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Magnetocaloric and transport properties are reported for novel poly- and nanocrystalline double
composite manganites, Lag Sty ,MnOs/Lag ;Cag 3;MnOs, prepared by the sol-gel method. Magnetic
field dependence of magnetic entropy change is found to be stronger for the nano- than the
polycrystalline composite. The remarkable broadening of the temperature interval, where the
magnetocaloric effect occurs in poly- and nanocrystalline composites, causes the relative cooling
power (RCP(S)) of the nanocrystalline composite to be reduced by only 10% compared to the Sr
based polycrystalline phase. The RCP(S) of the polycrystalline composite becomes remarkably
enhanced. The low temperature magnetoresistance is enhanced by 5% for the nanostructured

composite. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739262]

INTRODUCTION

Recently, considerable effort has been made to study
and modify the magnetocaloric and magneto-transport prop-
erties of mixed valence manganites. The scientific interest in
these materials is stimulated by the potential applications in
magnetic refrigeration as well as in magnetoresistive sensors
and transducers.'? Research on magnetic refrigeration is
increasing since it may offer higher efficiency than tradi-
tional gas compression devices. Moreover, magnetic refrig-
eration may be more environmentally friendly. There is a
search for new materials with a large change in magnetic en-
tropy close to room temperature, which may compete with
the expensive gadolinium and its compounds. The doped
perovskite manganites are potential candidates due to their
high magnetization and Curie temperatures as well as their
chemical stability, easy preparation, and relatively low cost.'

The cooling power of magnetic refrigeration is con-
trolled both by the magnetic entropy change and the width of
the temperature interval, where the magnetocaloric effect
appears. A remarkable increase in the width of the tempera-
ture interval was reported for nanostructured materials.”>~®

On the other hand, sensitivity of the electrical resistivity
to the magnetic field and a colossal magnetoresistance (MR)
are important for the sensor applications. Beyond different
types of chemical substitution and treatment processes, the
barocaloric effect was also studied.” In another approach,
materials’ properties are changed by creating the composites
containing manganites on one side and various secondary
magnetic, metallic, insulating, or ferroelectric components
on the other.'®'? The data analysis becomes more compli-
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cated when composites contain “foreign” elements since
high temperature sintering may enhance the diffusion of
such foreign atoms into a manganite phase. This may in turn
change the composition and properties of a manganite phase
compared to a pristine one. Previous investigation of the
manganite/manganite composites is lacking and focuses
mainly on magnetoresistance, e.g., Refs. 11 and 12.

The aim of this paper is to study how magnetocaloric and
magneto-transport properties of a novel composite containing
the two “complementary” orthorhombic Lag;Cag3;MnO3 and
rhombohedral LajgSrg,MnO; manganites may be modified
when crystallite sizes are reduced from the micrometer down
to the nanometer scale, inducing higher atomic and magnetic
disorder. The double manganite composite has the advantage
that any influence of foreign elements is excluded. The possi-
bility of using the composite manganite exhibiting a second
order phase transition for refrigeration is evaluated, taking
into account the magnitude of the magnetocaloric effect and
its relative cooling power. The influence of the magnetic field
strength on the magnetocaloric effect and cooling power is
quantitatively estimated.

SAMPLE PREPARATION

The initial Lag gSrg,MnO3 (LSM) and Lag;Cag3MnO;
(LCM) manganites were prepared using the citrate sol-gel
precursor method.'® The starting reagents, La,O3, Sr(NOj3),,
CaCOs3, and MnCO;, were dissolved in diluted nitric acid
with continuous stirring and moderated heating. Lanthanum
oxide was calcined at 1000 °C for 24 h prior to use to remove
hydroxide and carbonate impurities. A gelation agent, mono-
hydrate of citric acid, was added together with ethylene gly-
col. The molar ratio of metals:citric acid:ethylene glycol was
1:10:10. The obtained solution was evaporated on a hot plate

© 2012 American Institute of Physics
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until a homogeneous gel-like product formed. Then the gel
was decomposed at 300 °C in air.

Nanocrystalline powders were produced by calcination
of a sol-gel precursor at 600 °C for 12 h in an air atmosphere.
Calcination of the same precursors at 1250 °C for 24 h with
intermediate grinding yielded polycrystalline samples.

