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bstract

The effect of substituting Sr for Ba on the magneto-transport and magnetic properties of (La1/3Sm2/3)0.67Ba0.33MnO3 system, has been investigated.
he samples, (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0.0, 0.1, 0.2 and 0.33), synthesized by citrate gel route, crystallize in an orthorhombic structure

space group Pnma, no. 62). The unit cell volume decreases while the metal-insulator transition temperature (TMI) increases with increasing Sr
ontent. The localization of charge carriers occurs at low temperatures and becomes more pronounced with decreasing Sr content which leads to
n enhancement of resistivity. This could be understood by the variation of Mn O Mn bond-distance and angle. Reappearance of semiconducting
ehavior (dρ/dT < 0) is observed only in samples with x = 0 and x = 0.1 below certain temperature (T < TMI). These samples exhibit thermal
rreversibility behavior for a field-cooled (FC) and zero-field-cooled (ZFC) magnetization data in a magnetic field of 100 Oe. This is ascribed to

he competition between the superexchange and double exchange interactions. The change in physical properties has been correlated to chemical
arameters such as ionic radii, tolerance factor, electronegativity and variation in Mn O Mn angle.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The manganites have generated great deal of interest because
f its rich phase diagram and technological importance [1,2].
he strong correlation between magneto-transport and structural
roperties is responsible for most of the experimental observa-
ions in these systems. The variation in average size of the A-site
ation of these perovskites ((RR′)2/3M1/3MnO3, where R and R′
re rare earth elements and M is alkaline earth element), leads to
large change (∼several orders of magnitudes) in the residual

esistivity ρ(0), Curie temperature Tc and the metal to insulator

ransition temperature, TMI [3]. These changes are generally
ccounted due to the average size of the A-site cation, <rA>,
nd the size mismatch at the A-site �2(rA) [4] which modifies
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he Mn O Mn bond angle and distance, and hence affect the
g electron hopping between Mn3+ and Mn4+ states. The effect
f ionic size variation is expressed through the tolerance factor
efined as t = (< rA > +rO)

√
2(rB + rO), where rO and rB are

he radii of the oxygen and the B-site transition metal ions,
espectively [5]. The presence of mixed valance states of Mn
on gives rise to the competing superexchange (SE) and double
xchange (DE) interactions. The electronic properties of the
anganites can be tailored either by substituting cations at

he A- or the B-sites or by varying the oxygen content in the
egular perovskite structure. The A-site ion can be substituted,
or example, either by another rare earth ion or alkaline earth
on. The systematic variation of residual resistivity (ρ0) with
-site ionic radii, in case of varied rare earth ion concentration

as been well reported [6,7]. The residual resistivity increases
ith increasing <rA> in varied alkaline earth ion compositions
hich are not in agreement with the established <rA>-ρ0 phase
iagram for rare earth varied manganites [6]. This suggests that

mailto:dhirenb@iitb.ac.in
dx.doi.org/10.1016/j.jallcom.2006.10.067
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Fig. 1. X-ray diffraction patterns of the series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3

(x = 0, 0.1, 0.2 and 0.33).
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part from A-site ionic radii some other parameters influence the
hysical properties. It appears that electronegativity difference
etween rare earth (RE) and alkaline earth (AE) ion also affect
he transport and magnetic properties [8]. An electronegativity
ifference between RE and AE elements is large which leads
o more ionic character with varying AE ion concentration. The
onic size of AE ions (Ba2+ = 1.61 Å and Sr2+ = 1.44 Å) is larger
han that of RE ions (La3+ = 1.31 Å and Sm3+ = 1.24 Å). The
ubstitution by larger ion at A-site leads to distortion of the
attice. The larger ion will move according to the slip system
riteria, and hence the Mn O Mn bond angle deviates more
rom 180◦. The slip plane is {1 1 1} and slip direction is along
1 1̄ 0〉 in perovskite structure. The deviation in Mn O Mn
ond angle from 180◦ would obviously affect the transport and
agnetic properties.
In the present study, we have undertaken a study on the

eries (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 for x = 0.0, 0.1, 0.2 and
.33 (where the rare earth ion concentration is kept fixed and
he alkaline earth ion concentration is varied), to understand
he affect of chemical properties such as ionic size variation
nd electronegativity of alkaline earth ion on the magnetic and
ransport properties.

. Experimental details

The polycrystalline (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0.0, 0.1, 0.2 and
.33) samples were synthesized by the chemical citrate-gel route using high
urity La2O3, Sm2O3, CaCO3, BaCO3, SrCO3 and Mn-acetate. The as prepared
owders were calcined at 1000 ◦C in air for 2 h. The powders were pelletized
n the form of rectangular bars and sintered at 1200 ◦C in air for 2 h. X-ray
iffractograms of the samples were recorded using Cu K� radiation (PW 3040/60
hilips, PANalytical). Resistivity measurements at different applied magnetic
elds were made between 320 and 5 K using the standard four-probe dc method
PPMS, Quantum Design). Magnetic measurements were made using vibrating
ample magnetometer (VSM, Oxford) at different fields and in the temperature
ange of 5–300 K.

