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Martensitic transition, spin glass behavior and
enhanced exchange bias in Si substituted
Ni50Mn36Sn14 Heusler alloys†
G. R. Raji,a Bhagya Uthaman,a Rajesh Kumar Rajan,a Sharannia M. P.,b Senoy Thomas,a
K. G. Sureshc and Manoj Raama Varma*a
The martensitic transition and exchange bias properties of the Heusler alloy system Ni50Mn36Sn14 xSix (x ¼
0, 1, 2 and 3) have been investigated. As the Si concentration increases, the martensitic transition
temperature decreases while the Curie temperature of the austenite phases shows a slight increase. The
temperature dependence of AC susceptibility with diﬀerent frequencies at a low temperature regime
was analyzed and the frequency dependence of the spin freezing temperature (Tf) showing
a conventional critical slowing down relation conﬁrms the spin glass behavior at low temperatures.
Furthermore, the sample was recognized as a reentrant spin glass with both ferromagnetic and glassy
states coexisting at least in the ﬁeld cooled state. Due to these competing magnetic interactions, all the
studied alloys exhibit exchange bias at low temperatures. For x ¼ 2 alloy, an exchange bias ﬁeld of 235
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I.

Oe is observed. However, on further increasing x, the exchange bias decreases. Therefore, it is quite
evident that the unidirectional anisotropy decreases as a function of Si concentration. The double shifted
hysteresis loop after zero ﬁeld cooling and training eﬀect strongly support the presence of exchange
bias in these alloys. The dependencies of EB on various parameters like temperature and cooling ﬁeld
have also been investigated.

Introduction

Ferromagnetic shape memory materials are in the limelight
today due to their various properties, one of which is exchange
bias (EB). The EB eﬀect was discovered by Meiklejohn and Bean
in Co/CoO nanoparticles at low temperatures in 1956, where
they observed a shi in the hysteresis loop along the magnetic
eld axis.1 Substantial investigations have been carried out in
oxide particles, multilayer lms and nonhomogeneous materials2–8 due to the application of EB in ultrahigh-density
magnetic recording, giant magnetoresistance sensors, and
spintronic devices etc. It refers to the directional shi in the
hysteresis loop of a ferromagnet (FM) in contact with an antiferromagnet (AFM), when the sample is cooled in an external
eld to below the Néel temperature (TN) of the antiferromagnet.
Generally, the exchange anisotropy results from the coupling
between the FM and AFM layers at the interface, which gives
a shi in the hysteresis loop along the eld axis.

Recently, Ni–Mn–X (X ¼ In, Sb, Sn) Heusler alloys which
show shape memory eﬀect and magnetism simultaneously,
have drawn much attention due to some interesting properties,
such as magnetic-eld-induced strain, magnetoresistance,
magnetocaloric eﬀect and exchange bias properties.9–13 In Ni–
Mn–X alloys, aer the martensitic transition, the Mn–Mn
distance would decrease due to the twinning of the martensitic
phase, leading to the enhanced strength of the antiferromagnetic exchange coupling.14 It is well known that magnetic
properties of the above said Heusler alloys are strongly dependent on Mn content and Mn–Mn distance between diﬀerent
lattice sites. The coexistence of FM and AFM phases in the
martensitic phase and the coupling at the FM/AFM interface
would result in EB behavior, which has been observed in
Ni50 xCoxMn38Sb12,15 Ni50Mn36Sn14 xGex (x ¼ 1, 2),16 Mn50Ni42Sn8,17 Ni50Mn35In15,18 Mn50Ni40Sn10 19 alloys, etc. Furthermore, coexistence of spin glass-like state and FM has been
reported in certain alloys of this family.20,21 In the present work,
we have studied the eﬀect of Si doping at Sn site on structural,
magnetic and exchange bias properties of Ni50Mn36Sn14 alloys.
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II.

