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properties via grain boundaries engineering in
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In this work, we investigate the effect of interface size on the electrical, magnetoresistive, magnetic and

magnetocaloric properties of the La0.7Ba0.3MnO3 (LBMO) manganite compound. This is done by

introducing different sizes of secondary phases of Ni and Ag (Ni powder, Ni nanowires, Ag oxide powder

and Ag nanoparticles) to the LBMO compound, forming inhomogeneous systems of LBMO/Ni and

LBMO/Ag composites. X-Ray diffraction patterns reveal the interaction lack between Ni & Ag interfaces

and LBMO compound through the coexistence of their characteristic peaks. This suggests the

segregation of these interfaces between LBMO grains, leading to a change in the boundary resistance

that is found to be an interface-size-dependent change. Accordingly, the transport properties of LBMO

are changed, where, the resistivity increases and the metal–semiconductor transition temperature

decreases with the introduced interfaces. The change in grain boundary resistance enhances the

magnetoresistive properties during the promotion of the spin carrier tunnelling process. For instance, the

room temperature low field magnetoresistance of the LBMO compound is enhanced from �1.23% to

�4.35, �5.25 and �7.9% with the introduction of Ni powder, Ag nanoparticles and Ag oxide powder

interfaces, respectively. The dc thermal magnetization measurements show a constant value of the

LBMO Curie temperature (Tc) with the introduced interfaces that may be attributed to the complete

interaction lack. However, a small decrease is registered in the Tc value of Ni nanowires doped LBMO

composite, that may be due to the incomplete interaction lack in this composite. Moreover, the

magnetocaloric properties of the LBMO compound show a notable enhancement with the introduced

interfaces, where its relative cooling power is enhanced from 44 J kg�1 to 107, 167, 92 and 94 J kg�1

with the introduction of Ni powder, Ni nanowires, Ag oxide and Ag nanoparticle interfaces, respectively,

at a 3 T applied magnetic field.
1. Introduction

Numerous works have discussed the appearance of low eld
magnetoresistance (LFMR) in defected manganites. Principally,
defects interrupt conduction between grains, so, carriers resort
to tunnelling process across grain boundaries (GBs) that result
in the LFMR effect.1 GBs are natural defects, whose effect
increases in the small grain size systems. This fact has
increased the interest in granular systems and has encouraged
the promotion of articial granularity. For example, granularity
can be increased by the introduction of interfaces or secondary
phases with ferromagnetic materials.2 These inhomogeneous
systems have been studied in manganites as La0.7Sr0.3MnO3/
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ZrO2 (ref. 3) and La0.67Ca0.33MnO3/ZnO,4 which have shown
a good LFMR promotion. In fact, the high values of LFMR are
observed below the Tc due to the extrinsic nature of this type of
MR. However, the room temperature LFMR values are still
suitable for some technological applications.5 Besides the
magnetoresistive properties, manganites have shown a high
magnetic entropy change (DS) around Tc under the effect of
magnetic eld application, which makes them remarkable
magnetocalorics for magnetic cooling technologies.6 Actually,
the most remarkable feature of the inhomogeneous granular
manganite/secondary phase systems is the interaction lack
between their contents. Due to this interaction lack, the
secondary phase is expected to be segregated among the
manganite material grains. This increases the GBs’ resistance
leading to the LFMR effect. This view point has been supported
in several experimental works as in La0.66Ca0.33MnO3/SrTiO3,7

La0.67Ba0.33MnO3/YSZ8 and La0.66Sr0.33MnO3/CeO2.9 Moreover,
the complete interaction lack retains the intrinsic properties of
the manganite material without any change, such as the Tc
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) and (b) XRD patterns of LBMO/Ni and LBMO/Ag doped
composites, respectively, and (c) and (d) Rietveld profiles for LBMO/
Nipowder and LBMO/Agoxide composites, respectively.
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value. Thus, the Tc related phenomena as the magnetocaloric
effect (MCE) can be tuned at the same working temperature
range (around Tc). Making use of the interaction lack feature, we
studied previously the secondary phase ratio effect on the
magnetoresistance and the MCE of LBMO manganite in the
LBMO/xTiO2 system.10 These results showed a notable
enhancement in the LFMR and the MCE of LBMO manganite
with increasing TiO2 ratio. Due to the GBs’ resistance-
dependence on the secondary phase distribution at GBs, we
also studied the effect of annealing temperature on TiO2

distribution among LBMO grains.11 It was found that the high
MCE efficiency in these granular systems can be obtained at
higher annealing temperatures. Accordingly, aer the impact
on GBs’ resistance of the interface ratio and interface distri-
bution is studied, it is interesting to complete this investigation
by studying the effect of interface size on GBs’ resistance and
related properties. This is done by introducing different sizes of
Ni and Ag interfaces to the ferromagnetic LBMO manganite
compound. In this case we can study the sensitivity of GBs’
resistance to the interface size and its effect on transport,
magnetic, LFMR and MCE properties of the LBMO compound.

