
Reversible magnetocaloric effect and critical exponent analysis in
Mn-Fe-Ni-Sn Heusler alloys

Subrata Ghosh a, *, Arup Ghosh b, Kalyan Mandal a

a Magnetism Laboratory, Department of Condensed Matter Physics and Material Sciences, S.N. Bose National Centre for Basic Sciences, Block-JD, Salt Lake,
Kolkata 700106, India
b Department of Physics, Indian Institute of Science Education and Research (IISER) Pune, Dr. Homi Bhabha Road, Pashan, Pune 411008, India
Keywords:
Heusler alloy
Magnetocaloric effect
Magnetic entropy change
Magnetic refrigeration
Refrigeration capacity
Saturation magnetization
* Corresponding author.
E-mail address: subrataghosh728@bose.res.in (S. G
a b s t r a c t

We report the magnetic and magnetocaloric properties of Mn48-xFexNi41Sn11 (x¼ 8.5, 10.5) Heusler alloys.
The temperature dependent magnetization curve (M vs T curve) reveals that these alloys show only
second order ferromagnetic (FM) to paramagnetic (PM) transition at their Curie temperature (TC) and no
structural transformation is observed. A large value of saturation magnetization (MS) ~ 72.76 Am2/kg is
observed at 80 K for x¼ 8.5 alloy as the alloy becomes purely austenite for this composition. A reversible
magnetic entropy change of 1.02 JKg�1K�1 with moderate refrigerant capacity (RC) ~ 40.2 J/kg are ob-
tained near room temperature (~305 K) for x¼ 8.5, across its TC due to a field change of 14 kOe only. The
critical exponents are calculated for both the samples and found to exhibit long range ferromagnetic
ordering in their austenite phase.
1. Introduction

Ni-Mn based Heusler alloys have been found to show a large
inverse magnetocaloric effect (IMCE) across their first order
magneto-structural transition (FOMST) [1e4]. A small amount of Co
or Fe substitution in the place of Ni/Mn enhances the magnetic
entropy (DSM) value along with refrigerant capacity (RC) of these
materials [5e15]. Apart from this, they shows multifunctional
properties like magnetic shape memory effect [16,17], large
magneto resistance [18,19], exchange bias effect [11,20] etc. More-
over Heusler alloys being non-toxic and cheaper compared to rare
earth materials and thus can be used as a refrigerant for household
applications.

Due to the presence of field induced hysteresis across the FOMST
of Ni-Mn based Heusler alloys, an excess energy is required to
overcome the potential barrier between the two phases: austenite
and martensite. This in turn makes the isothermal entropy and
adiabatic temperature change irreversible. The presence of thermal
hysteresis reduces the net refrigerant capacity of that material. On
the other hand, second order magnetic transition (SOMT) being
hosh).
continuous, the isothermal entropy and adiabatic temperature
change are fully reversible. It shows lower value of DSM compared
to that of first order but the observed RC is higher due to broad
transition under high magnetic fields and absence of thermal
hysteresis [21,22]. For example, T. L. Phan et al. [23]. studied the
conventional and inverse MCE of Ni-Mn-Sn alloys and ribbons and
they showed that FOMST shows larger DSM value compared to
SOMT but the net RC is smaller in FOMST than that of SOMT. This is
because of hysteresis loss in FOMST due to the presence of field
induced transition. Similar effect was observed in Si doped Ni-Mn-
Sn alloy [22], Ba doped Ni-Mn-In alloy [24] and in Cu doped Ni-Mn-
Sn alloys [25]. Therefore to develop inverse MCE properties of
Hesuler alloys, we have to reduce the thermal hysteresis signifi-
cantly. Otherwise, we can improve reversible MCE properties of
these alloys across their second order transition to make their real
use as refrigerant material.

In one of our previous work we studied theMCE properties of Fe
doped Mn50-yFeyNi39.5Sn10.5 (y¼ 0, 1, 2, 3, 4, 5, and 6) alloys [13].
The substitution of Fe in place of Mn, resulted in the martensitic
transition temperature to increase to the higher temperatures,
whereas the Curie temperature (TC) merely increased with doping
and remained close to the room temperature. In this work we have
studied further the magnetic and MCE properties of Mn48-

mailto:subrataghosh728@bose.res.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.02.269&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.02.269
https://doi.org/10.1016/j.jallcom.2018.02.269
https://doi.org/10.1016/j.jallcom.2018.02.269


Fig. 1. Room temperature XRD patterns of Mn48-xFexNi41Sn11 (x¼ 8.5, 10.5) alloys.
xFexNi41Sn11 (x¼ 8.5, 10.5) alloys by increasing the doping amount
of Fe in place of Mn.