Materials and methods

Polycrystalline ingots of Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3)
were prepared by arc melting the stoichiometric amounts of Ni,
Mn, Sn and Si of at least 99.99% purity in high pure argon
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atmosphere. Aer that, the samples were sealed in evacuated
quartz tubes and annealed at 950  C for 48 h. The samples
annealed were subsequently quenched in ice water mixture.
Annealed samples were ground well and subjected to powder Xray diﬀraction (XRD) analysis using high resolution Rigaku
SmartLab XRD diﬀractometer with step size 0.02 in Bragg–
Brentano geometry with Cu-Ka radiation in the 2q range of 20
to 80 . The phase purity and crystal structure of all the
compositions were conrmed from Rietveld renement of the
XRD data using the EXPGUI soware and the cubic L21 structures of the samples were established. The elemental compositions were determined by using a scanning electron
microscope (SEM) equipped (Carl Zeiss Evo 18) with an energy
dispersive X-ray spectrometer (Oxford EDAX X-MaxN) and are
summarized in Table 1. The HRTEM images were taken using
transmission electron microscopy (TEM, FEI Tecnai G230S
Twin 300 kV). Magnetization measurements were performed by
using a Physical Property Measurement System [Quantum
Design, Dynacool].

III.
A.

Results and discussion

symmetry austenite to a very complicated low symmetry
martensite phase, may be orthorhombic or tetragonal.15,21
From the XRD patterns, it is clear that (220) peak shis
slightly towards higher angles with increase in Si content, which
indicates a decrease in lattice volume due to the smaller size of
Si as compared to that of Sn. The lattice parameters are found to
be a ¼ 5.99 
A, 5.97 
A, 5.96 
A and 5.94 
A for x ¼ 0, 1, 2 and 3
respectively obtained from the rened data are depicted in
Table 2. Variations of t parameters Rwp and Rp with silicon
composition are also shown in Table 2. For x ¼ 3 composition,
Rwp is large when compared with other compositions. This may
be due to the poor tting of the experimental data with the
reference data (ordered L21). But a systematic trend in the
variation of Rwp is not observed.
Fig. 2 shows the HRTEM images acquired from sample
Ni50Mn36Sn11Si3. In high resolution, the planes (110), (200) and
(220) are clearly seen for the composition Ni50Mn36Sn11Si3.
Interplanar spacing (d) of these planes measured from the TEM
images match with the calculated values of corresponding
planes for the Heusler alloys with L21 phase. Typical SAED
pattern recorded shows a spotty nature. The d values corresponding to these spots are indexed as shown in Fig. 2(b).

Structural analysis

The Rietveld rened room temperature powder XRD patterns
for the Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3) alloys are depicted
in Fig. 1. The samples are in the cubic austenite phase and have
m.14,16 In the
a Heusler L21 structure with the space group Fm3
room temperature austenite phase of the X2YZ full Heusler
alloy, ‘X’ occupies the (1/4, 1/4, 1/4) site, Y at (0, 0, 0) site and Z at
(1/2, 1/2, 1/2) site. In the present system, Ni occupies the X site,
Mn occupies the Y site and the extra Mn (36–25) along with Sn
and doped Si occupies the Z site. In addition to the ordered L21
structure, generally several types of disordered structures have
been observed in Heusler alloys. In the case of L21 structure,
when the Y and Z atoms replace their sites and eventually
occupy their sites absolutely at random, the compound transforms into commonly observed disordered B2 structure (Y and Z
sites become equivalent). At high temperatures X, Y and Z
atoms distributes randomly, i.e. complete disorder in the X2YZ
Heusler compounds, results in the A2 structure-type with
reduced symmetry. As a result, the X, Y and Z sites become
equivalent leading to a BCC lattice. A disorder–order transition
A2 / B2 / L21 has been reported in most of the Heusler alloy
systems. Most of these alloys are predominantly in a cubic L21
structure near room temperature, which is called austenite
phase. By decreasing the temperature it transfers from high

Table 1 Compositions of Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3)
determined by EDAX analysis. The estimated error in determining the
concentration of each element is 0.1 at%

x (nominal)

Ni at%

Mn at%

Sn at%

Si at%

0
1
2
3

49.63
49.56
49.71
49.69

35.91
35.88
36.01
35.74

14.46
13.29
12.21
11.43

—
1.27
2.07
3.14
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B.