2. Experimental

LBMO/M0.02 composites were prepared in several steps, M is
elemental Ni powder (Nipowder), Ni nanowires (NiNWs), Ag oxide
(Agoxide) and Ag nanoparticles (AgNPs). First, the LBMO
compound was prepared by the sol–gel method, as reported in
ref. 10. Ni element and Ag oxide powder are commercial and
used as provided. NiNWs were prepared by the pulsed electro-
chemical deposition (PED) method, as in ref. 12, and AgNPs were
prepared as reported in ref. 13. Second, stoichiometric amounts
of LBMO, Nipowder, NiNWs, Agoxide and AgNPs were mixed,
pelletized and annealed at 800 �C for 24 hours. The crystal
structure was examined by X-ray diffraction (XRD) technique at
room temperature and the surface morphology was investigated
by a scanning electron microscope (SEM); structural analysis
was carried out with Rietveld analysis using the FULLPROF
program. Electrical resistivity was measured with the standard
four-point Van der Pauw technique and magnetic properties
were carried out using a vibrating sample magnetometer (VSM).

3. Results and discussion
3.1 Structure

The XRD patterns in Fig. 1 show the high phase purity of the
LBMO compound with extra peaks in the doped composites
that belong to Ni and Ag interfaces. The existence of these extra
peaks in doped composites reveals their interaction lack with
the LBMO compound. This suggests interfaces segregation on
the surfaces and between the boundaries of LBMO grains,
which is conrmed by the SEM micrographs in Fig. 2. The
interface–LBMO interaction lack leads to the stability of struc-
tural properties in all composites as: (I) the R�3c rhombohedral
structure; and (II) the insignicant change in the cell volume,
the average SEM grain size and the average crystallite size (P)
(that was calculated from the Laue–Scherrer equation) as
This journal is © The Royal Society of Chemistry 2016
displayed in Table 1, Rietveld proles are presented in Fig. 1c
and d. The observed large difference between the crystallite size
and the SEM grain size suggests crystallite collectivisation
inside the grains due to structural defects and/or internal
stresses.14 It is noteworthy to state that the XRD analysis
exhibits the presence of NiO in the LBMO/Nipowder composite
instead of Ni element, which may be oxidized through the
annealing process. Also, we observe the higher intensity of the
Ni peak in the LBMO/Nipowder composite in comparison with
that in the LBMO/NiNWs composite. This difference in peak
intensity may be attributed to the smaller size of Ni NWs that
enables some of them to interact substitutionally with the Mn
ions in the LBMO compound, decreasing the segregated
amount and leading to the smaller Ni peak intensity in the
LBMO/NiNWs composite. In contrast, the similar Ag peak
intensity in both Ag-doped LBMO composites (oxide and NPs)
reveals the complete interaction lack between the Ag interfaces
and the LBMO compound.
3.2 Transport properties

The temperature dependence of zero magnetic eld resistivity
in Fig. 3 shows the metal–semiconductor transition for all
composites at the Tms temperature, where the Tms arises from
the ferromagnetic double exchange (DE) interaction (Mn3+–O–
Mn4+).15 The presence of Ni and Ag interfaces increases LBMO
resistivity and shis its Tms towards lower temperatures (see
Table 2), in agreement with the results in ref. 3, 4 and 8. Due to
the interface–LBMO interaction, the change in LBMO transport
properties with the introduced interfaces is suggested to have
RSC Adv., 2016, 6, 77284–77290 | 77285
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Fig. 2 SEM micrographs for LBMO doped composites, where, (a)
LBMO, (b) LBMO/Nipowder, (c) LBMO/NiNWs, (d) LBMO/Agoxide, and (e)
LBMO/AgNPs doped composites, respectively.

