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Abstract

The effect of substituting Sr for Ba on the magneto-transport and magnetic
properties of the (Lay;35m;/3)0.67Bag 33MnO; system has been investigated.
The samples of (Lay;3Smy/3)0.67Bag 33—xSr,MnO;3 (x = 0.0, 0.1, 0.2 and
0.33) are synthesized by the citrate gel route and crystallize in an
orthorhombic structure. The unit cell volume decreases while the
metal-insulator transition temperature (7y) increases with increasing Sr
content. The atomic disorder, which is represented by the size variance,
increases with Ba content. The small anomaly in p (7)) due to the atomic
disorder which leads to the different magnetic ordering followed by a broad
metal-insulator transition is observed in Ba-rich systems. The peak at 7*
(small anomaly) is presumed to be due to spin-dependent interfacial
tunnelling that causes the difference in magnetic order between the surface
and the core. The suppression in the resistivity values with increasing Sr
content could be due to the more symmetric MnOg octahedra network. The
paramagnetic phase coexists with the magnetically ordered phase between
T* (~T¢) and Ty The suppression of the metastable magnetic phase leads
to the high magnetoresistance in Ba-rich samples. The transport data has
been analysed using a small polaron correlated model. The magnetic
behaviour may be understood by the Ising model. The overall magnetic
behaviour could be accounted for by the competing antiferromagnetic and

ferromagnetic interactions.

1. Introduction

The mixed valent perovskite manganites of the general formula
Ln;_,Ae,MnO; (Ln = rare-earth and Ae = divalent
alkaline-earth cation) have created a great deal of interest
because of their colossal magnetoresistance (CMR), charge-
ordering, electronic phase separation, etc. These systems also
have technological importance such as in sensor applications,
and especially for increasing data storage by increasing the
sensitivity of hard disk drive read heads [1,2]. The manganites
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can also be prominent candidates for spintronics devices
due to their higher spin polarization. These manganites
become ferromagnetic (FM) at an optimal value of x (or
Mn** content) and undergo metal-insulator (MI) transition
around the ferromagnetic transition temperature. The
effects of divalent alkaline-earth element substitution in the
stoichiometric perovskite manganites Ln;_,Ae,Mn;_,M, 03
have been extensively studied [3-5]. These studies show
that the Curie temperature, 7¢, and the magnetoresistance
(MR) are optimized for a Mn** content of about 33%.
These properties are attributed to the double exchange (DE)
interaction associated with electron hopping from Mn** to
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Mn*. The double exchange interaction, which favours
itinerant electron behaviour, is opposed by the Jahn—Teller (JT)
distortion of the Mn**. Recent studies have shown that DE
alone cannot explain the observed behaviour in manganites
[6] and other effects are also important. These include the
average A-site cationic radius (r4) [7, 8], A-size cationic
size mismatch [9, 10], oxygen deficiency [11], electron—lattice
coupling [12], polaron effect due to strong electron—phonon
interaction arising from the Jahn-Teller distortion [6], etc.
The average size of the A-site cation of these perovskites and
the size mismatch at the A-site modify the Mn—O-Mn bond
angle and affect the e, electron hopping between the Mn3*
and Mn** degenerate states. The effect of ionic size variation
can also be understood by the tolerance factor defined as,
T = ({ra) +ro)/+/2(rg + ro), where ro and rg are radii of the
oxygen and the B-site transition metal ions, respectively. The
A-site cation disorder is responsible for the lattice distortion
which leads to the localization of e, electrons, which in turn
leads to electronic phase separation in these materials [13,14].
The variation in physical properties is generally accounted
for by the average size of the A-site cation, (rs), and the
size mismatch at the A-site 0%>(rp) which modify the Mn—
O-Mn bond angle and affect the e, electron hopping between
the Mn** and the Mn** states. The electronic properties of
the manganites can be tuned either by substituting cations at
the A- or B-sites or by varying the oxygen content in the regular
perovskites structure [15, 16].

A comprehensive work has been done on manganites
with the single rare-earth ion at the A-site [13,14]. In the
present studies, we have undertaken to substitute two rare-
earth ions, namely La and Sm, at the A-site in a fixed ratio
and vary the alkaline-earth ion concentration. Sm*" ion
(IR = 1.24A) is substituted with La** (IR = 1.36 A, large
variation) to study the effect of A-site ionic radii on the
magnetic and magneto-transport properties. Therefore, the
series (La2/3Sm1/3)0_67Ba0_33_xerMnO3 (x = O, 01, 0.2 and
0.33) has been chosen for the present studies.