Samples of Lag gStg-,MnOs/Lag;Cag3MnO5; composites
were made by calcining 1:1 (by weight) mixtures of nano-
and polycrystalline powders for 2h at 650 and 1250°C,
respectively.

POWDER SYNCHROTRON XRD CHARACTERIZATION

Angle-dispersive synchrotron x-ray diffraction data
were obtained at the 16-IDB beamline of Advanced Photon
Source (Argonne National Laboratory) using monochromatic
x-rays of wavelength 0.398137 A (calibrated with the CeO,
standard) and a high-resolution image plate detector (MAR
345). The recorded two-dimensional diffraction images were
integrated with FIT2D'* and analyzed using the Rietveld
method with the GSAS-EXPGUI software package.'>'°

The wunit cell parameters of the orthorhombic
Lag7Cag3MnO3z and rhombohedral LaggSry,MnO; man-
ganites were found to be close to previously reported val-
ues.>!” After sintering, the rhombohedral Lag zSro,MnO;
manganite shrinks both in the poly- and nanocrystaliine
composites as revealed by a reduced unit cell volume. In
the case of the orthorhombic Laj,Cay3MnO3; manganite,
one notices a decrease and increase of cell volume for the
nano- and polycrystalline composites, respectively. No
phases other than Lay;Cags;MnO5; and LaggSrg,MnO;
were detected.

J. Appl. Phys. 112, 023906 (2012)

Crystallite size of the synthesized manganites was deter-
mined by x-ray diffraction peak broadening (Fig. 1) using
Scherrer’s formula. Lanthanum hexaboride powder of parti-
cle size ~2 um was used to determine the instrumental con-
tribution to the diffraction peak broadening. Results of the
crystallite size determination are listed in Table I together
with unit cell parameters of individual Ca- and Sr-based
manganites and composites.

The mean crystallite sizes listed in Table I refer to the
initial manganites which were used to prepare the manganite
composites. The pairs of Ca- and Sr-based manganites sub-
jected to sintering had similar mean crystallite sizes of ~26
to ~29nm and ~110 to ~135 nm for the nano- and polycrys-
talline composites, respectively. The composites were made
by a short sintering of the manganites, and the increase in
crystallite size is estimated to be less than 10%. A direct size
determination for the composites was impossible since the
diffraction peaks of LaggSrgoMnO5; and Lag;Cag;MnO;
overlap. Additionally, the short sintering at relatively low
temperatures prevents a strong mixing of the Ca- and Sr-
based phases due to ion diffusion. Therefore, the separate Ca-
and Sr-based phases are retained in the composites.

MAGNETIC MEASUREMENTS

The DC magnetization measurements were performed
in a magnetic field of 100 Oe in field cooled (FC) and zero
field cooled (ZFC) modes. Magnetization isotherms of up to
H =20000 Oe have been recorded in the broad temperature
interval. The magnetic and resistivity measurements are
described separately in Ref. 18.
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FIG. 1. Synchrotron (4= 0.398137 A) powder XRD patterns (from top to bottom) of polycrystalline LSM-LCM, nanocrystalline LSM-LCM, polycrystalline

LSM, and polycrystalline LCM systems.
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TABLE I. Crystal lattice parameters for nano- and polycrystalline Lag gSrg ,MnOs, Lag 7Cag 3MnO5; manganites, and composites.

R-3¢ Pnma
Average crystallite

Sample size, nm a=b=c,A a=f=y, deg N a, A b, A c, A Vv, A?
Nano-Lag gSrg,MnO; 26 5.4800(5) 60.535(6) 117.76(1)

Poly-Lag gSrp,MnO5 110 5.4804(2) 60.539(1) 117.806(6)

Nano-Lag 7Cap sMnO; 29 5.4478(8)  7.7602(9)  5.4784(7) 231.6(1)
Poly-Lag 7Cap 3MnO; 135 5.449(1) 7.7611(7)  5.4793(5)  231.73(6)
Nano-composite (1:1 wt. ratio) 5.4703(7) 60.376(7) 116.73(3) 5.418(1) 7.731(2) 5.472(1) 229.2(1)
Poly-composite (1:1 wt. ratio) 5.4796(8) 60.532(7) 117.74(3) 5.476(5) 7.743(6) 5.478(5) 232.3(3)