Fig. 3 The temperature dependence of resistivity for (a) LBMO/Ni and
(b) LBMO/Ag composites, respectively.
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an extrinsic origin, which comes from the GBs effect. In other
words, the presence of such interfaces between LBMO grains
increases their boundary resistance8,10,11 promoting carrier
scattering and increasing the resistivity. The situation can be
visualized as an interruption in the direct contact between
LBMO grains through the increase in their boundaries thick-
ness due to interfaces accumulation.16 The change in GBs’
resistance with the introduced interfaces can be experimentally
realized through the low temperature resistivity increase (r100
K), see Table 2, which mainly arises from the GB effect.2,10 Fig. 3
also shows the LBMO resistivity dependence on the interface
size, which reveals the GBs’ sensitivity to the introduced size.
For example, the LBMO/AgNPs compound shows a smaller
resistivity and a higher Tms value than the LBMO/Agoxide.

This is because of the different interface distributions at the
GBs according to their sizes, which results in different changes
in the GBs’ resistance.11 SEM micrographs in Fig. 2 show the
well agglomeration of the smaller size interfaces (Ni NWs and
Table 1 Phase symmetry, cell volume (V), the average SEM grain size
(G) and the average crystallite size (P) for LBMO doped composites

Compound Symmetry V/�A3 G/mm P/nm

LBMO10 R�3c rhombohedral 358.8 0.748 32
LBMO/Nipowder R�3c rhombohedral 358.5 0.70 35
LBMO/NiNW R�3c rhombohedral 357.0 0.65 34.7
LBMO/Agoxide R�3c rhombohedral 358.4 0.72 35.7
LBMO/AgNP R�3c rhombohedral 358.4 0.75 35.4

77286 | RSC Adv., 2016, 6, 77284–77290
Ag NPs) away from boundaries, which leads to a small effect on
the GBs’ resistance in these doped composites. This can be
inferred through the smaller value of r100 K of LBMO/AgNPs in
comparison with that of LBMO/Agoxide composites (see Table 2).
However, Ni-doped composites does not obey this scenario; the
LBMO/NiNWs composite shows a higher resistivity and a smaller
Tms value than the LBMO/Nipowder composite in spite of the well
agglomerated Ni NWs away from the GBs. This is because the
proposed scenario works only with resistivity arising from
extrinsic factors (e.g. the change in GBs resistance), while in the
LBMO/NiNWs composite, there is an additional intrinsic resis-
tance component (rint). This rint arises from the small partial
substitution of Mn by Ni that forms Mn–O–Ni bonds and
suppresses the ferromagnetic DE interaction (Mn3+–O–Mn4+).
Mn–O–Ni bonds are non double exchangeable interactions with
an antiferromagnetic nature and result in a stronger localiza-
tion in the eg electron, which explains the notable increase in
the resistivity of this doped composite, as seen in Fig. 3.

Fig. 4 shows the temperature dependence of MR, where, it
was determined through the equation MR¼ (rH � r0)/r0, r0 and
rH are resistivities in 0 T and 0.5 T applied magnetic elds,
respectively. The negative MR characterizes all composites over
whole the temperature range except for the LBMO/NiNWs

composite, which shows a crossover from negative to positive
MR at a certain temperature. The LBMO compound shows a MR
peak near Tc with amaximum value of�3%. TheMR of LBMO is
enhanced in all doped composites across the temperature range
(except for the LBMO/NiNWs composite), and the MR peak is
shied towards room temperature with an improvement of
�3.7, �4.9 and �8.2% for Nipowder, AgNPs and Agoxide interfaces,
Table 2 Transport, magnetoresistive, magnetic and magnetocaloric
parameters for LBMO/Ni and LBMO/Ag systems

Compound Tms/K Tc/K

r100

K/U
cm

MR300

K (%) dTFWHM/K RCP/J kg�1

LBMO10 350 348 0.023 �1.23 24 44
LBMO/Nipowder 240 348 0.38 �4.35 70 107
LBMO/NiNWs 160 342 2.8 8.05 106.7 167
LBMO/Agoxide 332 348 0.042 �7.9 57.37 92
LBMO/AgNPs 338 348 0.038 �5.25 58.63 94

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The temperature dependence of MR for (a) LBMO/Ni and (b)
LBMO/Ag composites, respectively.
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respectively, in agreement with ref. 17–19. The promotion in
LFMR includes the room temperature values (300 K) as dis-
played in Table 2. The enhanced LFMR with the introduced
interfaces refers to the spin polarized tunnelling process
between grains due to the increase in GB resistance.1,20 The
results of LFMR show an interface size dependent behaviour, in
which the high values of LFMR can be observed at the higher
interface size as seen in Fig. 4. This is because of the spin
tunnelling process dependence on the GBs’ thickness, which in
turn increases with the interface size.