2. Experimental details

The polycrystalline samples were synthesized by the chemical
citrate-gel route using high purity La,O3, Sm;03, BaCOs,
SrCO; and Mn-acetate. The as prepared powders were
calcined at 1000 °C in air for 2 h. The powders were pelletized
in the form of rectangular bars and sintered at 1200 °Cin air. X-
ray diffraction patterns of the samples were recorded using Cu-
K, radiation (PW 3040/60 Philips, PANalytical). Resistivity
measurements at different applied magnetic fields were carried
out from 20 to 300 K using the standard four-probe dc method.
Magnetic measurements were made using a vibrating sample
magnetometer (LakeShore, 7410) at different fields and in the
temperature range 80-300 K.

3. Results and Discussion

Figure 1 shows the x-ray diffraction patterns for (Lay/3
Sm1/3)0,67Ba0,33,xerMn03 X = 0, 01, 0.2 and 033)
compositions. All the lines in the patterns could be indexed
on the basis of an orthorhombic structure (space group
Pnma No 62). The peaks shift towards higher angle as the
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Figure 1. X-ray diffraction patterns of the series
(La2/3Sm1/3)0.67Ba0,33,XSrXMnO3 ()C = 0, 0.1 N 0.2 and 033)
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Figure 2. Observed and fitted x-ray diffraction pattern of
(La2/3 sm1/3 )o.67Bag 23819 ,MnO3.

concentration of Sr** increases. A typical refined pattern of
the sample with x = 0.2 is shown in figure 2. The average
A-site ionic radius (rp) decreases with Sr-substitution due to
its smaller ionic size of 1.44 A as compared with Ba (1.61 A).
The mean radius has been calculated using the coordination
number twelve [17]. The tolerance factor is the highest in
Ba-substituted samples. This indicates that the structure tends
towards pseudo-cubic symmetry as one goes from Sr to Ba
substituent. The (ry) varies from 1.42 A (for x = 0) to 1.36 A
(for x = 0.33). The cell volume decreases with increasing Sr
content as was expected. The percentage of Mn** has been
checked by the idiometric titration and their variation is from
31.6% (for x = 0) to 33.2% (for x = 0.33). The deviation in
the oxygen stochiometry varies from 2.993 (for x = 0) to 3.001
(forx = 0.33). It confirms the high purity of the compositions.

The cell and structural parameters of these compounds
were refined by the Rietveld method using the computer code
FULLPROF [18]. The refinement was carried out in the space
group Pnma (No 62) with the following atomic positions:
Ln/A: 4c(x, y, 1/4), Mn: 4b(0, 0, 1/2), O(1): 4c(x, 1/4, 2)
and 8dO(2): (x,y,z). The oxygen positions derived from
the refinement have high errors due to the presence of strong
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Table 1. Refined lattice parameters, a, b, ¢ using the Rietveld method and tolerance factor t for the studied compounds,

(La2/3Sm1/3)0467Ba0,33,XerMn03 (X = O, 01, 0.2 and 033)

Composition  a (A) b (A) c(A) v (A T

x=0 5.5312(5) 7.7979(2) 5.5164(8) 237.92(9) 0.9981
x=0.1 5.5196(3) 7.7686(5) 5.4965(6) 235.68(9) 0.9887
x=02 5.5149(6) 7.7430(3) 5.4845(8) 234.19(7) 0.9850
x =033 5.4962(5) 7.7053(7) 5.4582(8) 231.154) 0.9778

p (Q cm)
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Figure 3. Variation of resistivity with temperature for the
series(Lag/3Sm1/3)0,¢,7Ba0,33,X SI"XMHO3 (x = O, 01, 0.2 and 033)
The small anomaly for sample with x = 0.1 is shown in the inset.
Arrows indicate the particular transition, 7*.

scatterers (rare-earth ions) [19]. The best-fit x2 values are in
the range from 2.89 to 1.12. The refined lattice parameters
with tolerance factors are summarized in table 1.

