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a b s t r a c t

Here we report the magnetic and transport properties of the metal/insulator
(fNMG)Ni2MnGa/(1 − fNMG)BaTiO3 composites. The X-ray diffraction study confirms the formation
of both the phases in composite. The microstructure reveals that the conducting Ni2MnGa particles
are well dispersed in an insulating BaTiO3 matrix. Temperature dependent magnetization shows two
transitions one above 300 K and other below 150 K. The temperature dependence resistivity near
the percolation threshold fNMG = 0.4 had drastic changes which is higher than the fNMG = 0.5. Also the
eywords:
omposite materials
olid state reactions
lectrical transport
agnetoresistance
-ray diffraction

negative magnetoresistance effect was observed for the studied materials. We suggest that magnetic
and transport properties at the percolation threshold can be adjusted by the strain from the surrounding
insulator particle.

© 2011 Elsevier B.V. All rights reserved.
agnetic measurements

. Introduction

Although application of colossal magnetoresistance (CMR) has
ot been realized yet, CMR is expected to have great opportunities

or the development of new technologies such as magnetic sensor,
pintronic devices [1–4]. Especially, in phase separated perovskite
anganites which simultaneously exhibit charge ordered antifer-

omagnetic insulating state and ferromagnetic metallic state, CMR
ffects with several orders of magnitude were observed when the
harged ordered antiferromagnetic insulating state was converted
o the ferromagnetic metallic state by external magnetic fields
5–10]. In phase separated CMR manganites, a percolating network
f interconnected ferromagnetic metallic filaments induces dra-
atic resistivity changes through the variation of magnetic field

nd temperature [11,12].
In other words, the percolative magnetoresistance (MR) effect in

hase separated CMR manganites occurs due to the increase of vol-
me of metallic phase through the transition from charge ordered
ntiferromagnetic insulating phase to ferromagnetic metallic phase
y applied magnetic field [13]. Such percolative MR effect emerges
ot only in phase-separated single phase materials but also
n metal/insulator composites [14–19]. In ferromagnet/insulator
omposite, for instance, the low field MR was observed due to
pin polarized tunneling [14–19]. Recently, CMR about 105% was
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observed in the composites compounded near the percolation
threshold [20]. For such case it was reported that the Curie tempera-
ture (Tc) of ferromagnetic metallic phase was modified due to strain
from surrounding second phase component. Previous reports on
the electrical transport in metal/insulator (M/I) composites showed
that a high MR has been detected around percolation threshold and
MR was affected by the strain between metallic and surrounding
insulating phase [20].

In this work, we report the magnetic and transport proper-
ties of metal (Ni–Mn–Ga)/insulator (BaTiO3) composites prepared
by solid state reaction (ceramic method). NMG is the Heusler
alloy with L21 structure, which is the body-centered cubic with
a face-centered superlattice, and BTO has perovskite structure
with general formula ABO3, which consists of a framework of Ti
octahedra [21,22]. Ni–Mn–Ga (NMG) is selected because it is a fer-
romagnetic shape memory alloy (SMA) having large magnetic field
induced strain through structure transition, and is used as actu-
ators, sensors and in energy-harvesting devices [23–30]. While,
BaTiO3 (BTO) is chosen as an insulator phase for M/I composite due
to its excellent dielectric and ferroelectric properties [22,31,32].
This kind of material which consists of magnetostrictive and ferro-
electric material has been reported to have potential application in
the ME sensors. For example, although the piezoelectric lead based
materials or BTO and piezomagnetic Terfenol-D or cobalt ferrite

have no magnetoeletric effect individually, their composites have
ME effects as a result of the elastic interaction [33–36]. Here, we
report the influence of volume fraction of the NMG on the elec-
trical transport of particulate composites near to the percolation
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Fig. 1. (a) Typical room temperature XRD pattern of Ni2MnGa/BaTiO3 with.
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NMG = 0.5 and (b) Polarized cross-section microscope image of Ni2MnGa/BaTiO3

ith fNMG = 0.5. In the inset, (left) the crystal structure of BaTiO3 and (right) that
f Ni2MnGa were displayed.

hreshold using a series of NMG metal/BTO insulator composites
volume fraction fNMG = 0, 0.4, 0.5, and 1).