LOW FIELD MAGNETIZATION

The temperature variation of the FC and ZFC magnetiza-
tions exhibits remarkably different behaviors for the poly- and
nanocrystalline manganite composites studied (Fig. 2(a)). The
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FIG. 2. Temperature variation of the ZFC and FC magnetizations of the

poly- and nanocrystalline composites (a). Temperature derivative of the
magnetization for the poly- and nanocrystalline composites (b).

magnetization of the nanocrystalline composite is lower than
the polycrystalline one. This magnetization suppression is due
to a higher amount of magnetic disorder in the nanostructured
composite. This is accounted for with a model considering the
inner core of grains with magnetization close to that of the
bulk material. The outer shell/surface layer is atomically dis-
ordered, which in turn depletes its magnetization. The fraction
and role of the surface layer increases as the surface to volume
ratio increases. As this happens, the grain/crystallite sizes
approach the nanometer range.

The FC and ZFC curves split below the irreversibility
temperature at approximately 270K. The positive slope
(dMzgc/dT) observed below 100K in the nanocrystalline
composite reveals a remarkable contribution from competing
antiferromagnetic ordering. In the polycrystalline composite,
this contribution is vastly reduced. The thermomagnetic
curves with two abrupt drops in magnetization show that the
polycrystalline composite contains two phases. The Curie
temperatures determined from minimum of the derivative
(dM/dT) are equal to 205 and 306 K for the polycrystalline
Lag;Cap3MnO; and LaggSro,MnO;3; phases, respectively
(Fig. 2(b)). For the nanocrystalline composite, the Mgc(T)
curve is a smoothly decreasing function. The derivative
dMEgc(T)/dT has a broad and shallow minimum, which may
be related to the broad distribution of local ferromagnetic
Curie temperatures.

MAGNETIZATION ISOTHERMS

Magnetization isotherms M(T) were registered in broad
temperature intervals: 150 to 336 K for the polycrystalline
and 50 to 335K for the nanocrystalline composites (Fig. 3).
They are characteristic for ferromagnetic materials. The pol-
ycrystalline low temperature isotherms almost saturate for
fields above 4 kOe. On the other hand, the considerable slope
of the magnetization isotherms observed in the nanocrystal-
line composite shows that saturation is not achieved for
fields of 20 kOe. Absolute values of magnetization for the
nanocrystalline composite are much reduced compared to
the polycrystalline one. Such a difference is due to the higher
structural and magnetic disorder in the nanostructured com-
posite, as described above.

For the polycrystalline composite, the temperature varia-
tion of spontaneous magnetization confirms the coexistence
of two magnetic phases, which is revealed by the characteris-
tic shape of the magnetization curve with a distinct change
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FIG. 3. Magnetization isotherms of the polycrystalline composite for
150-336 K (a) and nanocrystalline composite for 50-335K (b).

in a slope observed at approximately 220 K (Fig. 4). The low
and high temperature ranges correspond to the polycrystal-
line Lag 7Cap 3MnOj; and Lag ¢Sty ,MnOj3 phases. A compari-
son with the FC magnetization at low fields (Fig. 2(a)) shows
that the high magnetic field retains the ferromagnetic order-
ing up to relatively high temperatures of 220 and 315K for
the polycrystalline Lay;Cap3;MnO; and LaggSrg,MnOj;
phases, respectively. Such a behavior is in contrast to the
nanocrystalline composite for which the spontaneous mag-
netization diminishes almost smoothly in a broad tempera-
ture interval.

ARROTT PLOTS

The magnetization isotherms of the poly- and nanocrys-
talline composites were transformed into Arrott plots which
allow the visualization of the following relation:

J. Appl. Phys. 112, 023906 (2012)
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FIG. 4. Temperature variation of spontaneous magnetization for poly- and
nanocrystalline composites.

A+BM? =H/M. 1))

The thermodynamic A and B parameters correspond to
the first coefficients in a power expansion of the thermody-
namic potential. A and B are determined by extrapolation of
the linear section of the curves appearing in strong magnetic
fields.