Figure 3 shows the resistivity variation with temperature
for the series (Lay/3Sm/3)0.67Bag33-xSr,MnO3 (x = 0, 0.1,
0.2 and 0.33). The atomic disorder, which is represented by the
size variance, increases with Ba content. The small anomaly
in p(T) due to the atomic disorder [20] followed by broad
metal-insulator transition is observed in Ba-rich systems. The
peak at higher temperature in the p(7) behaviour could be
due to the interfacial tunnelling mechanism. The peak at
Twr is a sign that the polarons delocalize to bare carriers
and the electrical conduction changes from polaron hopping
to free carriers itinerating in a FM environment .The long-
range ferromagnetism persists up to a larger extent as the Ty
value approaches the T¢ value. Therefore, carriers become
delocalized from polarons and become mobile and the metallic
property enhances. The peak at T* is presumably believed to
be due to spin-dependent interfacial tunnelling arising out of
the difference in magnetic order between the surface and the
core [21].

The temperature corresponding to the small anomaly is
designated by T*, which is close to the T¢ values. Tc is
determined by the minima in the dM/dT plots. The (rs) for
the sample with x = 0.33is 1.36 A, which is close to the ionic
radius of the oxygen anion (1.35 A)[22]. Thisleads to the more
symmetric MnOg octahedra network within the lattice that in
turn suppresses the small transition as well as the resistivity
values with increasing Sr** content.

These samples (especially Ba-rich) are paramagnetic
and insulating above 7* and are magnetically ordered and
metallic below Tyy. This shows that the paramagnetic (PM)
phase coexists with the magnetically ordered phase between
T*(~Tc) and Ty [20]. The (ra) approaches the ionic radius of
oxygen ion with increasing Sr content as a result of which the
Mn-O-Mn bond angle approaches 180°. The transfer integral
increases with bond angle and results in a resistivity drop.

The transport data has been analysed using a small polaron
correlated model [23]. The expression for dc conductivity for
small polaron hopping for a temperature greater than 6p /4 as
obtained by Reik based on the Holstein Hamiltonian [24] is

JT

2
Tn (%) e*a’ Bt sec hz[spﬂ/Z] exp(—UB), 1)

where 6p is the Debye temperature. Here »n is the number
density of polarons, 8 = 1/kgT, a is the nearest neighbour
distance, 7 is the relaxation time, b is the transfer integral, U is
the activation energy and &, is the small polaron stabilization
energy. According to Mott, U = Ug+Up for T > 6p/2, where
Uy denotes the contribution from thermally activated hopping
and Up from the atomic ordering energy. Atlow temperatures,
variable range hopping leading to Anderson localization takes
over and for T — 0, o vanishes as Aexp(—a/T'*). It is
shown that equation (1) applies to electrical conductivity in
the range 7v < T < 700K in magnetite if U = 0 and
b/h)?*r = wph With g, = 0.055 meV, where Ty is the Verwey
transition temperature [25]. This expression could also be
applied to manganites if the relaxation time includes both
the electron—phonon and the spin—spin relaxation times and
U = Up whichis associated with the formation of the magnetic
polarons. Since the jump activation energy Uy vanishes in
this model it is referred to as the motion of the correlated
polarons. Up can be expressed as UpE2, & = S,(1 — Sp)o,
and Uy = (1/4)nphwpn, where npy, is the average number
of phonons in the polaron cloud. Here S, and o, are the
long and short range atomic order parameters. In manganites,
Se = 1, Sy = m(t) and &2 is equal to (1 — mk)aaz. The
Debye temperature of the displaced (active mode) phonon
which depends on the electron—phonon strength is defined by
Op [26]. Equation (1) can now be written as

Ohop =

AT
PP = 1+ c(1 — m*(t))o ] cosh® (e, /2T)
n

x exp[Up(1 — mk)a,f/T], T > 0p/4, 2)

where m(t) = M(T)/M(0), n is the number density of charge
carriers and ¢ and k are constants depending on the strength
of the spin—spin scattering in polaron transport. Here A =
2kp/ /T wpna’e?, wpn is the frequency of the active phonon, a is
the lattice constant and o, varies with 7 as (1-0.75t2,) /2, where
tea = T/ Tt . Equation (2) is similar to that obtained for glassy
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semiconductor (m(t) = 0) by Mott [27] for T > b /4. For
T < 6p/4, quantum effects dominate over classical effects and
according to Mott, due to processes like variable range hopping
and Anderson localization, as T tends to zero, p increases as
A’exp(b/T'/*). This is clearly not applicable to manganites
where for the same number of charge carriers (x = constant)
and nearly identical room temperature resistivity, the residual
resistivity, p(0), changes from 2 m2 cm to 10 Q cm, six orders
of magnitude, when (r, ) is varied [ 14]. The residual resistivity
follows the proportionality relation with cosh? (2ep/ 6p), where
&p is the polaron energy in equation (2).