The anomalous behaviour of the MR sign change in the
LBMO/NiNWs composite can be explained according to the spin
carriers near the Fermi level (EF). In general, negative and
positive MR arise from majority and minority spin carriers near
the Fermi level (EF), respectively.21 Accordingly, a spin carrier
change is suggested in the Ni NWs-doped composite. In the
LBMO compound, Ba2+ electrons remain at the eg band of the
Mn ion acting as a major spin carrier near EF, which is the
negative MR case. This case is preserved in the Ni powder and in
both Ag-doped composites due to the complete interaction lack.
Meanwhile, due to the partial substitution process in the
LBMO/NiNWs composite, at low temperatures Ni electrons also
occupy the eg band of the Mn ion, keeping the majority spin
carriers near EF and the negative MR. However, during
temperature elevation, Ni electrons no longer stay in the eg band
and instead migrate to the tY2g band whose edge is quite closer to
Fig. 5 Thermal dependence of dc magnetization at 100 Oe applied
magnetic field for (a) LBMO/Ni and (b) LBMO/Ag composites,
respectively.

This journal is © The Royal Society of Chemistry 2016
the EF than the eg band. The occupation of the tY2g band by Ni
electrons causes these Mn ions to adopt in an antiparallel
alignment with the system being as minority spin carriers near
the EF that leads to the positive MR.21
3.3 Magnetic properties

Fig. 5 displays the temperature dependence of magnetization
curves, M(T), at 100 Oe applied magnetic eld for Ni and Ag
doped composites. The Figure shows the ferromagnetic–para-
magnetic (FM–PM) transition for all composites at Tc. Two
important features can be drawn from this Figure. The rst is
the constant value of the LBMO compound Tc at 348 K with the
introduced Nipowder and both Ag interfaces (see Table 2), in
agreement with results in ref. 10, 22 and 23. The constant Tc
value is due to its intrinsic character and its dependence on the
grain’s internal ferromagnetism, which remains unchanged
due to the complete interaction lack in these composites.
Meanwhile, the incomplete interaction lack in the LBMO/NiNWs

composite decreases the Tc value to 342 K as a result of the
partial substitution process of the Mn ion, which suppresses
Fig. 6 Isothermal magnetization curves of (a) LBMO, (b) LBMO/
Nipowder, (c) LBMO/NiNWs, (d) LBMO/Agoxide and (e) LBMO/AgNPs doped
composites.

RSC Adv., 2016, 6, 77284–77290 | 77287
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Fig. 7 Arrott plots for (a) LBMO/NiNWs and (b) LBMO/Nipowder doped
composites as selected examples.

Fig. 8 The temperature dependence of DS at different applied
magnetic fields for (a) LBMO, (b) LBMO/Nipowder, (c) LBMO/NiNWs, (d)
LBMO/Agoxide and (e) LBMO/AgNPs doped composites.
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ferromagnetism due to the formation of Mn–O–Ni antiferro-
magnetic bonds. The second note is concerned with the change
in magnetization value, where the magnetization of LBMO
compound decreases with interfaces introduction. The inter-
action lack in doped composites excludes the role of intrinsic
factors in the magnetization change and instead shows the GBs’
role.11,23 In principle, we can say that the ferromagnetism inside
LBMO grains is interrupted and pinned by GBs, and both Ni and
Ag interfaces increase the GBs’ thickness and resistance,
leading to ferromagnetism pinning and connement inside the
grains. This explains the decrease in LBMO magnetization with
interfaces introduction. Moreover, it is noteworthy that the
magnetization dependence on the interface size,11 which may
be attributed to the GBs resistance senistivity to the interface
size. This is because the low GB resistance reduces pinning
effect, therefore, the smaller interface size the higher magneti-
zation value in the doped composites, and vice versa. This is
clearly seen in both LBMO/Ag composites, where, the LBMO/
AgNPs composite shows a magnetization value higher than the
LBMO/Agoxide composite. Again, this explanation may not be
convenient for Ni-doped composites, since, the LBMO/Nipowder
composite shows a magnetization value greater than the LBMO/
NiNWs composite. The reason for this anomalous behaviour
involves also the intrinsic effects, which are added to the
extrinsic ones due to the small Mn partial substitution process
in the LBMO/NiNWs composite. As a consequence, the magne-
tization change in this composite is a sum of two components;
an extrinsic one coming from magnetization pinning by GBs
and the other from ferromagnetism suppression due to the Mn–
O–Ni antiferromagnetic bonds.

