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Abstract
Magneto-transport and magnetic studies carried out on the (1 − x)Pr2/3Ba1/3

MnO3 + xAg2O (x = 0–30 mol%) composite system are reported here. Two
transitions (TP1 and TP2) are observed in the electrical resistivity of the pristine
Pr2/3Ba1/3MnO3 (PBMO) system. With addition of Ag2O electrical resistivity
decreases. While TP1 gets sharper, TP2 disappears with increasing Ag2O
content. Electrical resistivity fitting below TP2 indicates that PBMO exhibits
a crossover from a spin dependent scattering-like polycrystalline material to a
single crystalline material in composites. Low temperature resistivity upturn,
which results from the combined effect of weak localization, electron–electron
and electron–phonon scattering mechanisms, also decreases in the composite
materials. The enhanced intrinsic magneto-resistance seen in the composite
system has been ascribed to factors like decrease in electrical resistivity due
to the formation of metallic Ag from Ag2O dissociation, disorder reduction,
magnetic inhomogeneity and growth of spin clusters. The monotonic decrease
in the extrinsic magneto-resistance due to Ag is found to be related to the
disappearance of the energy barrier formed at the grain boundary. The observed
decrease in the magnetization below the Curie temperature (TC) is considered
vis-à-vis the magnetic volume reduction and the non-magnetic Ag acting as a
pinning centre to the domain rotation.

1. Introduction

Mixed valent perovskite manganites have been under intense research after the finding of the
colossal change in the electrical resistivity with magnetic field [1, 2]. This so-called colossal
magnetoresistive effect (CMR) is related to the double-exchange mechanism and is viewed as
an intrinsic property of manganite materials [3]. In single-crystalline film the huge decrease
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in the electrical resistivity under the application of a magnetic field occurs in the vicinity
of the Curie temperature (TC) only. This, in fact, poses a serious problem for the practical
utility of such materials. From the application point of view, it is desired that the CMR
effect should occur in a broad temperature range and under the application of a low magnetic
field [2]. Attempts to improve the electrical and magnetic properties of such materials have led
to the observation of another type of magneto-resistance, intergranular or extrinsic magneto-
resistance, related to the spin polarized tunnelling or spin dependent scattering of the charge
carriers at the grain boundaries in polycrystalline or fine particle systems [4, 5]. It was reported
that the large MR value lies in the complete spin polarization of the material. In order to
get clear knowledge of MR due to the grain boundary effects researchers have synthesized
composite systems with some additives. This has been achieved by making the grain boundary
insulating (thus creating a barrier in the way of the charge carriers) [6–11] or by making it
conducting [12–17]. Besides this, hard and soft magnetic materials have also been added to
the parent perovskite manganites [18, 19]. The results for the electrical, magnetic and thermal
properties have been quite interesting and different from those of the pristine sample. But
the composite of a manganite material with an insulating additive results in the increase of
electrical resistivity (though it increases MR) and a decrease in the I–M transition to lower
temperatures that hampers any practical utility of these materials. Such a problem of increase
in resistivity can be sorted out if manganite composites with appropriate metallic additives
are synthesized. Addition of Ag through Ag2O, AgNO3 etc has revealed drastic changes in
the composite material properties [13–17]. The scenario bears similarity to high-temperature
superconductors where enhanced grain boundary properties like the improvement in the critical
current density and in the conduction noise are observed with Ag addition [20]. Recently,
it has been shown that Ag addition has resulted in a high magneto-resistance value at room
temperature in a sol–gel synthesized LaBaCaMnO system [13]. Silver, therefore seems to
be a good choice as an additive in manganites also. Though there exist several reports of Ag
composites with manganites that show a single insulator–metal (I–M) transition in the electrical
resistivity, no study so far seems to have been carried out on a composite of Ag with manganite
that exhibits two transitions in the electrical resistivity. Pr2/3Ba1/3MnO3 (PBMO) is one such
material that shows two I–M transitions (TP1 and TP2) and Ag addition is expected to generate
results that are different from those for composite manganites with a single I–M transition. The
higher temperature transition (TP1) in PBMO is due to the competition between the double-
exchange and super-exchange mechanisms inside the grain and the lower temperature broad
transition (TP2) arises from the large grain boundary effects [21]. The manganite PBMO is also
interesting because it does not follow the average ionic size 〈rA〉 versus TC criteria proposed by
Hwang et al [22].