Magnetic characterization

Fig. 3(a) shows the temperature dependence of magnetization
of Ni50Mn36Sn14 xSix (x ¼ 1, 2 and 3) in an external magnetic
eld of 500 Oe. Data have been taken in zero-eld-cooled (ZFC)
and eld-cooled cooling (FC) conditions. With decreasing
temperature, the paramagnetic–ferromagnetic transition
occurs at the Curie temperature of the austenite, TAC. With
further cooling, the alloys undergo a transition from the ferromagnetic austenite to the martensite phase. The observed
thermal hysteresis is attributed to the rst-order structural
transition. Below this transition, a splitting between the ZFC
and FC data is seen at low temperatures, which reveals a low
temperature magnetic structure consisting of competing
magnetic interactions.
It is observed that an increase in the Si concentration results
in a decrease in the martensitic transition temperature (TM) [see
Table 2] which is contrary to the previous reports.22,23 Generally,
the variation of TM is correlated with the valence electron
concentration e/a (electrons per atom), inter atomic distance,
strain etc.24 It was reported that in many alloys with increasing e/
a value, the martensitic transition temperature also increases.25
In the present case, the substitution of Si for Sn does not vary the
valence electron number but reduces the cell volume. In Ni–Mn–
In alloys, it was recently reported that the application of
hydrostatic pressure results in an increase of martensitic transition temperature because of the reduction in cell volume.26 But
in our system, the decrease in cell volume with Si substitution
produces the opposite eﬀect. The eﬀect of Si substitution for Sn
on the martensitic transition temperatures can be explained by
using the degree of crystallographic order. In CuZnAl alloy, it
was reported that the addition of a fourth element results in the
increase of martensitic transition temperature with increasing
order of the parent phase.27 The parent Ni50Mn36Sn14 is an
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(a) XRD patterns of Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3) at room temperature (b) a crystallographic unit cell description of Ni50Mn36Sn14
Heusler alloy.
Fig. 1

Table 2 Space group, lattice parameter, atomic volume, Rwp (%) and
Rp (%) of Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3) Heusler alloys

Composition Space Lattice
Atomic
(x)
group parameter a (
A) volume (
A3) Rwp (%) Rp (%)
0
1
2
3

m
Fm3
m
Fm3
m
Fm3
m
Fm3

5.9931 (4)
5.9750 (3)
5.9607 (2)
5.9455 (6)

215.253 (4)
213.311 (3)
211.783 (2)
210.167 (6)

2.49
2.34
1.73
3.77

1.56
1.43
1.04
2.65

ordered Heusler-type intermetallic compound with L21 structure
and with the increase in Si concentration, the degree of order
decreases. From the original XRD plots, it was estimated that
intensities of (111) superlattice peaks decrease (from 19 to 16%
relative to (220) peak), which conrms that the degree of order
decreases as Si concentration increases from x ¼ 0 to 3. Hence
the martensitic transition temperature decreases with increase
in x (0, 1, 2 and 3).28
According to the accepted crystallographic theories, the
shear energy is closely related to the mechanical strength of the
parent phase.29,30 With an increase in the strength of the parent
phase, the shear energy increases. This warrants more driving

Fig. 2

force for the initiation of martensitic transition, which results
in a decrease of the TM. It has been reported that in Ni55.5Fe18Ga26.5 xSix (x ¼ 0, 1 and 2),30 Ni48Mn39In13 xSix (x ¼ 1, 2 and
3) ribbons,31 Ni48Mn39Sn13 xSix (x ¼ 1, 2, 3 and 4)28 and Ni50Mn35In15 xSix (x ¼ 1–5)32 alloy systems, the substitution of Si
leads to a decrease in TM. However, in Ni43Mn46Sn11 xSix (x ¼ 1,
2, 3)22 alloys, TM increases with increase in Si concentration.
Hence in the present investigation, it is reasonable to assume
that the increase in strength of the parent alloy due to Si
substitution or the degree of crystallographic disorder are the
dominating factors than the decrease in cell volume in determining the TM of the present alloys. The characteristic
temperatures of structure transition As (austenite start), Af
(austenite nish), Ms (martensite start), Mf (martensite nish)
and TAC (Curie temperature of the austenite phase), are determined from M–T curves and listed in Table 3.
The presence of antiferromagnetic component in the
martensitic phase is supported by the sharp decrease in
magnetization associated with the rst order austenite–
martensite transition. EXAFS study by Bhobe et al. on the parent
alloy has shown that the Mn–Mn distance between the Mn
atoms occupying the Mn and Sn sublattices decreases during
martensitic transition, thereby introducing partial AFM in the