. Experimental details

The NMG/BTO composites were prepared by using conventional solid state reac-
ion. The Ni–Mn–Ga samples were prepared in an evacuated quartz tube and the raw

aterials like Ni powder (99.996%), Mn powder (99.95%), and Ga ingot (99.9999%)
ere used for the preparation of NMG with 2:1:1 molar ratio of Ni:Mn:Ga respec-

ively. The raw materials of NMG were taken in their appropriate molar ratio was
ixed together and grounded in an agate mortar for 1 h. The grounded sample of
MG was sintered at 1000 ◦C in an evacuated quartz tube for 48 h. After sintering,

he whole mixture was reground for 2 h in order to achieve better homogeneity and
gain re-sintered at 1000 ◦C in an evacuated quartz tube for 48 h to get the final prod-
ct. Similarly, the BTO powder was also prepared by the solid state reaction with the
aw materials BaCO3 (99.997%) and TiO2 (99.99%, Alfa Aesar). The raw materials of
TO were mixed together in the molar ratio of 1:1 of BaCO3 and TiO2 respectively in
n agate mortar for 1 h and sintered at 1350 ◦C in a programmable furnace for 48 h
ith intermediate grounding.

The prepared powder of NMG was mixed with BTO in a volume ratio of
NMG:(1 − fNMG), with fNMG = 0, 0.35, 0.4, 0.5, and 1 where fNMG is the volume fraction
f NMG. The mixture was reground in an agate mortar for 1 h and finally sintered
t 1000 ◦C in an evacuated quartz tube for 48 h. The X-ray diffraction (XRD diffrac-
ometer, Rigaku DMAX 2500 with Cu K� radiation) was used to confirm the presence
f NMG and BTO in the composite. Microstructure was observed by using polarized
ptical microscope. The temperature dependence of magnetization were studied in
he temperature range of 400–5 K in the magnetic field of 100 Oe by using a vibrating
ample magnetometer (VSM) connected to the quantum design physical property
easurement system (PPMS). The temperature and magnetic field (1 T) dependence

f the electrical resistivity was measured by using 4 probe method.

. Results and discussion
.1. Structural analysis

Fig. 1a shows the typical X-ray diffraction (XRD) pattern for
MG- BTO composite with fNMG = 0.5. The XRD pattern shows well
Fig. 2. Temperature dependence of magnetization for Ni2MnGa–BaTiO3 composites
with fNMG = 0.4, 0.5, and 1. In the inset, the magnetizations of the composites with
NMG mass contents x was displayed.

polycrystalline nature of the composite and the results obtained by
XRD are in good agreements with the standard JCPDS data (Card
No. 50-1518 and 05-0626). The XRD results clearly reveal the two
sets of diffraction patterns corresponding to NMG and BTO phases
without any impurity patterns confirming that there is no chemical
reaction which has occurred between BTO and NMG phases.

Fig. 1b shows the polarized optical microscope image of NMG-
BTO composite with fNMG = 0.5. It is seen that the conducting NMG
particles (green) gets covered by an insulating BTO (gray) matrix.
Also, it is observed that the BTO particles get dispersed around the
NMG particles and they are of irregular shape and size. The grain
size of the NMG alloy is found to be of the order of 1–10 �m. The
NMG grains are close to each other in microscope image, so NMG
grains can make the filamentary paths in NMG-BTO composite.

Fig. 2 shows the temperature dependence of magnetization
(thermal hysteresis) with heating and cooling curves of NMG-
BTO composites with fNMG = 0.4, 0.5, and 1. There are two sudden
changes observed at above 300 K and below 150 K; the former is
attributed to the ferromagnetic transition, and latter is attributed
to the Martensite to Austenite structure transition which have
thermal hysteresis by first order transition [37]. Compared with
the temperature dependence of magnetization of the NMG-BTO,
fNMG = 1, the Curie temperature as well as the Martensite to Austen-
ite structural transition temperature for the case of fNMG = 0.4 and
fNMG = 0.5 is different that of from fNMG = 1. Such type of difference
may be observed due to slight chemical reaction and strain effect
in composite due to sintering effect [38]. Here, we observed that
the magnetization of composites increases linearly with increasing
molar content of NMG phase, x (inset of Fig. 2). The molar contents
for the case of fNMG = 0.4 is xNMG = 0.471, and the case of fNMG = 0.5
is xNMG = 0.572.

If NMG bulk forms the filamentary path in BTO matrix with
increasing volume fraction of fNMG, the resistance of the samples
is expected to change dramatically. Fig. 3a shows the tempera-
ture dependence of electrical resistivity of NMG-BTO composites
with fNMG = 0.35, 0.4, 0.5, and fNMG = 1. It is observed that as fNMG
increases the resistivity of the composite decreases due to low
resistance of NMG (∼10−3 � cm) phase than that of the BTO phase.