2. Experimental

Polycrystalline Mn48-xFexNi41Sn11 (x¼ 8.5, 10.5) alloys were
prepared by arc melting technique under a 4 N purity Argon at-
mosphere using high purity constituent elements. The ingots were
re-melted several times to ensure homogeneity. Extra 3% Mn was
taken to compensate the weight loss during melting. Each ingot
was sealed in an evacuated quartz tube along with a tantalum foil
for annealing. After 24 h of heat treatment at 1173 K the ampoules
were quenched in ice water. The final compositions of samples
were verified by energy-dispersive spectroscopy (EDS) analysis. X-
ray diffraction (XRD) was carried out in Rigaku miniflex II using Cu-
Ka radiation to detect the crystallographic parent phase of the
prepared samples. The magnetization measurements were per-
formed using a vibrating sample magnetometer (Lake Shore,
model-7144) in a 14 kOe magnetic field. The thermo-magnetic data
were taken in both heating and cooling mode in the presence of
100 Oe field at an interval of 3 K. The isothermal curves are
measured up to 14 kOe across magnetic ferro-para transition.

3. Result & discussions

Room temperature XRD patterns are plotted in Fig. 1. Both the
samples are found to be in the cubic austenite phase at 300 K. The
temperature dependence of magnetization (M-T curves) of Mn48-

xFexNi41Sn11 (x¼ 8.5, 10.5) alloys in both zero field cooled (ZFC) and
field cooled cooling (FCC) mode in the presence of 100 Oe field
within the temperature range of 80 Ke400 K, are shown in Fig. 2(a).
Both the samples undergo a ferromagnetic to paramagnetic tran-
sition (TC) in the austenite phase at 305 K for x¼ 8.5 and at 318 K for
x ¼ 10.5 alloy. The M-T curves clearly show that there is no
magneto-structural transition exists between 80 K and TC of both
the alloys. In low external magnetic field (~100 Oe), a splitting be-
tween ZFC and FC below TC indicates that some antiparallel mo-
ments exist in the sample.

Differential scanning calorimetry (DSC) curve for x¼ 10.5 alloy
has been performed upon both heating and cooling with a ramp
rate of 10 K/min to check whether any first order transition is
present at elevated temperatures as shown in Fig. 2(b). The in-
flection point present during both cooling and heating at ~318 K
Fig. 2. (a) Temperature dependent magnetization (M-T curves) for Mn48-xFexNi41Sn11 (x¼ 8.5
path). (b) DSC heat flow vs temperature curve for x¼ 10.5 alloy.
corresponds to the curie temperature of the sample and is optimal
for MCE applications. However any other transition has not been
found at high temperature range between 300 K and 700 K.

In order to understand the magnetic behavior of these samples,
we have measured ZFC hysteresis loops at 80 K under ±14 kOe field
for both the alloys as shown in Fig. 3. A large saturation magneti-
zation (72.76 Am2/kg) is obtained for x¼ 8.5 alloy and the value
decreases to 63.8 Am2/kg for x¼ 10.5. As Mn atoms carry most of
the magnetic moment in the Ni-Mn based Heusler alloys, the
decrease in Mn concentration reduces the total magnetic moment
in the austenite phase and as a result, MS decreases with increasing
x value. As well as with increasing Fe content, Mn-Fe antiferro-
magnetic interaction enhances which in turn reduces the MS value.

The isothermal magnetization curves (M vs. H) for both the al-
loys are carried out across their magnetic phase transition in the
field range of 0e14 kOe, spanning temperature from 277 K to 325 K
for x¼ 8.5 alloy at 3 K interval and 306 K - 336 K for x¼ 10.5 alloy at
2 K interval during heating protocol, shown in Fig. 4(a) and (b). It is
well known that MCE is strongly correlated to the order of magnetic
phase transition. Therefore to confirm the second order transition,
Arrott plots (M1/b vs (H/M)1/g curve, b¼ 0.5, g¼ 1.0) have been
, 10.5) alloys in the presence of 100 Oe field. (Arrows indicate the warming and cooling



Fig. 3. Magnetic hysteresis loop (M�H curve) of x¼ 8.5 and x¼ 10.5 alloys under
14 kOe field at 80 K.
plotted and shown in Fig. 5. According to Banerjee criteria, the
slope of Arrott plot would be positive for a second order transition
and for the first order transition the slopes would take negative
values [26]. Fig. 5 shows that the curve monotonically increases
whichmeans the slope takes positive values and so the transition is
second order in type.