2. Experimental details

A polycrystalline composite system (1 − x)PBMO + xAg2O (where x = 0, 10, 20,
27, 30 mol%) was synthesized using the conventional solid-state reaction method. Firstly
polycrystalline PBMO powder was obtained by several calcinations (with intermediate
grindings) and final sintering was done at 1260 ◦C for 25 h. Ag2O was then mixed with
calcined PBMO powder in the desired molar ratios and the ground mixture was treated at
1260 ◦C for 100 min. To ascertain the phase purity, x-ray diffractograms of the samples were
recorded using a Philips machine (Cu Kα, λ = 1.54 Å). Scanning electron micrographs (SEM)
were recorded using a LEO SEM 440 machine [equipped for energy dispersive spectroscopy
(EDAX)] operating at 20 kV. Electrical resistivity with and without a magnetic field (5 T) was
recorded using the conventional four-probe method from 300 to 10 K. The magnetic field was
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Figure 1. X-ray diffractograms of 0, 20 and 30 mol% Ag2O added PBMO composites. * represents
Ag peaks.

applied parallel to the current direction. The magneto-resistance has been defined as

MR(%) = [(ρ0 − ρH )/ρ0] ∗ 100,

where ρH and ρ0 are the electrical resistivities with and without a magnetic field, respectively.
The variation of magnetization (at 0.5 T) with temperature (300–10 K) in the zero field
configuration (ZFC) was recorded on a PPMS (Quantum Design, model 6000) system.

3. Results and discussion

Figure 1 shows the x-ray diffractograms of the (1 − x)PBMO + xAg2O system. It is
clear that Ag2O because of its low dissociation temperature (300 ◦C) gets converted into
metallic Ag. Peaks of cubic Ag are clearly depicted in the diffractograms of the composites
(represented by *). Though attempts have been made to substitute Ag at the rare-earth site
in manganites [23, 24], transmission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS) results carried out have shown that Ag cannot be substituted at the rare-
earth site which segregates at the grain surface/boundary [25]. As there is a large difference [26]
between the ionic size of Ag (I.R.VI = 1.15 Å) and the Mn ion (Mn3+, I.R.VI = 0.645 Å;
Mn4+, I.R.VI = 0.53 Å), Hume-Rothery criteria for ion substitution are also not satisfied. It
is therefore concluded that Ag remains at the grain boundary thereby making the composite
a two-phase material. The parent compound PBMO, however, is a single-phase material with
orthorhombic structure. Figure 2(a) shows the scanning electron micrograph of the pristine
PBMO sample. EDAX measurement confirmed the nominal composition and absence of any
other phase. However, for 30% Ag2O added PBMO (figure 2(b)) it is clear that Ag is in
the form of thin layers (bright region) at the grain boundary (confirmed through EDAX). The
connectivity among the PBMO grains seems enhanced with Ag. Figure 3 shows the variation
in electrical resistivity with temperature of the composite system. The parent material PBMO
shows two I–M transitions in the electrical resistivity with TP1 at 194 K and TP2 at 160 K.
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Figure 2. Scanning electron micrographs for PBMO composites with (a) x = 0 and (b) for
x = 30 mol% Ag2O.

TP1 results from the competition between double-exchange and super-exchange mechanisms
inside the grain whereas TP2 arises due to grain boundary effects ensuing from the ionic size
mismatch between Pr3+ (I.R.IX = 1.179 Å) and Ba2+ (I.R.IX = 1.47 Å) present at the rare-
earth site. This large ionic size mismatch creates a strain in the lattice, which the lattice is
unable to sustain and hence unloads it to the grain boundary. The transferred strain at the
grain boundary tilts the MnO6 octahedra there and thus the electron transfer probability gets
weakened and the transition due to the grain boundary separates out from the grain [21]. The
results on PBMO are consistent with other Ba-based manganite systems like NdBaMnO and
LaBaMnO [27, 28]. While TP1 remains almost unchanged, electrical resistivity decreases
with Ag in all the composite samples up to 30 mol% Ag2O. In some reports a decrease of
electrical resistivity has been noticed only up to 27% Ag2O and increasing thereafter [13, 15].
It is conjectured that in the present system Ag is probably more tightly bound and does not
volatilize even up to 30 mol%. Similarly the rate of decrease of electrical resistivity at TP2

