotherms

FIG. 5. Isothermal field dependence of

magnetization (M-H curves) curves for

Mn50Ni40.5�xFexSn9.5 alloys at (a)

265 K; (b) 80 K and for Mn50�yFey

Ni39.5Sn10.5 alloys at (c) 260 K (280 K

for y¼ 4 and 300 K for y¼ 5) and (d)

80 K.

FIG. 4. Phase diagram for (a) Mn50

Ni40.5�xFexSn9.5 and (b) Mn50�yFey

Ni39.5Sn10.5 alloy series.

TABLE II. The saturation magnetization and magnetocaloric parameters of Mn-rich Mn50Ni40.5�xFexSn9.5 and Mn50�yFeyNi39.5Sn10.5 alloys.

Sample Msat
Austenite(�265 K) (Am2/kg) Msat

Martensite(80 K) (Am2/kg) DSM (J/kg K) RC (J/kg) HLavg (J/kg) Net RC (J/kg)

x¼ 0 58.30 29.48 10.7 49.2 9.1 40.1

x¼ 1 66.98 30.88 11.9 65.7 13.6 52.1

x¼ 2 73.13 36.03 9.5 75.2 15.8 59.4

x¼ 3 79.14 40.35 7.3 69 21.2 47.8

x¼ 4 83.82 42.23 5.9 67.3 22.8 44.5

y¼ 0 83.40 29.52 9 56.4 12.3 44.1

y¼ 1 79.25 30.72 10.3 78.9 15.6 63.3

y¼ 2 73.20 34.10 12.8 94.2 20.9 73.3

y¼ 3 70.53 36.19 8.2 83.9 21.2 62.7

y¼ 4 66.72 38.01 7.1 80.1 24.3 55.8

y¼ 5 61.32 40.57 5.3 41.3 19.1 22.2

y¼ 6 … 42.42 … … … …



are measured using the discontinuous heating protocol.30 For

the each M-H measurement, the sample is first cooled to a tem-

perature which is well below from its Mf. After that, the sam-

ple is heated to the targeted temperature without overshooting

it. The temperature step used for these isotherms is 3 K. The

effect of field history on the samples due to the field induced

effect on the first order phase transition is removed by using

the aforementioned measurement protocol.

The DSM of these alloys has been estimated from the

isothermal M-H curves across the martensitic transition using

the Maxwell’s relation5

DSM T;DHð Þ ¼ l0

ðHmax

0

@M

@T

� �
H

dH; (1)

where l0, M, T, and H are, respectively, the permeability of

free space, magnetization of the material, measurement

temperature and magnetic field. It is reported that the use of

Eq. (1) for first order phase transitions may show unex-

pected spikes in DSM–T curves and thus can provide overes-

timated values of entropy change and RC.31 It is also

reported that the aforementioned problem can be solved by

using the discontinuous heating or cooling protocol during

the isothermal M-H measurements.30 The values of magne-

tocaloric parameters that we have calculated are thus rea-

sonable under our measurement protocol. Figs. 7(a) and

7(b) represent the temperature dependent curves of DSM for

Mn50Ni40.5�xFexSn9.5 and Mn50�yFeyNi39.5Sn10.5 alloys,

respectively. For the first series, DSM increases for the sam-

ple with 1 at. % of Fe (�12 J/kg K due to 16 kOe fields

change) and then it decreases monotonically as the Fe is

increased further. In the case of other series, DSM is found

to be the maximum for the sample with 2 at. % of Fe

(�13 J/kg K due to the same fields change) and decreases

on both the side of increasing and decreasing Fe-content.