. Results and discussion

Fig. 1 shows X-ray diffraction patterns for the series
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0.0, 0.1, 0.2 and 0.33).
ll the samples are single phase and crystallize in an orthorhom-
ic structure. The cell volume decreases with decreasing A-site
onic radius. The average A-site ionic radius, <rA> varies from
.389 Å for x = 0 to 1.333 Å for x = 0.33 samples. The mean

adius has been calculated using the coordination number 12 [9].
he tolerance factor, t, varies from 0.9883 (for x = 0) to 0.9680

for x = 0.33). This indicates that the structure tends towards
seudo-cubic symmetry as Sr content decreases.

3

f

able 1
efined lattice parameters (using Rietveld method), tolerance factors (t), size varian
.1, 0.2 and 0.33)

a (Å) b (Å) c (Å) V (Å)3

.0 5.5056 (4) 7.7801 (7) 5.5022 (8) 235.68 (10)

.1 5.5029 (3) 7.7522 (5) 5.4859 (6) 234.02 (6)

.2 5.5011 (6) 7.7502 (3) 5.4851 (8) 233.85 (6)

.33 5.4722 (3) 7.7063 (8) 5.4599 (2) 230.25 (1)
ig. 2. Observed and fitted X-ray diffraction pattern of
La1/3Sm2/3)0.67Ba0.23Sr0.1MnO3.

The structural parameters of all the samples were refined by
he Rietveld method using the computer code FULLPROF [10].
he refinement was carried out in the space group Pnma (no.
2) with the following atomic positions: La/Sm/Ba/Sr: 4c(x, y,
/4), Mn: 4b(0, 0, 1/2), O(1): 4c(x, 1/4, z) and O(2): 8d(x, y,
). A typical refined X-ray pattern with (x = 0.1) is shown in
ig. 2. The lattice parameters, tolerance factor, size variance
σ2(rA) =< r2

A > − < rA>2), are summarized in Table 1.
.1. Transport

The normalized resistivity (ρ) versus temperature, (T) curves
or the series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2

ce �2(rA), Tc and TMI for the series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0,

�2 (rA) (×10−2 Å2) t Tc (K) TMI (K)

6.08 0.9883 96 56
3.83 0.9804 112 68
2.09 0.9742 127 98
0.59 0.9680 203 196
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ig. 3. Variation of normalized resistivity with temperature for the series
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33).

nd 0.33) are shown in Fig. 3. Metal-insulator transition
emperature, TMI, shifts towards higher temperatures with
ncreasing Sr-substitution from 56 K for x = 0 to 196 K for
= 0.33. The reentrant semiconducting behavior is due to
harge localization effect at low temperatures observed for
ompositions with x = 0 and 0.1.

The electronegativity of Ba (0.89) is smaller than that of
r (0.95). The ionic characteristic of the A O bonds increases
ith decreasing Sr content due to increasing electronegativity
ifference between A-site ion and oxygen which may lead to
he charge localization behavior. The replacement by the larger
on (e.g. Ba or Sr) at A-site will lead to distortion in the lattice.
he oxygen ions sitting at face centered position move towards

he slip direction 〈1 1̄ 0〉 in {1 1 1} slip plane which is a higher
ensity plane. The simplistic schematic arrangement of the ions
n (1 1 1) plane is shown in Fig. 4.

The Mn O Mn bond angle has been estimated by using
seudo-cubic coordinates (a/

√
2, b/2 and c/

√
2). BO′ is cal-

ulated by using, [2(r + r )/
√

2]/2, where r is ionic radii
AE O AE
f alkaline earth elements and rO is the radii of oxygen ion
11]. O′T is calculated by pseudo-cubic lattice parameters where
O = O′O′.

ig. 4. A schematic diagram of (1 1 1) plane of perovskite. A-site ions are at
orner positions (hollow circle), B-site ion is at center and black and hatched
ircles are normal oxygen and displaced oxygen ions, respectively.
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The Mn O Mn bond angle is calculated by us using this
odel for Pr0.7Sr0.3MnO3 and Pr0.7Sr0.1Ca0.2MnO3 and the

alues are 157.7◦ and 159.3◦, respectively which are close
o the experimental value of 159.5◦ and 158.3◦ reported
y Lin [12]. The bond angle has been calculated here, for
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33)
sing the same methodology. The Mn O Mn bond angle
ncreases with increasing Sr content from 137◦ (for x = 0)
o ∼158◦ (for x = 0.33). The hopping integral is defined as
ij = t0 cos(�ij/2) where �ij is the angle between the spins on
eighbouring sites. The hopping integral increases from 93%
for x = 0) to 98% (for x = 0.33) with increasing Mn O Mn
ond angle which leads to more parallel spin arrangement. As
consequence of this, the resistivity drops with increasing Sr