is much faster in our case as only one sharp transition is obtained for 25 mol% Ag2O (inset
of figure 3) beyond which TP2 disappears. The development of a second I–M like transition
has been reported in some manganite composites with 25 mol% Ag2O [15, 16] but such a
phenomenon has not been observed here. The observed decrease in resistivity with Ag2O
addition can be attributed to the following two factors [15]. Firstly, oxygen liberated from
the breaking of Ag–O bonds is likely to move inside the grains, compensating for the oxygen
loss there, if any, by filling the vacancy in the bond between Mn3+ and Mn4+. This would
help ease the electron transfer in the double-exchange mechanism, resulting in the decrease of
electrical resistivity. Secondly, the presence of Ag in the grain boundary (GB) regions would
also render the GBs more conducting, by opening the new conducting channels among the
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Figure 3. ρ(T ) of the different composite systems. Solid lines represent the fitting of ρ(T ) below
TP2 with equation (5). Inset (a) refers to ρ(T ) for 25 mol% Ag2O added PBMO and inset (b) shows
the fitting of ρ(T ) above TP1 with equation (3).

PBMO grains. The barrier formed by the disorder/strain at the grain boundary decreases
or rather disappears with higher concentrations of Ag2O. TP1, however, remains almost
unchanged owing to a fixed Mn3+/Mn4+ ratio. Therefore, pristine material PBMO having
the magnetic–insulator–magnetic structure turns into a magnetic–metal–magnetic structure
material with Ag2O addition. Another important phenomenon observed here is the re-entrant
insulating behaviour at lower temperatures (figure 4). In the case of intergranular tunnelling in
polycrystalline manganites, application of a higher magnetic field shifts the resistivity upturn
temperature Tmin to lower temperatures as well as flattening the re-entrant behaviour [29].
However, in the present case, Tmin shifts slightly to higher temperature and the upturn also
does not disappear with applied magnetic field (inset of figure 4). This rules out intergranular
tunnelling as a possible cause of the resistivity minimum in this class of manganites. The
other possible explanation for the resistivity upturn could be the Kondo effect [30], where the
magnetic moment scattering due to a small number of magnetic ions in a non-magnetic matrix
causes the resistivity upturn. However, this effect does not hold good here as all the samples
under consideration are ferromagnetic. We then tried to fit the resistivity data (T < 50 K) using
the equation

ρ(T ) = {1/(a + bT 1/2)} + ρ2T 2 + ρ5T 5, (1)

where the term in the parentheses arises due to the weak localization effect [31], ‘a’ is
temperature independent residual conductivity and ‘b’ is the diffusion constant. The other
two terms, namely ρ2T 2 and ρ5T 5, arise due to the electron–electron and electron–phonon
scattering, respectively [32]. However, we can expand equation (1) binomially as

ρ(T ) = ρ0 − ρ1T 1/2 + ρ2T 2 + ρ5T 5, (2)
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Figure 4. Low temperature electrical resistivity fitting in PBMO and for 30 mol% composite using
equation (2). Inset shows fitting of data under 5 T magnetic field.

Table 1. Low temperature resistivity fitting (<50 K) (equation (2)).

x
(mol%)

ρ0

(� cm)
ρ1

(� cm K−1/2)
ρ2

(� cm K2)
ρ5

(� cm K5)

0 1.40 ± 0.0036 0.065 ± 0.0011 0.001 ± 2.7 × 10−6 (1.4 ± 0.1) × 10−10

10 0.816 ± 0.0017 0.036 ± 0.0005 (5 ± 0.13) × 10−5 (8.3 ± 0.5) × 10−11

20 0.294 ± 0.0006 0.012 ± 0.0002 (2 ± 0.05) × 10−5 (2.8 ± 0.2) × 10−11

27 0.146 ± 0.0003 0.0056 ± 0.0008 (9.1 ± 0.2) × 10−6 (1.1 ± 0.7) × 10−11

30 0.1089 ± 0.0002 0.004 ± 0.0005 (6.49 ± 0.14) × 10−6 (8.6 ± 0.6) × 10−12

where ρ0 = 1/a and ρ1 = b/a2 are constants. The fitting parameters of the composite
systems are shown in table 1. It is observed that the value of the fitting parameters ρ0, ρ1,
ρ2, ρ5 decreases in the composite system. This indicates that the weak localization, electron–
electron (e–e) and electron–phonon (e–ph) scattering decrease with Ag, disorder decreases and
the material becomes ordered.