HRTEM images of (a) Ni50Mn36Sn11Si3 and (b) SAED pattern of Ni50Mn36Sn11Si3 (circles are a guide to eye).

This journal is © The Royal Society of Chemistry 2016
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FM matrix.33 The exchange bias blocking temperature (TB) can
be identied from the zero eld cooled M(T) curve [Fig. 3(b)] in
the low temperature region. With increasing measuring eld
[Fig. 4] the characteristic temperatures (As, Af, Ms, Mf and TM)
decreases, and the signature of low temperature magnetic
frustration in the ZFC curves disappears, which is a clear indication of the suppression of frozen state at strong magnetic
elds.

C.

Paper
Table 3 Austenite start (As), austenite ﬁnish (Af), martensite start (Ms),
martensite ﬁnish (Mf), martensitic transition temperature (TM) and Curie
temperature of the austenite phase (TAC) obtained for Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3)

x

As (K)

Af (K)

Ms (K)

Mf (K)

TM (K)

TAC
(K)

0
1
2
3

218
220
187
163

255
254
224
190

238
238
204
177

201
205
166
146

247
246
214
184

316
316
321
326

AC magnetic susceptibility measurements

A dynamic study by AC susceptibility measurements have been
performed at diﬀerent frequencies (f) ranging from 433 Hz to
9984 Hz with an AC magnetic eld of 1 Oe to understand the
nature of low temperature frustrated magnetic state. Fig. 5
shows the temperature dependence of imaginary part (c00 ) of the
AC susceptibility for x ¼ 1 composition at diﬀerent frequency (f)
values. Since the magnetization versus temperature curves show
identical behavior for all the compositions in the low temperature region, we have presented the AC susceptibility data for x
¼ 1, as a representative of the series. The AC susceptibility data
are taken in the temperature range 5–250 K, which covers the
step like anomaly above TB in Fig. 3(b). It is interesting to
observe that the feature near the step like anomaly is reected
as a small frequency dependant variation on (c00 ) values. This is
a strong evidence for the proposition of the existence of glassy
state at low temperatures. Hence, the shi of c00 data to higher
temperatures with increase in frequency, provide an unambiguous signs of spin slow dynamics in the system.
The frequency dependence of Tf in c00 (T) can be quantied
using the relation dTf ¼ DTf/(TfD log u), which is a useful
criterion for distinguishing between blocking and freezing
processes.34 The value is typically 0.005 to 0.08 for spin glass
(SG) whereas it lies in the range of 0.1 for non interacting
superparamagnetic systems. For the present alloy, the value of
dTf is 0.038  0.002 which lies well within the region corresponding to canonical SG systems.35,36 This provides yet another
strong evidence for the existence of SG behavior in the
martensite phase of these alloys.