The positive slope of Arrott plots (Fig. 5) shows that the
ferro- to paramagnetic transition is second order for the
poly- and nanocrystalline composites. The Curie tempera-
tures are indicated by a sign change of the thermodynamic A
parameter (Fig. 6) and are equal to 219 and 294 K for the
polycrystalline Lag;,Cag3;MnO3 and Lag ¢Sty ,MnOj5 phases,
respectively. The Curie temperatures derived from the Arrott
plots are somewhat different from those found from the low
magnetic field magnetization. Such a discrepancy in the Cu-
rie temperature confirms the double phase nature of the poly-
crystalline composite. The above listed Curie temperatures
offer only approximate values since a superposition of mag-
netizations originating from both magnetic phases hinders an
analysis. For the nanocrystalline composite, the Curie tem-
perature is about 197 K. This may be regarded as a mean
value of the broad distribution of local Curie temperatures in
the structurally and magnetically disordered nanocrystalline
composite.

MAGNETOCALORIC EFFECT

The magnetic entropy change was derived from magnet-
ization isotherms following the method described previ-
ously.'”?® Temperature variation of the magnetic entropy
change (DS(T)) exhibits a distinct behavior for the poly- and
nanocrystalline composites (Fig. 7). The DS(T) dependence
for a polycrystalline composite has two peaks at 210 and
305 K resembling the DS maxima observed in the parent man-
ganites Lag,CapsMnOs; and LaggSrg,MnOj3, respectively.
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FIG. 5. Arrott plots for the polycrystalline (a) and nanocrystalline (b)
composites.

For both DS peaks, the low temperature slope is roughly twice
as small as the high temperature slope. This is in contrast to
the nanocrystalline composite, where the single, broad, and
shallow minimum are found at approximately 180K. The
width of this minimum extends between approximately 60
and 300 K. The DS peaks of the polycrystalline composite are
much narrower. It is noteworthy that the temperature width of
the nanocrystalline composite is only weakly affected by the
magnetic field strength, whereas for the polycrystalline com-
posite, the width increases with the magnetic field. The mag-
nitude of DS in the nanocrystalline composite is several times
smaller than for the polycrystalline one. The magnetic field
slightly shifts all three DS peaks towards a higher
temperature.

The magnetic field dependence of magnetic entropy
change is known to vary with temperature, as demonstrated
for manganites and metallic alloys.*> This may be accounted
for by the empirical formula

J. Appl. Phys. 112, 023906 (2012)
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FIG. 6. Temperature variation of the thermodynamic A parameters derived
from the Arrott plots for the poly- and nanocrystalline composites.

DS(H) = CHN, (2)

where C is a constant. The N exponent is derived from ex-
perimental data of the polycrystalline composite (Fig. 8) and
is equal to 0.87 = 0.06 and 0.99 = 0.02 for DS peaks at 210
and 305K, respectively. For the nanocrystalline composite,
N=1.14 £0.03. These N values are close to those reported
for the Lag-,Cap3;MnO3 and LaggSrg,MnO; manganites.4
They confirm the previous observation that the N exponents
for nanocrystalline manganites are slightly higher than the
polycrystalline ones.* This higher N exponent reveals an
increased sensitivity of DS of the nanocrystalline composite
to magnetic field.

RELATIVE COOLING POWER

The cooling efficiency of a magnetic material is
expressed by the relative cooling power (RCP(S)) defined as
the product of maximum entropy change DSy; and the DS
peak half width DT, RCP(S) = DS\*DT. RCP(S) corresponds
to the heat transferred by 1 kg of material between tempera-
tures differing by DT. Fig. 9 shows that in magnetic fields up
to 2T the RCP(S) is a monotonically increasing function of
field both for the poly- and nanocrystalline composites. Mag-
netic cooling appears most effective in the vicinity of 305K
for the polycrystalline composite, where a contribution of the
Lag gSt9,MnO3 phase plays a role between 250 and 320K
and achieves the RCP(S) value of 88 J/kg at 2 T. The RCP(S)
of this phase is 2.5 times larger than for pure polycrystalline
Lag gS19,MnO; prepared by the sol-gel method.?!

The second magnetic transition observed in the poly-
crystalline composite at 210K offers an RCP(S) of 51J/kg
within a temperature interval of 25 K. Such RCP(S) is com-
parable with the value 55 J/kg reported for pure polycrystal-
line Lag ,Cao3sMnOs5 at a 2 T magnetic field.!”

