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Magnetic shape memory properties of polycrystalline Ni50Mn35In15−xSix were investigated. A reversible
strain of more than 0.4% was observed for x = 0 at a magnetic field H = 5 T that was found to be associated
with a field induced reverse martensitic transformation. The strains were found to increase with the
substitution of In by Si and strains larger than 1% were observed for x = 2 at H = 5 T. Both the positive and
negative strain changes were observed in the vicinity of martensitic transition temperatures. The strain
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in Ni50Mn35In15−xSix was

. Introduction

Ni–Mn–X (X = In, Sb, Sn, Ga) based Heusler alloys are mul-
ifunctional magnetic materials that exhibit several interesting
roperties such as giant magnetocaloric and shape memory effects,
agnetoresistance, and exchange bias [1–7]. These materials show
ferromagnetic shape memory effects and hence the shape of the
aterials can be controlled using a magnetic field. The giant tem-

erature or magnetic field induced magnetoelastic strains are an
ntrinsic property of the Ni–Mn–X based Heusler alloys [8,9]. Such
ompounds are sought for use in applications that range from mag-
etic actuators to low frequency active vibration damping systems.
he study of magnetically induced strains in these multifunctional
eusler alloys can give more insight into the role of magnetoelastic
roperties in magnetic behavior of the materials.

Large strains of about 3% and 1% were observed in the
artensitic phase of pre-strain samples of single crystals
i45Co5Mn36.7In13.3 [10] and polycrystalline Ni43Co7Mn39Sn11 [8],

espectively. Similarly, with out pre-strain about 0.1% strain was
eported in the vicinity of martensitic transition for polycrystalline
i–Mn–In [9,11]. It was shown in Ref. [12] that strength of strain
epends upon the columnar grain direction of sample in the study
f polycrystalline Ni45.2Mn36.7In13Co5.1. Taking into account the
ack of experimental data concerning the factors affecting the mag-

etoelastic properties of magnetic Heusler alloys, the study of field
nd temperature induced strains in the Ni–Mn–In based com-
ounds are of acute interest from both scientific and application
oints of view.
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Recently, it was reported that Ni50Mn35In15 is a ferromagnetic
material that undergoes at least three transitions: (i) at Curie
temperature of martensitic phase (TCM), (ii) the first-order struc-
tural martensitic transition at TM, accompanied by a step-like
variation in magnetic moment of the compound; and (ii) the
ferromagnetic–paramagnetic transition at the Curie tempera-
ture (TC) of the austenitic phase (TCM < TM < TC) [2,3]. The partial
substitution of In by Si (in Ni50Mn35In15−xSix) results in increase
of jump in magnetization at the martensitic transition with
respect to temperature and, an enhanced giant magnetocaloric
effect [13]. Taking into account that magnetoelastic coupling
is responsible for the shape memory effect in the compounds;
the large strain anomaly associated with field/temperature
induced magneto-structural transition is expected in this
system.

In this work we explored the magnetoelastic properties
of Ni50Mn35In15−xSix through X-ray diffraction (XRD), strain,
and magnetization measurements. The temperature- and fields-
induced anomaly in strain observed in Ni50Mn35In15−xSix system
in vicinity of magneto-structural transitions was found to depend
on composition and on samples texture.

2. Experimental techniques

Approximately 5 g polycrystalline Ni50Mn35In15−xSix (0 ≤ x ≤ 4) ingots were fab-
ricated by a method described in Ref. [13]. The phase purity and crystal structures
were determined by powder X-ray diffraction using Cu K� radiation. Prior to
magnetization and strain measurements, the samples were cooled down under a

zero external magnetic fields from above the Curie temperature of the austenitic
phase (380 K). The magnetic properties were measured using a SQUID magne-
tometer (Quantum Design, Inc.). For strain measurements, the samples were cut
(i) parallel and (ii) perpendicular to the direction of sample solidification during
arc melting. We respectively called the samples as type I and type II. The tem-
perature and field induced strain both parallel and perpendicular to the external
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ig. 1. (a–d) Room temperature X-ray diffraction patterns for powder sample, cut p
i50Mn35In15−xSix (x = 2 and 3).
agnetic field directions were measured using a strain gauge in magnetic fields
p to 5 T. The possible grain texture (preferable orientation of the grains) was
tudied by XRD diffraction at room temperature using bulk samples (type I and
I). The samples were rolled at several angles and average XRD patterns were
aken.

ig. 2. Temperature dependence of the strain for Ni50Mn35In15 measured in (a) parallel
he strain for Ni50Mn35In15 measured in parallel (circles) and perpendicular (diamonds) t
i50Mn35In15 measured in the vicinity of martensitic transition.
l and perpendicular to the direction of sample solidification during arc melting for
3. Results and discussion