The isothermal magnetization curves in Fig. 6 show the
FM–PM transition. The FM behaviour appears in curves below
Tc as a sharp increase in magnetization with low applied
magnetic elds followed by saturation at high elds. Mean-
while, the paramagnetic behaviour characterizes curves above
Tc, where the magnetization changes linearly with the applied
magnetic eld. Arrott plots24 in Fig. 7 prove the second order
nature of this magnetic transition for all composites due to
the positive slope around Tc.25 This reveals the non-impact of
the LBMO magnetic transition type by the introduced
interfaces.
77288 | RSC Adv., 2016, 6, 77284–77290
3.4 Magnetocaloric effect (MCE)

DS(T, DH) ¼P
(Mi � Mi+1)/(Ti � Ti+1)DH (1)

RCP ¼ DSmax � dTFWHM (2)

DS was calculated from the isothermal magnetization curves
using the approximated Maxwell relation in eqn (1),26 where
Mi+1 andMi are magnetization values measured at temperatures
Ti+1 and Ti in a magnetic eld change DH. The temperature
dependence of DS displayed in Fig. 8 shows a maximum (DSmax)
around Tc, which increases monotonically with the applied
magnetic eld. In spite of the negligible change in the DSmax

value of LBMOwith the introduced Ni and Ag interfaces, there is
no registered change in the temperature position, which means
no change in the working temperature range (around the same
Tc value). The stability in the working temperature range refers
to the preservation of intrinsic properties due to the interaction
lack. DS has a strong correlation with the ferromagnetic
This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Magnetic field dependence of RCP for (a) LBMO/Ni and (b)
LBMO/Ag doped composites.
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intrinsic Mn3+/Mn4+ DE interaction and the Tc, which are kept
without any change. In spite of the negligible change in the
DSmax value of LBMO with the Ni and Ag interfaces, a promising
feature related to the width of DS(T) curve can be observed,
which can be expressed in terms of the full width at half
maximum (dTFWHM). Results in Table 2 show the enhancement
in the dTFWHM value of the LBMO compound with the intro-
duction of interfaces, which means an increase in the MCE
working temperature range, in agreement with results of LBMO/
TiO2.10 The relative cooling power (RCP) is one of concepts that
reect the MCE efficiency, where it expresses the transferred
heat between hot and cold reservoirs in one thermodynamic
cycle.27 The RCP values have been calculated using eqn (2) and
the results are displayed in Fig. 9. This Figure shows the notable
enhancement in the RCP values of the LBMO compound with Ni
and Ag interfaces at applied magnetic elds $1.5 T. Also, we
note a greater enhancement in the smaller-size-interface doped
composites in comparison with the larger interface sizes, in
agreement with M. Pekala et al.28 For example, as seen in Table
2, the RCP value of the LBMO compound is improved from 44 J
kg�1 to 107 & 167 J kg�1 in composites with Ni powder and Ni
NWs interfaces, respectively, and to 92 & 94 J kg�1 in composites
with Ag oxide and Ag NPs interfaces, respectively, at a 3 T
applied magnetic eld. From the MCE measurements, it can be
concluded that the magnetocaloric properties of the LBMO
compound are enhanced with different sizes of Ni and Ag
interfaces at the same temperature range.
4. Conclusions

The effect of Ni and Ag interface size on the transport, magne-
toresistive, magnetic and magnetocaloric properties of LBMO
compound was investigated. The interaction lack between the
interfaces and the LBMO compound suggested the interfaces
segregation at LBMO GBs, which increases the GBs’ resistance
according to the interface size. The increase in GBs’ resistance
interrupts conduction between grains, which appears as an
increase in the resistivity. However, this increases the spin
tunnelling effect which leads to the LFMR. For example, the
room temperature LFMR of the LBMO compound is enhanced
from �1.23% to �4.35, �5.25 and �7.9% with the addition of
Ni powder, Ag NPs and Ag oxide interfaces, respectively. The
This journal is © The Royal Society of Chemistry 2016
magnetic measurements show a constant Tc value of the LBMO
compound with all introduced interfaces (except Ni NWs) due to
the complete interaction lack. Whereas, in the Ni NWs-doped
composite, the Tc value decreases by 6 K to 342 K as a result
of the incomplete interaction lack in this composite. The MCE
properties are found to be sensitive to the interface size; the
RCP value of the LBMO compound is improved from 44 J kg�1

to 107, 167, 92 and 94 J kg�1 with the addition of Ni powder, Ni
NWs, Ag oxide and Ag NPs interfaces, respectively, at a 3 T
applied magnetic eld.
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