A more detailed inspection of Fig. 7(a) unveils that in the
polycrystalline composite with 1:1 ratio of LaggSrg,MnO;
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FIG. 7. Temperature variation of the magnetic entropy change for the poly-
crystalline La(Ca/Sr)MnO; composite at a magnetic field change of 0.3, 0.5,
1.0, 1.5, and 2.0 T (from top to bottom) (a) and the nanocrystalline compos-
ite La(Ca/Sr)MnOj; at a magnetic field change of 0.5, 1.0, 1.5, and 2.0T
(from top to bottom) (b).

and Lag,Cay3MnO;5 phases, the overlapping DS peaks cause
a significant broadening of the temperature interval DT.
When considering DT at half of the DS peak at 305K, one
finds that DT extends to a very broad range of between 174
and 320K, which is one of the broadest ranges reported for
magnetocaloric materials. Thus, the underestimated RCP,
neglecting a contribution from the DS peak at 210K and tak-
ing into account only the maximum magnetic entropy change
of the Sr based manganite at 305K, is equal to 180 J/kg at a
magnetic field of 2 T. Such a value competes with the RCP(S)
value for Gd of 164 J/kg, interpolated for 2 T.!

The RCP(S) of the nanocrystalline composite is also
high, achieving 79 J/kg at 2T in a broad temperature interval

J. Appl. Phys. 112, 023906 (2012)
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FIG. 8. Magnetic field dependence of the minimum magnetic entropy
change for the polycrystalline (a) and nanocrystalline (b) composites.

between 60 and 300 K. RCP(S) of the nanocrystalline com-
posite is more than two times larger than the value for the
pure nanocrystalline manganites Lagy;Cap3;MnO3; and
Lao'gsro'zMnO:z,.llszz

Recent comparative studies show that a reduction of
crystallite sizes during the transition from a poly- to a nano-
crystalline composite causes a suppression of magnetic en-
tropy change DS, which is accompanied by a considerable
broadening of the temperature interval when compared to
the polycrystalline material. Therefore, the cooling power of
nanocrystalline composite differs by no more than 10% from
that of polycrystalline Lag gSry ,MnOj5 phase with DS peak at
305K.

100

poly " 305K "

80

[22]
o
|

~
o
|

RCP(S) (J/kg)

20

B(T)

FIG. 9. Magnetic field dependence of RCP(S) for poly- and nanocrystalline
composites.
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The relative cooling power of RCP(S), being a function
of magnetic entropy change magnitude and of temperature
width, is known to increase with magnetic field strength. The
magnetic field dependence of RCP(S) plotted in Fig. 9 may
be approximated by the relation

RCP(S) = DHR, 3)

where D is a constant. Values of the R exponent for the poly-
crystalline composite are equal to 1.30 = 0.03 and 1.53 = 0.09
for DS peaks at approximately 210 and 305 K, respectively. A
relatively weaker magnetic field dependence is found for the
nanocrystalline composite, where R = 1.08 = 0.01.

ELECTRICAL RESISTIVITY AND
MAGNETORESISTANCE

At room temperature, the electrical resistivity of the
composites (Fig. 10) is of the order of 0.06 and 0.08 Qm for
the poly- and nanocrystalline samples, respectively. Due to
shape irregularity, the absolute electrical resistivity is deter-
mined with 10% accuracy. The resistivity at 20K is approxi-
mately equal to 0.13 and 1.9 Qm for the poly- and
nanocrystalline composites, respectively. It is worth noting
that the resistivity minimum at 38 K is found only for the
nanocrystalline composite and shifts slightly with magnetic
field varying from zero to 1T. This minimum reveals the
spin dependent charge carrier tunneling/scattering on grain
boundaries between antiferromagnetically coupled grains.
This resistivity minimum correlates with the antiferromag-
netic exchange seen in the ZFC magnetization of the nano-
crystalline composite in Fig. 2(a).

The resistivity of the polycrystalline composite achieves
a maximum at 162K which then shifts to 166 K when the
magnetic field increases from O to 1 T. A similar shift from
112 to 117K is observed for the nanocrystalline composite.

RESISTIVITY (Ohm m)
N
!
bbbbbb
s

0 - | T T I T | T T T
0 30 60 90 120 150 180 210 240 270 300
T(K)

FIG. 10. Temperature variation of electrical resistivity of poly- and nano-
crystalline composites in magnetic fields of 0 and 1 T.

J. Appl. Phys. 112, 023906 (2012)

Below the resistivity maximum, the electrical resistivity is of
the metallic type, with positive temperature coefficient of re-
sistivity, dR(T)/dT > 0.