SG related properties can be further analyzed using critical
slowing down relation s/s0 ¼ ((Tf TSG)/TSG) zy, where TSG, is the
spin glass transition temperature as frequency tends to zero, Tf
is the spin freezing temperature, s is the maximum relaxation
time (s ¼ 1/u) corresponding to the measured frequency, s0 is
the characteristic relaxation time of single spin ip, z is the
dynamical critical exponent and, y is the critical exponent of
correlation length, x expressed as x ¼ [(Tf/TSG)
1] y. Fig. 6
shows the variation of ln(s) with the maximum spin freezing
temperature (T) with the tted parameters namely s0 ¼ (1.49 
0.03)  10 7 s, TSG ¼ 136.97  0.02 K and zy ¼ 1.72  0.07. Inset
of Fig. 6 shows the variation of log10 s with log10((Tf TSG)/TSG),
which gives a linear dependence with the tted parameters. For
a spin glass system, s0  10 10 to 10 13 s and zy is typically
found to lie between 4 and 12, the higher value of s0 and lower
value of zy indicates slower spin ipping which is attributed to
the presence of randomly oriented ferromagnetic clusters
instead of atomic moments. Furthermore, a poor tting of
Arrhenius relation (not shown) suggests that the dynamics of
low temperature magnetic state is not merely associated with
the single spin ip, but shows a cooperative character. With
lowering of temperature, the system rst transforms from
a paramagnetic to ferromagnetic in nature at TC ¼ 316 K and
then from the ordered FM to a disordered glassy phase below Tf.
Therefore, the SG phase in our present system is not a conventional spin glass, but a reentrant spin glass [RSG]. A very similar
RSG phase and associated EB were also observed in

Fig. 3 (a) ZFC and FC magnetization curves for (i) Ni50Mn36Sn13Si1 (ii) Ni50Mn36Sn12Si2 (iii) Ni50Mn36Sn11Si3 at 500 Oe ﬁeld. (b) Temperature
dependence of ZFC magnetization at 500 Oe for Ni50Mn36Sn14 xSix (x ¼ 1, 2 and 3).
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Fig. 4 Temperature dependence of ZFC and FC magnetization
measured at 5 kOe and 10 kOe ﬁelds for Ni50Mn36Sn13Si1.

Temperature dependence of imaginary part (c00 ) of the ac
susceptibility measured at diﬀerent applied frequencies with an ac
magnetic ﬁeld of 1 Oe for x ¼ 1 alloy.
Fig. 5

Ni2Mn1.36Sn0.64 and Ni2Mn1.44Sn0.56 alloys.35 This prompts us to
propose a generic view of the RSG-type magnetic ground state in
higher Si doped alloys showing EB, where a common spin
freezing phenomena is responsible for the observed exchange
bias in these alloys.
D.

Exchange bias properties

Fig. 7 shows the isothermal magnetization curves for Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3) at diﬀerent temperatures, aer
eld cooling in a eld of 10 kOe from 350 K to the desired
measurement temperatures. The isothermal magnetization
measurements were performed in the eld range of 20 kOe.
For the sake of clarity, we have shown the hysteresis loops only
in the eld range of 2 kOe in the gure. Fig. 7(a)–(d) shows the
hysteresis loops for x ¼ 0, (e)–(h) for x ¼ 1, (i)–(l) for x ¼ 2 and
(m)–(p) for x ¼ 3 at diﬀerent temperatures. It is evident from the
gures that the amount of the shi in the hysteresis loop
decreases with increase in temperature. The temperature above
which the hysteresis loop becomes symmetric, nearly coincides

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 ln(s) vs. maximum spin freezing temperature (T) ﬁtted to the
critical power law. Inset shows the variation of log10 s with log10((Tf
TSG)/TSG) for x ¼ 1 alloy. The solid line represents the linear ﬁt to the
experimental data.

with the blocking temperature observed from the M–T data
shown in Fig. 3(b). The presence of nite shi of the loops is
characteristics of exchange bias present in the system, which is
attributed to the existence of spin glass like freezing at low
temperatures.
All stoichiometric Heusler compositions (Ni2MnZ) are
ferromagnetic with the Curie point above room temperature.
The excess Mn doping at the expense of Z atoms induces
structural instability in the system leading to the rst order
martensitic structural transition as shown in the phase
diagram.37 Evidently, the magnetic nature of the ground state of
the Ni–Mn–Sn alloys consists of excess Mn atoms occupying the
Sn-sites in the lattice. The Mn atoms at regular sites constituted
the FM phase and the excess Mn atoms at Sn sites are acting as
the AFM phase. The EB was then thought to originate from the
AFM exchange interaction between the regular and excess Mn
atoms. Therefore, the transition from austenite to the
martensite phase leads to the shrinking of the crystallographic
axes (a and b), which results in the decrease of the Mn–Mn
distances in the lattice and leads to stronger AFM coupling. In
the present case, it is expected that FM martensite phase should
exist at low temperatures due to the comparatively high M
values (in M–T curve). So the magnetic state at low temperatures
is very much complex due to the coexistence of FM and AFM
exchange interactions, which leads to the magnetic frustration.
As discussed earlier, the temperature dependence of AC
susceptibility conrms the reentrant spin glass behavior in the
present case. Therefore, the EB eﬀect in the system can be
attributed to the pinning eﬀect of the FM at SG-like interface,
unlike the reports found in some Ni–Mn based magnetic shape
memory alloys where EB eﬀect has been suggested to arise from
the FM/AFM interfaces.
The ZFC M–H curve of Ni50Mn36Sn12Si2 at 5 K is shown in
Fig. 8, which shows a double shied nature (the middle region
of the curve is shown for better clarity). This is a clear indication