The electrical resistivity data above TP1 of the composite systems was fitted using the small
polaron hopping model [33], the mathematical expression for which is given as

ρ = ρ0T exp(EA/kBT ), (3)

where ρ0 = [kB/υph Ne2 R2C(1 − C) exp(2αR)], kB is the Boltzmann constant, N is the
number of sites per unit volume, R is the intersite spacing, C is the fraction of sites occupied
by polarons, α is the wavefunction decay constant, υph is the optical phonon frequency and
EA is the activation energy. The calculated activation energy decreases with increasing Ag
content, which again confirms that metallic Ag enhances the grain connectivity (table 2). Thus
with Ag2O addition the properties of PBMO resemble those of single-crystalline-like material
because the barrier height decreases with the activation energy and the spin dependent process
gets converted into a normal ferromagnetic metal-like hopping process. This is clearly evident
from the MR versus H curve taken at 77 K (figure 5) where a sharp increase occurs in MR for
the pure sample PBMO at lower magnetic field values and is followed by a gradual increase at
higher H values. These results are similar to those reported by Gupta et al [5] for thin films.
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Figure 5. MR variation with magnetic field at 77 K of the composite system. Inset shows the
magnetization versus H at the same temperature.

Table 2. Values of activation energy and average spin moment of spin clusters (equation (4)).

x (mol%)

0 10 20 27 30

EA (meV) 142.85 138.64 130.23 127.31 125.55
J (h̄) 114 159 236 294 317

MR behaviour then changes just like for epitaxial/single-crystalline film on increasing Ag
content in PBMO. To further consolidate our idea we varied the magnetization with magnetic
field at a fixed temperature of 77 K (inset of figure 5). It is observed that the magnetization
at higher magnetic field values decreases with increasing Ag content, which we relate to the
increase in the grain size with Ag. Grain growth is also noticed here through the grain size
evaluation from the x-ray diffraction peaks, and is in accord with the reported behaviour [17].
The sudden increase in MR at lower magnetic field values is attributed to the domain/grain
rotation in the direction of field that decreases the spin dependent scattering at the grain
boundary giving a large MR. However, the intrinsic MR gets enhanced and it changes from 62%
for a pure sample to 82% for 30 mol% Ag2O whereas extrinsic MR due to the grain boundary
effect gets suppressed (figure 6). Such a behaviour can be understood by invoking the crossover
from spin dependent scattering-like polycrystalline to a single-crystalline-like manganite with
Ag2O addition in the pristine PBMO. Figure 6 also indicates that extrinsic MR (∼TP2) in PBMO
is more prominent than the intrinsic MR (∼TP1). When a spin polarized electron approaches the
grain boundary it suffers a spin dependent scattering (due to a chaotic spin structure), resulting
in larger resistivity and a lower TP value compared to the corresponding values for the grains.
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Figure 6. MR versus T of the PBMO + Ag2O composites.

Therefore the resistivity of PBMO is the convolution of these two values. With an applied
magnetic field, the relative change in the grain resistivity is small (due to parallel spins) and
hence small MR [α(ρ0 − ρH )]. However, at the grain boundaries the misaligned spins get
aligned, leading to a large change in the grain boundary resistivity and hence large MR. With
Ag, the connectivity among the grains increases which makes it behave like single-crystalline
material with enhanced conductivity, leading to large MR [α(1/ρ0)] at TP1. This also implies a
decrease of the grain boundary density, spin dependent scattering and consequently a decrease
of MR around TP2. To further elucidate the MR trend of the composite system we have fitted
the MR versus H curve at 190 K (figure 7) by using the Brillouin function (BJ ) proposed by
Wagner et al [34] where MR is proportional to the BJ in the FM region, i.e.

MR(%) = {(ρ0 − ρH )/ρ0} ∗ 100 = {A(T )/ρ0} ∗ BJ [gμB J (T )/kBT ], (4)

where g is the gyromagnetic ratio, μB is the Bohr magneton, J (T ) is the average spin moment
of the spin clusters that is related to the size of the spin clusters and A(T ) is the temperature
dependent CMR amplitude which is related to the population of the spin clusters in the
ferromagnetic phase. The fitting is shown in figure 7 and it is observed that the size of the
spin clusters increases in the composites as the value of J (T ) increases (table 2). It is worth
mentioning here that this model has been used to explain the MR results in the intrinsic region,
i.e. around TP1 [12, 15]. However, MR at 77 K is extrinsic in nature (i.e. due to grain boundary
effects) even though the composite system behaviour is intrinsic-like due to Ag addition. This
leads to a reduction in the MR value at 77 K in the composites. The MR versus H data at
77 K lead to a poor fitting with equation (4), showing the inapplicability of the model in this
region. This only implies that the composite system has not fully acquired the status of being
completely single-crystalline nature.