The samples fNMG = 0.35 and 0.4 shows an insulator-like behavior,
whereas the sample of fNMG = 0.5 shows a metal-like behavior. This
kind of observation, clearly depicts that the difference of resistivity
with volume fraction in NMG establish the percolation thresh-
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Fig. 4. (a) The magnetoresistance coefficient for Ni MnGa–BaTiO composites with

composites with f = 0.5 and 1 as a function of applied magnetic
ig. 3. The temperature dependence of resistivity of Ni2MnGa–BaTiO3 with
NMG = 0.35, 0.4, 0.5, and fNMG = 1.

ld in this metal/insulator composites and which is in between
NMG = 0.4 and 0.5. Theoretically, in metal-insulator composites, the
ritical volume fraction of percolation threshold was calculated by
cher and Zallen, and it was 0.16 ± 0.02 [39]. In present study, the
bserved percolation threshold is higher than reported by Scher
nd Zallen, and the resistivity of fNMG = 0.35 at room temperature
s still very high and has insulator-like behavior.

Most of the percolation thresholds reported in previous papers
ere different from theoretical percolation threshold: 0.12–0.19

or LCMO/insulator, 0.2–0.55 for LSMO/insulator, 0.07–0.28 for car-
on conductor/polymer [40–42]. The percolation threshold, based
n the periodic structure by Scher and Zallen [39], is different from
he experimental percolation threshold which could be affected by
orosity, poor boundary, and grain size. In view of Fig. 1b, fine BTO
rains percolate through the larger NMG grains and interrupt the
onducting path of NMG. The NMG particles of percolation path
ust connect with other NMG particles in between the BTO matrix.

n this case, the percolation threshold can become much higher
han the theoretical one as predicted by de Bondt et al. [43]. In
heir model, some granular systems composed of metal and insu-
ator with a large difference in their grain size have critical metallic
olume fractions xC ∼ 40% [43]. Thus we infer that higher critical

NMG in our experiment is mainly due to the large difference grain
ize between NMG and BTO, and also possibly due to the porosity
f BTO, which effectively increase the volume fraction of insulator.
In Fig. 3b, the resistivity of composites with fNMG = 0.4 near 190 K
re sharply increased 13% compared with at room temperature, and
hat with fNMG = 0.5 has anomaly or increase at same temperature
2 3

fNMG = 0.5 and (b) 1 at various temperatures. (c) Variation of MR coefficient as a
function of temperature for Ni2MnGa–BaTiO3 composites with fNMG = 0.5 and 1.

(as not shown). As shown in Fig. 2, the martensite transition tem-
perature is lower than 190 K, whereas the temperature of structure
transition of BTO is close to 190 K. The composite with fNMG = 0.5,
higher than percolation threshold, has less anomaly than the case of
fNMG = 0.4 at the same temperature. Therefore, we suggest that the
drastic anomaly of resistivity is owing to the filamentary path with
NMG particles affected by strain which is caused by the structure
transition of BTO near the percolation threshold.

Fig. 4a and b show the variation MR coefficient for NMG-BTO

NMG

field at various temperatures, respectively. The MR coefficient for
fNMG = 0.5 is found to be more than the MR coefficient of fNMG = 1 in
most of the temperature range except near the room temperature.
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lso, it is observed that for fNMG = 0.5, the MR coefficient is −0.6% at
00 K which increases up to −1.5% at 50 K with decreasing the tem-
erature (Fig. 4c). This behavior may be attributed to the tunneling
R effect through NMG grain boundaries in BTO matrix. However,

t 310 K the MR coefficient was found to be increased for fNMG = 0.5
nd 1 by a small value as compared to MR of 300 K, which appears
o be due to the increased MR effect near the ferromagnetic transi-
ion above 300 K (Fig. 2). Smaller MR values of fNMG = 0.5 compared
o MR of fNMG = 1 near the room temperature may be due to the fer-
omagnetic transition as well as the influence of surrounding BTO
hase which causes the strain on NMG domain.

. Conclusion

The metal/insulator composites of NMG-BTO were success-
ully prepared by solid state reaction. XRD results confirm that
o chemical reaction occurred between NMG and BTO particles.
emperature dependent magnetization shows the ferromagnetic
ransition at above 300 K and also shows the Martensite to Austen-
te structure transition below 150 K. The magnetic and electrical
ransport of metal/insulator (NMG/BTO) composites shows the
esistivity change associated to filamentary conducting path at per-
olation threshold. In the metal/insulator composite, the strains by
urrounding second phase affect the electrical transport of com-
osites. The negative magnetoresistance effect was observed for
he studied compositions. The MR coefficient is found to decrease
ith increase of temperature below room temperature.
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