The magnetic entropy change is a key parameter in the study of
magnetocaloric effect of Heusler alloys. The MCE of these alloys can
be calculated from isothermal curves by using Maxwell equation
[27].

DSMðT;DHÞ ¼
ZH

0

�
vMðH;  TÞ

vT

�
H
dH (1)

where, M, T, and H are respectively the magnetization of the
sample, instantaneous temperature and applied magnetic field.
DSM is calculated using the above equation by numerical integra-
tion of the isothermal M�H curves. Since the alloys show second
order phase transition, we can comfortably use the Maxwell
Fig. 4. Field dependence of magnetization (M vs H curves) of alloys for (a) x¼ 8.5 and f
equation to calculate the entropy change. DSM vs T curves are
plotted in Fig. 6 for both alloys. These curve are broad and DSM
reaches to a maximumvalue of 1.02 JKg�1K�1 K for x¼ 8.5 alloy and
of 1.0 JKg�1K�1 K for x¼ 10.5 alloy under a field change of 14 kOe
only. As expected, DSM increases monotonically with the applied
field changes till the peak of DSM occurs across TC. This is due to the
twin boundary motion and motion of the spin walls. The obtained
values of DSM are compared with other alloys in Table 2.

To understand the ferromagnetic interaction of second order
transitionwe have studied the critical behavior for these alloys. The
critical behavior around TC can be expressed by a set of critical
exponents b, g and d which are associated with the spontaneous
magnetization (Msp), initial magnetic susceptibility ðc0Þ and critical
isotherm magnetization at T¼ TC respectively [28]. These can be
calculated from the magnetic measurements by the following
equations:

MspðTÞ ¼ M0j2jb 2<0; T < TC (2)

c�1
0 ðTÞ ¼ h0

M0
2g 2>0; T > TC (3)

M ¼ DH
1
d 2 ¼ 0; T ¼ TC (4)

where 2 is the reduced temperature, defined by 2 ¼ T�TC
TC

. M0, h0

and D are the critical amplitudes. We have used here themean field
model for long range order (b¼ 0.5, g¼ 1.0) to calculate the critical
exponent b and g values experimentally using the above equation.
The value of b describes how the order moment grows below TC.
The value of g describes the divergence of susceptibility above TC
and d defines the curvature of M(H) at T¼ TC. These three critical
exponents are related to each other byWidom scaling relation d ¼
1þ g

b
.

From Fig. 5, by linearly fitting the high field isotherms we have
determined the Msp(T) and c�1

0 ðTÞ values. The intercepts with the

axisM2 for T< TC give the Msp(T) values and the intercepts with the

axis
�

H
M

�
give c�1

0 ðTÞ values. The b and g values are calculated by

fitting equations (2) and (3) using the Msp(T) and c�1
0 ðTÞ values

which are tabulated in Table 1. The optimal values are shown in
or (b) x¼ 10.5 at different temperatures across TC under an applied field of 14 kOe.



Fig. 5. Arrott plot of field dependence of magnetization curve for (a) x¼ 8.5 and for (b) x¼ 10.5.

Fig. 6. Magnetic entropy change as a function of temperature (DSM -T curve) of (a) x¼ 8.5 alloy and of (b) x¼ 10.5 alloy under different magnetic field applied during warming cycle.
Fig. 7((a) and (c)) with b¼ 0.48, g¼ 1.07, TC¼ 308 K and b¼ 0.53,
g¼ 1.01, TC¼ 318.3 K for x¼ 8.5 and x¼ 10.5 respectively. Third
critical exponent, d is obtained independently using equation (4)
from the linear fit of ln M vs ln H (Fig. 7(b)) which is ~ 3.96 for
x¼ 8.5 and ~ 4.45 for x¼ 10.5. Further, we have tried to find the
local exponent n by linearly fitting the ln DSM vs ln H plot (inset of
Fig. 7(b) and (d)) [29] and found it to be ~ 0.72 for x¼ 8.5 and ~ 0.77
for x¼ 10.5 at TC, which are in agreement with the several reports
in similar alloy systems [22,30]. The obtained values of critical ex-
ponents suggest that with increasing Fe content the long range
ferromagnetic order around austenite transition enhances.
Table 1
Characteristic transition temperature (TC), saturation magnetization (MS), and values of