The crystal structure of Ni50Mn35In15−xSix at room tempera-
ture depends on x, and varies from a martensitic orthorhombic

and (b) perpendicular to the direction of applied field. (c) The field dependence of
o the direction of applied field. (d) Isothermal magnetization hysteresis curves for
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Fig. 3. (a–d) Temperature dependence of the strain measured para
tructure for x = 0 to an austenitic cubic phase for x ≥ 1 [6,13].
oom-temperature XRD patterns for bulk Ni50Mn35In15−xSix with
= 2 and 3 (types I and II) and powder x = 2 sample are shown

n Fig. 1. It can be seen from the figure that the crystalline

Fig. 4. (a–d) Field dependence of the strain measured paralle
the external magnetic field of zero and 5 T for Ni50Mn35In15−xSix .
grains have a preferable orientation relative to sample solidifica-
tion axis. The grains are basically oriented along {h 0 0} and {h k 0},
h = k direction for samples of types I and II, respectively. Thus
Si-doped Ni50Mn35In15−xSix are textured and observed texture

l to the external magnetic field for Ni50Mn35In15−xSix .
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ig. 5. Temperature dependence of the strain measured parallel to the external mag-
etic field for the sample cut parallel and perpendicular to the direction of sample
olidification during arc melting for Ni50Mn35In13Si2.

an affect magneto-elastic behaviors of Ni–Mn–X polycrystalline
aterials.
The temperature dependence of the strains measured par-

llel and perpendiculars to the external magnetic fields for
i50Mn35In15 for a type I sample are shown in Fig. 2(a) and (b). The

train increases with increasing temperature and shows a sharp
ump (≈0.6%) in the vicinity of TM (see inset of Fig. 2(b) for M(T)
urves). This value of strain is higher than that found in polycrys-
alline Ni–Mn–X (X = Sb, Sn, In, Ga) [9,11,12]. The strain in both
arallel and perpendicular (to H) directions show almost simi-

ar changes, indicating the isotropic character of this system. As
hown in Fig. 2(a) and (b), the jump in strain slightly decreases
ith increasing external magnetic fields. Similar behavior was also

eported by Aksoy et al. [9]. The jump-like strain changes, large
emperature hysteresis, and shift of TM towards lower temperature
ere resulted from a field induced reverse martensitic transfor-
ation. The magnetic field dependence strain at T = 300 K ≤ TM is

hown in Fig. 2(c). The strain remains relatively unchanged until

he applied field reaches a critical value, and a sharp increase in
train of up to ≈0.4% was observed for H = 5 T. The initial value
f strain was recovered after the removal of the field in all field
ycles, for both parallel and perpendicular field orientations (see
ig. 2(c)). The strain changes of 0.4% obtained without applying the

ig. 6. Field dependence of the strain measured parallel to the external magnetic
eld for the sample cut parallel and perpendicular to the direction of sample solid-

fication during arc melting for Ni50Mn35In12Si3.
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prestrain is significantly higher than that recently reported for poly-
crystalline Ni–Mn–X (X = In, Sb, Sn, Ga) [for examples, ≈0.1% in Ref
[14], and ≈0.2% in Ref. [9]]. Fig. 2(d) shows the isothermal magneti-
zation curves in the vicinity of TM. The curves show metamagnetic
behavior with a field hysteresis of ≈2 T, which is similar to that
observed in the strain measurements. Considering that the appli-
cation of a magnetic field results in an increase in the fraction of
austenitic phase, the observed strain changes are due to a magnetic
field induced, reverse transformation from the antiferromagnetic
martensite to the ferromagnetic parent phase.

Fig. 3 shows the temperature dependent strain for Si substituted
Ni50Mn35In15−xSix with x ≤ 4 for type I samples. As it can be seen
from Fig. 3, negative volume anomalies were observed for x = 1,
2, and 4, while a positive volume anomaly was observed for x = 3,
as in the case of parent compounds (x = 0). The maximum jump
in strain of more than 1% was observed for x = 2 in the vicinity of
TM, and volume anomalies were found to decrease with increasing
in applied fields. The positive and negative volume changes in Si
doped Ni50Mn35In15−xSix was also confirmed by field strain mea-
surements (see Fig. 4), where a giant value of the shape memory
effect was observed. Similar signs of volume anomalies (both pos-
itive and negative) were also reported in Refs. [12,15]. In order to
investigate the possible physical origins of the positive and neg-
ative volume anomalies, we measured the strain in the parallel
field direction for a type II sample. The results are shown in Fig. 5.
Interestingly, when the strain was measured for a type II sam-
ple, the positive volume anomaly was also observed for x = 2. The
field dependence of the strain for x = 3 at T = 242 K for both sam-
ples (types I and II) are presented in Fig. 6. It can be concluded
from Fig. 6 that the strain behavior in Ni50Mn35In15−xSix strongly
depends on the direction of strain gauge orientation relative to the
sample texture (solidification) axis.

4. Conclusion

In conclusion, we have studied the magnetic shape memory
effects in polycrystalline Ni50Mn35In15−xSix. A reversible shape
memory effect with a strain as large as 0.4% was observed at room
temperature at a magnetic field of 5 T for x = 0. The sign of the vol-
ume anomaly at TM, and the magnitude of the strains were found to
depend on sample textures. A significantly large strain with a max-
imum value of about ≈1% was found for x = 2 at H = 5 T (without
applying the prestrain). In addition to giant strains, giant values of
the magnetocaloric effect, large magnetoresistance, and exchange
bias effects have been observed in Ni50Mn35In15−xSix. Collectively,
these properties make the systems potential materials for multi-
functional application.
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