ontent.
The TMI decreases with increasing size variance (�2(rA)

hich is strongly indicative of the presence of disorder present
n the Ba containing samples. It is observed that the low
ize mismatch valued samples (x = 0.2 and 0.33) exhibit the
onventional metal-insulator transition exhibited by manganites
hile those having higher �2(rA) show different transport
ehavior below TMI. It could be due to the simultaneous presence
f spin glass (SG) like, short-range charge order (CO) and
erromagnetic (FM) phases especially in Ba-rich samples [4]. It
s shown that a magnetic and charge-order Bravais lattice exists
or A3+

1−xB2+
x Mn3+

1−xMn4+
x O3 for x = n/8 where n is an integer

nd the cell constant is 2a, double that of the chemical cell [13].
he charge ordered phase is more prominent with x = 1/2 (sharp
lectronic transition) rather than x = 1/3 where the transition
s quite diffused. The increase of residual resistivity by six
rder from ρ(0) = 1 � cm for x = 0.33 (�2(rA) = 0.59 × 10−2 Å2)
o ρ(0) = 106 � cm for x = 0 (�2(rA) = 6.08 × 10−2 Å2) samples,
ives a strong support to the effect of local atomic disorder on the
arriers scattering [14]. This local atomic disorder may cause the
mergence of SG-like phase over FM phase which presumably
ncreases with more atomic disorder. The large size variance
ould also lead to the canting of spins which in turn lead to
ocalization at low temperatures and this is reflected in the ρ(T)
lots of the samples with x = 0 and 0.1 (Fig. 3). The possibility of
lectronic phase separation is also consistent with magnetization
esults as discussed later.

.2. Magnetoresistance

Fig. 5 shows the magnetoresistance behavior of the series
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33) in
0 kOe applied magnetic field. In the presence of an external
eld, the resistivity decreases significantly. The decrement in
esistivity suggests that the external magnetic field facilitates the
opping of eg electrons between neighbouring Mn ions, which
grees with the DE model [15,16]. The magnetoresistance (MR)
s defined as
MR = 100 × [ρ(H, T ) − ρ(0, T )]

[ρ(0, T )]
, (1)

here ρ(H,T) and ρ(0,T) are the resistivities at a temperature T,
n an applied magnetic field H and in zero applied magnetic field,
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long range ferromagnetic ordering vanishes as the concentration
of Sr decreases due to the larger size variance. The inset of Fig. 7
shows the M(T) variation in FC mode for the sample with x = 0.33
measured at 5 kOe.
ig. 5. Variation of %MR with temperature for series
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33) in 80 kOe
eld.

espectively. The maximum value of MR (∼99.9% at 80 kOe) is
bserved in Ba rich samples as compared to the sample with
= 0.33 (∼85%). The manganese ions are ferromagnetically
rdered below Tc; therefore, within a single magnetic domain,
he eg electron transfer between Mn3+ and Mn4+ ions is easy. The
airs of Mn3+ and Mn4+ spins, which may not be parallel in the
icinity of domain wall boundaries, will act as a hindrance for
lectron transport. The domain wall rotation starts above a field
f 10 kOe as indicated from the M versus H plots. Therefore,
agnetic domains tend to align along the field direction in the

resence of sufficiently strong (>10 kOe) magnetic field. As a
esult, hopping of electrons becomes easier across the domain
all boundaries and the resistivity decreases, which in turn leads

o a significant MR at low temperatures. A weakly temperature
ependent high MR is observed below 100 K, which may be
scribed to a combined effect from canting of spins [17] and
elting of short range CO phases into FM phase in an applied
agnetic field of 80 kOe [4]. These effects also lead to high

alues of MR particularly at lower temperatures. Therefore,
a-rich samples show the highest and temperature independent
R at low temperatures, which could be due to progressive

lignment of canted spin or transformation of antiferromagnetic
SG-like or CO) phase into a ferromagnetic ordered phase at
0 kOe magnetic fields as a function of lowering the temperature.
he highest value of MR (∼99.9% at 80 kOe and below 100 K)

s seen for sample with x = 0.