RSC Adv., 2016, 6, 32037–32045 | 32041

View Article Online

Published on 30 March 2016. Downloaded by Gazi Universitesi on 03/04/2016 04:06:30.

RSC Advances

Paper

Fig. 7 Magnetic hysteresis loops of alloys Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3) measured at diﬀerent temperatures after ﬁeld cooling the sample
from 350 K in an applied ﬁeld of 10 kOe.

of the complex state of the martensite phase with magnetic
frustration. During the measurement process, the AFM regions
couple oppositely with the adjacent ferromagnetic region,
giving rise to the double shied loop, similar to the one seen in
well known exchange bias systems.38 The presence of double
shied ZFC loop and the shied FC loops are the results of
unidirectional anisotropy and exchange bias, both of which
arise from the interfacial exchange coupling between the two
magnetically diﬀerent phases at low temperatures.39

Fig. 8 Magnetic hysteresis loop obtained in the ZFC mode for Ni50Mn36Sn12Si2 at 5 K.

32042 | RSC Adv., 2016, 6, 32037–32045

Exchange bias eld (HEB) and coercivity (HC) are calculated
using the relations HEB ¼ (H1 + H2)/2 and HC ¼ |H1 H2|/2,
where H1 and H2 are the coercivity at the descending and
ascending branch of the M–H loop respectively (note that the
error in HEB and HC determination is 0.3 Oe). Another indication of the presence of exchange bias in a system is the
enhancement of coercivity (HC) in the eld cooled hysteresis
compared to the zero eld cooled case. This is due to the
development of exchange (unidirectional) anisotropy in the
system. The coercivity value determined from FC M–H is greater
than the corresponding ZFC M–H curve, at 5 K. The variation of
HC for diﬀerent compositions under zero eld and eld cooled
conditions at 5 K is depicted in Fig. 9 and all the samples
follows the same trend. Also, the value of magnetization at 20
kOe for the eld-cooled mode is higher than that of zero eld
cooled case, due to the increase in ferromagnetic component
during FC.
Fig. 10(a) shows the variation of exchange bias eld (HEB)
and coercivity (HC) as a function of temperature for x ¼ 2. HEB
shows an approximately linear decrease with temperature and
becomes zero above 90 K. On the other hand, the value of HC
increases initially, reaches a maximum and then decreases with
increase in temperature. The exchange bias eld at diﬀerent
temperatures for x ¼ 0, 1 and 2 are shown in Fig. 10(b). There is
an approximately linear decrease of HEB with temperature. As
temperature increases, the exchange coupling between the two
magnetically diﬀerent regions decreases and the eﬀect

This journal is © The Royal Society of Chemistry 2016
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Variation of HC for diﬀerent compositions under zero ﬁeld and
ﬁeld cooled conditions at 5 K for Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3).