Sample TC (K) MS at 80 K (Am2/kg) Critical expo

b

x¼ 8.5 305 72.76 0.48
x¼ 10.5 318 63.80 0.53
The RC is another important parameter in MCE studies, defined
as a measure of the amount of heat transfer between the hot and
cold sinks during one ideal refrigeration cycle. It can be calculated
from the temperature dependence ofDSM curve using the following
equation

RC ¼ DSMAX
M � DTFWHM (5)

where, DSMAX
M represents the peak value of DSM of a DSM vs. T curve

plotted for a specific field change value and the DTFWHM is the
temperature window of the full width at half maxima of the same
the obtained critical exponents (b, g and d) for x¼ 8.5 and x¼ 10.5 alloy.

nents

g d n TC (K)

1.07 3.96± 0.001 0.719± 0.001 308
1.01 4.45± 0.001 0.766± 0.001 318.3



Fig. 7. Temperature dependence of spontaneous magnetization (Msp(T)) and initial susceptibility values (c�1
0 ðTÞÞ of (a) x¼ 8.5, (c) x¼ 10.5 alloy. Linear fit of ln (M) vs ln (H) near TC

[Inset: Field dependence entropy change in ln-ln scale near TC] of (b) x¼ 8.5 and (d) x¼ 10.5 alloy.

Table 2
Comparison of Magnetic entropy change (DSM) and Refrigerant Capacity (RC) of Mn48-xFexNi41Sn11 (x¼ 8.5, 10.5) alloys with other alloys.

Sample Name Field change (kOe) DSM (Jkg�1K�1) RC (J/kg) Reference

Gd 50 10.2 410 [27]
Gd5Ge2Si2 50 20 200 [35]
Mn48-xFexNi41Sn11 Present Work
x¼ 8.5 14 1.02 40.2
x¼ 10.5 14 1.00 36.7
Ni50Mn36Sn14-xSix [22]
x¼ 1 50 3.4a/2.8b 45a/80b

x¼ 2 50 2.5a/2.7b 40a/100b

x¼ 3 50 1.3a/2.3b 12a/65b

Ni45.5Co2Mn37.5Sn15
a 50 13.4 147.04 [36]

Ni47Mn40Sn13 20 4.3a/2.3b 22.2a/57b [31]
Mn50Ni40Sn10

a 50 8.6 39.8 [32]
Ni50Mn34In16

a 50 19 103.79 [33]
Ni50Mn37Sb13a 50 9.1 37.7 [34]

a DSM calculated across FOMST.
b DSM calculated across SOMT.
curve. The obtained values of RC are tabulated in Table 2. A
maximumvalue of RC ~ 40.2 J/Kg is obtained for x¼ 8.5 alloy, which
decreases on increasing the values of x (¼ 10.5). The observed value
is comparatively larger than the other reported RC values of Heusler
alloys across their first order structural transition such as
Ni47Mn40Sn13 (22.2 J/kg at 2 T) [31], Mn50Ni40Sn10 (39.8 J/kg at 5 T)
[32], Ni50Mn34In16 (103.79 J/kg at 5 T) [33] and Ni50Mn37Sb13 (37.7 J/
kg at 5 T) [34] but it is bit lower than that of Gd5Ge2Si2 (200 J/kg at
5 T) [35] which are also tabulated in Table 2.

4. Conclusion

In Summary, we have observed the magnetic and magneto-
caloric properties of Mn48-xFexNi41Sn11 (x¼ 8.5, 10.5) alloys. In-
crease in Fe concentration in place of Mn decreases the Mn-Mn
antiferromagnetic interaction resulting only austenite phase for
x� 8.5. A large saturation magnetization and a moderate value of
room temperature reversible magnetocaloric effect are found for
x¼ 8.5 alloy along with a good refrigerant capacity. The Curie
temperature of these samples is less sensitive to the doping con-
centration of Fe. The less consumption of energy in the applicability
of MCE across second order transition in these materials can make
them a good candidate for magnetic refrigerant. Further, the critical
behaviors for both alloys have been studied around their second
order magnetic transition and the obtained critical exponents
confirm the presence of long range ferromagnetic ordering.
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