Although, DSM is a very useful and well used parameter for

magnetocaloric effect, RC of a material allows us to esti-

mate its actual potential as a magnetic refrigerant. In addi-

tion to that, it is also necessary to take care of the magnetic

hysteresis loss (HL) that comes due to the field induced

transition of these alloys. RC and HL are calculated using

the following formulas:

RC ¼
ðT2

T1

jDSMðT;DHÞjdT; (2)

HL ¼ l0

ðHmax

0

jðMHincrease
�MHdecrease

ÞHjdH; (3)

where T1 and T2 are the lower and upper temperatures of the

full with at half maxima (FWHM) of the DSM – T curve. The

obtained average HLs (HLavg) are subtracted from the RC

values to estimate the net RC of these alloys. The values of

DSM, RC, HLavg, and net RC for all the samples are given in

Table II. Fig. 8 shows the dependence of net RC of these two

alloy series on the atomic concentration of Fe. Maximum

value of net RC is achieved for the sample with 2 at. % of Fe

for both the series (�60 J/kg for x¼ 2 and �73 J/kg for y¼ 2

under 16 kOe fields) and it is noticeably higher than similar

undoped alloys.16

FIG. 7. Temperature dependent DSM in the vicinity of martensitic transition

of (a) Mn50Ni40.5�xFexSn9.5 and (b) Mn50�yFeyNi39.5Sn10.5 alloy series due

to a field change of 16 kOe.

FIG. 6. M-H curves of Mn48Fe2Ni39.5Sn10.5 alloy across its martensitic phase

transition. FIG. 8. Net RC as a function of Fe concentration for Mn-Ni-Fe-Sn alloys.



Such enhancement of net RC originates from the

increased DT and enhanced DSM in the samples with small

percentages of Fe. In the case of highly doped samples, the

DT is larger, but the value of DSM is smaller and HLavg is

larger as compared to the lowly doped samples. This is why

their net RC is low. The replacement of Ni by Fe enhances

the ferromagnetic interaction and thus increases Msat in both

the martensite and austenite phases of Mn50Ni40.5�xFexSn9.5

alloys. In addition to that, the increase in DT significantly

affects (dM/dT)H across the martensitic transition. Now, this

factor is an important term for the calculation of DSM.

Higher the (dM/dT)H, larger the DSM. Fig. 9 represents the

temperature dependence of dM/dT under 16 kOe fields for

all the samples across their martensitic phase transition. dM/

dT has been calculated from isofield M-T measurement data.

One can notice that the nature of DSM–T (as calculated from

isothermal measurement data) and dM/dT-T (as calculated

from isofield measurement data) curves are almost similar

for all the samples. For the sample with x¼ 1, AS resides

above TC
M and thus the magnetization difference between Af

and AS (DM) is high and DT of martensitic transition is also

not so large (Fig. 3(b)). So, the (dM/dT)H across the marten-

sitic transition is high and this is why the DSM for x¼ 1 is

the largest among that series. For Mn50�yFeyNi39.5 Sn10.5

alloy series, AS resides just above the TC
M for y¼ 2 sample

(Fig. 3(h)). Thus, its magnetization value near AS is very low

as compared to the samples with y¼ 0 and 1. Although, the

Msat at the austenite phase of y¼ 2 is lower as compared to

y¼ 0, 1 and DT is larger, (dM/dT)H across TA is high. As a

result, a large value of DSM is obtained for the same sample

which is the largest among all the samples. In the case of

highly doped samples, DT is larger than that of for undoped

and lowly doped samples of both the series. This in turn

reduces (dM/dT)H and the martensitic transition becomes

magnetically less sensitive. HLavg in the highly doped

samples is large also. This is why the DSM and net RC start

to fall after the increase of doping beyond a certain level

(�2 at. %).

IV. CONCLUSION

In summary, the magnetic properties and magneto-

caloric effect of Mn-rich Mn-Ni-Fe-Sn alloys have been

studied. The martensitic transition temperature of these alloys

follows the conventional e/a ratio dependence (proportional).

The ferromagnetic correlations in the austenite phase

increases when Ni is replaced by Fe, but decreases when Mn

is replaced by the same element. This is because of the weak-

ening of ferromagnetic interaction in the austenite phase due

to the decrease in Mn-content. In the case of martensite phase,

antiferromagnetic interaction is found to reduce with increas-

ing Fe concentration for both alloy series. Large values of

magnetic entropy change have been observed with high refrig-

erant capacities in these Fe-doped (with small at. %) samples

which can make them good magnetic refrigerant for the possi-

ble use in environment friendly refrigeration technology.
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