Fig. 9

disappears beyond the blocking temperature since the spin
glass phase is thermally unstable at higher temperatures. The
increase of HC with temperature can also be ascribed to the
competition between the interfacial exchange coupling strength
and AFM anisotropy.40,41 Inset in Fig. 10(b) shows the variation
of exchange bias eld with Si concentration at 5 K, which shows
that the HEB increases from 123 Oe to 235 Oe as x is increased
from 0 to 2 and thereaer it get decreases. From this, it is quite
evident that the unidirectional anisotropy changes as a function
of Si concentration.
The cooling eld dependence of HEB at 5 K for Ni50Mn36Sn14 xSix (x ¼ 2) was also investigated. The sample was cooled
from 350 K to 5 K in diﬀerent elds and the magnetic isotherms
were measured in 20 kOe eld range. The results are depicted
in Fig. 11 and it is found that HEB decreases with cooling eld.
This is because, as the magnitude of cooling eld increases the
Zeeman coupling also increases, so that the exchange coupling
between the two phases decreases, resulting in a decrease in
HEB.41
The training eﬀect is one of the important experimental
evidences which is usually observed in EB materials, where

RSC Advances

a decrease of HEB is seen by cycling the system through several
hysteresis loops.2 To conrm whether such an eﬀect is present
in our system, we have measured several hysteresis loops at 5 K
aer eld cooling in 50 kOe. The rst and the sixth loops are
shown for Ni50Mn36Sn12Si2 in Fig. 12 (only the middle region of
the curve is shown for better clarity). The decrease in HEB with
the number of cycles conrms the presence of training eﬀect in
the system. The training eﬀect is interpreted in terms of metastable magnetic disorder at the magnetically frustrated interface during magnetization reversal process. It arises mainly
because of the weakening of interfacial exchange coupling as
a result of partial loss of the net magnetization of the frustrated
layer during repeated eld cycling which leads to a drop in the
exchange bias. It is generally found that the variation of HEB
with n follows the simple power law:42
HEB

HEBN f 1/On

(1)

where HEBN is the EB eld in innite limit of n. The t of this
equation [Fig. 12(b)] shows that the power law matches with the
experimental data for the alloy. The value of HEBN has been
found to be 191 Oe from the tted curve.

Fig. 11 Variation of HEB with the cooling ﬁeld for x ¼ 2 at 5 K.

Fig. 10 HEB and HC vs. T for (a) Ni50Mn36Sn12Si2 after ﬁeld cooling from 350 K in an applied ﬁeld of 10 kOe. (b) HEB for x ¼ 0, 1 and 2 compositions
at diﬀerent temperatures in an applied ﬁeld of 10 kOe. Inset in (b) shows the variation of HEB for diﬀerent compositions at 5 K.

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 (a) Training eﬀect of exchange bias in x ¼ 2. The ﬁrst and sixth loops at 5 K are shown after ﬁeld cooling in 50 kOe. (b) The dependence of
HEB on number of ﬁeld cycles (n). The red solid line shows the best ﬁt of eqn (1) to the experimental data.

However, a meticulous neutron diﬀraction study is essential
to establish the above propositions concerning the magnetic
state of these multifunctional alloys. From the present study it
is clear that Si doping can tune the exchange bias property and
it facilitates the search for new Heusler alloys with large
exchange bias.

IV. Conclusions
The eﬀect of Si substitution on the structure, magnetism and
exchange bias properties of Ni50Mn36Sn14 xSix (x ¼ 0, 1, 2 and 3)
Heusler alloys has been investigated. The substitution of Si for
Sn in these alloys results in a decrease in the lattice parameter
due to the smaller ionic radius of Si. Strong frequency dependence of AC susceptibility clearly demonstrates the SG-like
behavior close to the EB blocking temperature, above which
EB eﬀect vanishes. Enhanced exchange bias in Si substituted
Ni–Mn–Sn Heusler alloys have been observed below their
martensitic transition temperature and it arises due to the
unidirectional anisotropy which is caused by the coupling
between the ferromagnetic and spin glass like component in the
martensitic phase. Exchange bias eﬀect is found to increase
with Si concentration initially and a value of 235 Oe is obtained
for x ¼ 2 alloy. The observation of training eﬀect and double
shied hysteresis loops further conrm the exchange bias
phenomenon in these materials. Therefore, the present results
seem to be very promising in the search for multifunctional
materials from the Heusler alloy family.
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