.3. Magnetization

The variation of magnetization with temperature in both
he zero field cooled (ZFC) and field cooled (FC) conditions
or the series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2
nd 0.33) measured at 100 and 1000 Oe fields are shown in
igs. 6 and 7, respectively. Thermal irreversibility behavior in

ero field cooled (ZFC) and field cooled (FC) magnetization is
bserved in all the cases and is more obvious if the measurements
re done in a field of 100 Oe. The extent of this thermal
rreversibility increases from x = 0 to x = 0.2 and then drops

F
s
t

ig. 6. Plot of magnetization during ZFC and FC cycles as a function of
emperature for the series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and
.33) measured at 100 Oe.

n case of the sample with x = 0.33. A small anomaly around
0 K is observed in all cases. This anomaly has been reported
n the substituted manganites and has been explained on the
asis of microscopic magnetic inhomogenities arising from the
ariable Mn oxidation states [18–20]. These inhomogenities
ead to the electronic phase separation at nano-scale length. The
emperature at which the ZFC and FC plots bifurcate is known
s freezing temperature and designated as Tf. The shift of Tf to
ower temperatures with increasing fields has been attributed
o increasing antiferromagnetic (AFM) interaction, which is

characteristic of spin/cluster glass like system [21]. The
aramagnetic (PM) to ferromagnetic (FM) transition is observed
n all systems. This magnetic transition becomes broader with
ncreasing fields.

The Tc increases with Sr content presumably due to increas-
ng overlap integral. The difference between Tc and TMI
ecreases with increasing Sr content which indicates that the
ig. 7. The magnetization variation with temperature in 1 kOe fields for the
eries (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33). Inset shows
he M–T plot for x = 0.33 in 5 kOe field.
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We conclude that the frustration due to the competing FM
nd AFM causes the phase separation in these systems. The
rustration is more pronounced in Ba-rich samples which are
eflected from transport as well magnetic studies. Hence, the
endency of phase separation increases with increasing Ba-
ontent.

The overall magnetic behavior may be explained by de
ennes [16] model according to which the Curie temperature for
ferromagnetic spin arrangement in La1−xCaxMnO3 is given by

BTc = 2

3

[
za|Ja| − zb|Jb| − zc|Jc|

]
S2 + 2xzεp

5
(2)

here zi (i = a, b, c) are the numbers of nearest neighbours
long the a-, b- and c-directions, z is the total number of
earest neighbours and Ji is the effective exchange integral in
he i- direction and εp is the gain in energy due to hopping.
he spin arrangement for εp = 250 K is that of a collinear

erromagnet for x > 0.26 [13]. The first term in the Eq. (2)
omes from the antiferromagnetic and the second term is
ue to the ferromagnetic interaction, namely double exchange.
he value of x is 0.33, which is fixed in our case. Taking
a = 1.61 meV, Jb = Jc = 0.62 meV, εp = 250 K, z = 6, the Tc is
15 K for (La1/3Sm2/3)0.67Sr0.33MnO3 which is close to the
xperimental value of 203 K. The local atomic disorder increases
ith decreasing Sr content as a result of which the ferromagnetic

nteractions becomes weaker as compared to antiferromagnetic
nteraction. The drop in the magnetization could be explained
y the strong antiferromagnetic interaction below a particular
emperature.

Fig. 8 shows the isothermal magnetization field plots of
he series (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and
.33). All the samples exhibit near saturation in magnetization
xcept the x = 0.33 sample which is saturated. As expected, there
s no significant change in magnetization value at high fields

mong these samples. The Ba-rich (x = 0.0 and 0.1) samples
how the non-saturating M H behavior even in 40 kOe fields
s shown in the inset of Fig. 8. This non-saturating M H
ehavior may be attributed to canting of spins with decreasing

ig. 8. Isothermal magnetization at 5 K for the series
La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2 and 0.33). The enlarge
iew of M–H plots is shown in inset.
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r content. The possibility of spin canting is more significant
n Ba-rich samples due to atomic disorder and competing
ntiferromagnetic (SE) and ferromagnetic (DE) interactions
hich leads to frustration in these systems [22].

. Conclusions

The effect of Sr substitution on the transport and magnetic
roperties of (La1/3Sm2/3)0.67Ba0.33−xSrxMnO3 (x = 0, 0.1, 0.2
nd 0.33) compounds has been studied. All the compounds
rystallize in the orthorhombic crystal structure. The TMI shifts
o higher temperature and the reentrant semiconducting behavior
mears out with increasing Sr-content as the suppression of
he charge localization occurs due to decreasing size variance
r partially due to electronegativity difference between rare
arth and alkaline earth ions. The transport properties could
e understood by the Mn O Mn bond angle variation with
implistic approach. A weakly temperature independent MR
an be accounted due to transformation of AFM (SG-like/short
ange CO) into FM phase. Bifurcation behavior in the mag-
etization versus temperature due to presence of frustration is
bserved in ZFC and FC magnetization plots in all the cases.
he magnetic properties may be understood by de Gennes
pproach of competing superexchange and double exchange
nteractions. The non-saturating M H behavior is indicative
f frustration in the Ba-rich samples which also supports the
bove approach. The overall magnetic and transport properties
ould be attributed to the competing AFM and FM interac-
ions.
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