The data below TP2 are found to obey the following equation

ρ = ρ0 + ρn T n, (5)

where ρ0 is the electrical resistivity arising from the temperature independent factors like
domain walls, grain boundaries, vacancies etc. The term ρn T n depends upon the value of n
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Figure 7. MR variation with magnetic field at 190 K. Solid lines represent the theoretical fitting
with equation (4).

and can be thought of as arising from electron–electron scattering for n = 2, electron–magnon
scattering for n = 2.5 etc [2]. It is seen that the pristine sample PBMO follows the one-magnon
scattering law for n = 2.5 and in the composites an unconventional one-magnon scattering law
for n = 3 is obeyed. It is found that with Ag the low-temperature metallic phase changes
from the one-magnon scattering process to an unconventional scattering process (which is
followed by the single-crystalline manganite perovskite materials). This is just opposite to
what was reported earlier with Ag added to L0.67Ba0.33Mn0.88Cr0.12O3 prepared by the sol–gel
method [14], where at low Ag content an unconventional electron–magnon process (n = 3)
and for higher Ag addition a normal electron–magnon process (n = 2.5) were found to be
followed. Thus the behaviour of PBMO changes from that of a polycrystalline material to that
of a single-crystalline-like material with increasing Ag content. Figure 8 shows the variation of
magnetization with temperature of the composite system in the zero field-cooled configuration
with 0.5 T field applied on warming. All the samples show a paramagnetic to ferromagnetic
transition (TC). The transition temperature has been deduced from the minimum of dM/dT .
The pristine sample shows transition at 194 K which remains practically unchanged with Ag2O
addition, indicating a fixed Mn4+ value. However, below TC the magnetization decreases
monotonically with Ag addition. This is similar to an earlier published report [14] and contrary
to [17] where it is found to increase with Ag addition in LCMO material. A possible reason for
the observed decrease in the M value could be the decrease in the magnetic volume fraction, as
Ag is non-magnetic in nature. Besides, as Ag is non-magnetic it can act like a pinning centre for
the domain rotation resulting in the decrease in magnetization. The magnetization data below
TC were fitted with the following equation [35, 36]

M(T ) = M(0) − BT 3/2 − CT 5/2, (6)

where M(0) is the magnetization at 0 K and B = 0.0587gμB(kB/D)3/2 and C are constants.
The value of B increases with Ag (1.1076 ×10−6 for pure PBMO to 1.5438 ×10−6 emu K−3/2

for 30% Ag2O) which implies that the stiffness coefficient D will decrease and consequently
the strength of the magnetic coupling decreases in the ferromagnetic clusters. It is also clear
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Figure 8. Magnetization variation with temperature of the PBMO + Ag2O composite system
(symbols). Solid lines represent the theoretical fitting with equation (6).

that at lower temperatures the theoretical fitting deviates from the experimental results. This
may be attributed to the demagnetization factor arising from the sample dimensions.

4. Conclusions

Two transitions (TP1 and TP2) are observed in the electrical resistivity of the Pr2/3Ba1/3MnO3

(PBMO) system. The electrical resistivity decreases with Ag2O addition and its fitting
below TP2 indicates that PBMO exhibits a changeover from a spin dependent scattering-like
polycrystalline material to a single-crystalline-like material. Both TP1 and TC remain almost
unchanged, whereas TP2 disappears in the composite system with increasing Ag2O content.
Low temperature (<50 K) resistivity upturn also decreases in the composites. The observed
enhanced intrinsic magneto-resistance in the composite system has been viewed in the light
of decrease in electrical resistivity due to the formation of metallic Ag, disorder reduction,
magnetic inhomogeneity and the growth of spin clusters. The extrinsic magneto-resistance
decreases monotonically, which is found to be related to the disappearance of the energy barrier
formed at the grain boundary. The decrease in magnetization below TC is considered in terms
of the magnetic volume reduction and metallic Ag acting as a pinning centre for the domain
rotation.
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