The temperature variation of the electrical resistivity in
the metallic phase can often be approximated by an exponen-
tial expression of the type

p(T) = py + const TX, 4)

where K is close to 2 and p, stands for the low temperature
residual resistivity. Sometimes even more sophisticated
terms with exponents of 4.5 are included and ascribed to the
electron-magnon scattering.23

The present experimental results cannot be fitted to such
a formula since the K exponent rises gradually with tempera-
ture from 0.2 up to about 2, just below the resistivity peak
for both the poly- and nanocrystalline composites.

In the semiconducting phase, (dp(T)/dT < 0), the electri-
cal resistivity was fitted to various models, including simple
thermal activation, adiabatic polaron, bipolaron, nonadiabatic
polaron, and variable range hopping. A plausible correlation
for each model could be found only in relatively narrow tem-
perature intervals above approximately 220 K. This inapplic-
ability of such approaches which are adequate for single
phase materials indicates that the composites studied most
likely contain a continuous distribution of grains containing
mixed Ca and Sr based phases with a corresponding spectrum
of electron transport mechanisms and parameters.

Both the poly- and nanocrystalline composites exhibit a
remarkable negative MR effect (Fig. 11). The magnitude of
MR defined as

MR(T) = p(T,B)/p(T,0) — 1, )

increases with lowering temperature and reaches 31% at
20K for the polycrystalline composite. MR becomes a

-10 4

-20 4

MR (%)

-30

-40 T T T T T T T T T
0 30 60 90 120 150 180 210 240 270

T(K)

FIG. 11. Temperature variation of the magnetoresistance of poly- and nano-
crystalline composites in a 1 T magnetic field.
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further 5% stronger for the nanocrystalline composite. Such
a variation shows that MR is of the extrinsic type and is
caused by spin dependent tunneling between crystallite/
grains and/or spin dependent scattering of electrons in the
disordered surface layers.>* These processes are due to the
locally changing electronic density which facilitates electron
localization. At the lowest temperatures, the sensitivity of
magnetoresistance to the magnetic field, defined as dMR/dB,
is equal to 31 and 36%/T, which is higher when compared to
pure polycrystalline Lag ,Sro3Mn; 05> and comparable with
the composite Lao,67Calo.33Mn03/MgO.12

CONCLUSIONS

The collected experimental results show that the compos-
ite of two manganites offers an effective way to control and
modify the magnetocaloric properties of new materials exhib-
iting a second order phase transition. In the polycrystalline
composite containing equal fractions of LaggSrg,MnO3 and
Lag,Cay3MnO; phases, the two separate and overlapping DS
peaks cause a significant broadening of temperature interval
DT up to 246 K. This results in a large enhancement of rela-
tive cooling power to considerably above 180J/kg at a mag-
netic field of 2T. On the transition from the poly- to the
nanocrystalline structure, the two partially overlapping peaks
of magnetic entropy change are initially well separated at 210
and 305 K, and merge into a broad joint peak at approximately
180K in the nanocrystalline composite. Two competing proc-
esses are observed during this transition. A reduction of crys-
tallite sizes in the composites causes a suppression of the
magnetic entropy change. On the other hand, this is accompa-
nied by a broadening of the temperature interval, where a
magnetocaloric effect occurs. These processes result in only a
10% reduction in cooling power compared to the DS peak at
305K of the polycrystalline composite. The relatively high
magnetocaloric effect observed in the nanocrystalline com-
posite manganite proves that the structural and magnetic dis-
order in the outer layers of crystallites is able to broaden the
temperature interval. In this scenario, there is no additional
broadening contribution due to “foreign” atoms diffusing into
outer layer, as observed in composites containing the second-
ary non-manganite phases. The structural disorder is naturally
facilitated by the different orthorhombic and rhombohedral
structures of pristine manganites making up the composite.
Magnetic entropy change is slightly more sensitive to the
magnetic field for the nano- than for the polycrystalline com-
posite. The reverse is found for the cooling power. Magneto-
caloric properties of the composites may also be improved by
using the proper fraction of components in a composite and
by controlling the crystallite sizes during preparation. The

J. Appl. Phys. 112, 023906 (2012)

magneto-transport properties are also modified by the disor-
dered outer layers leading to a 5% increase of magnetoresist-
ance in the nanocrystalline composite, which leads to a
locally percolative like conductivity mechanism.
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