Scattering by phonons is proportional to lattice
strain (§R?)/R?, which is equal to 1.6kgT/Ms? in the
high temperature limit where phonons dominate and to
0.4kg0p /M s2 in the low temperature limit where zero point
vibrations dominate. Here M is the mass of the ion and s is the
velocity of sound [28]; following Mott, equation (2) gives the
resistivity for T < 0p /4 by replacing T by 0p /4 in the prefactor
and in the cosh term, because the statistical weight of each
lattice vibrational mode in the electron—phonon scattering due
to zero point vibration is the same. Then equation (2) becomes

c

Ab, _
PP = 4—:[1 +c(1 — m2(1))02] cosh? (2¢, /0p)

x exp[4Up(1 — m*)o? /0p], T > 6p/4. 3)

For T — 0 using ¢ = 1 and spin-wave theory,
pIP = p(0)[1 +2¢ T30, “

where ¢ is the spin-wave constant and

p0) = @ cosh? (%) . 5)

4n D

With the same parameters A/n, T¢, T, Op, Up and k = 2.3,
p(T) is plotted using the high temperature (equation (2)) and
the low temperature (equation (3)) limits. T, is taken to be
310 K which s fixed throughout the series. First g, is estimated
from the high-T plot, then Op is estimated using equation (5).

The experimental p (T) is fitted using the high temperature
(equation (2)) and the low temperature (equation (3)) limits
with the fixed parameters k = 2.3 and 7., = 310 K. Here, the
residual resistivity value is taken as the value at 25 K due to
experimental constraints instead of 0 K. The experimental as
well as fitted plots are shown in figure 4 and parameters are
given in table 2.

gp is related to the depth of the potential well which
localizes the electron and 6p is the strength of the lattice
vibrations that delocalizes the charge carriers so mobility
uasechz[sp /2(9_]3 /4)] as T — 0 where zero point vibrations
dominate. The sample with x = 0.33 has the lowest &, and
the highest 0p value among the series (table 2). Therefore, the
resistivity value is the least in this sample due to the highly
itinerant character of the charge carriers.

The number of charge carriers increases with Sr content
and it is five times greater in sample with x = 0.33 form the
Ba-rich samples. ¢,, which is the energy required for small
polarons to hop between adjacent sites, varies from 310 K (for
x = 0.33) to 400K (for x = 0) and is nearly constant for
Sr-containing samples throughout the series . It reflects in the
resistivity value variation which is almost invariable with Sr
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Figure 4. Observed p(T') curves for (La,;3Sm;,3),/3Ba;/3-«
Sr,MnO; (x = 0, 0.1, 0.2 and 0.33) are shown in hollow circles.
The fitted plots are shown by solid lines for the low temperature
(equation (3)) and the high temperature (equation (2)) limit.

substitution. The systematic drop in the thermally assisted
activation energy is observed as the system varies from x = 0
to x = 0.33. The small deviation (~0.01 €2 cm) in theoretical
fit from the experimental data is observed in the sample with
x = 0.33 at low temperature.

Figure 5 shows the magnetoresistance behaviour of the
samples of series (La;;35my/3)0.67Bag33-xSr,MnO3 (x = 0,
0.1,0.2 and 0.33) in an applied field of 8.5 kOe. In the presence
of an external field, the resistivity decreases significantly. An
intuitive view on the MR effect is that the magnetic field
tends to align the local spins, and the forcedly spin-polarized
conduction electron suffers less from the scattering by local
spins and becomes more itinerant. The MR is defined as

%MR =100 x [p(H,T) — p(0, T)]/[p(0, T)], (6)

where p(H,T) and p(0,T) are the resistivities at a
temperature 7', in an applied magnetic field H and in a zero
applied magnetic field, respectively.

The small anomaly in the vicinity of T¢ in resistivity
disappears in magnetic fields of 8.5 kOe as shown in the inset
by an arrow. The small jump is observed in the negative
percentage of MR variation plots particularly at temperature
T* especially in samples with x = 0 and 0.1. It indicates
the presence of metastable spin states, which vanishes even
in small magnetic fields. The two different kinds of MR
behaviour, one at around 7y due to intergrain tunnelling and
the other at 7* due to spin dependent tunnelling, are observed
in Ba-rich samples [20]. The MR value increases with the
atomic disorder and a maximum (~22% at 100 K) is observed
for the sample with x = 0. The conduction mechanism in
the vicinity of T* (~T¢) could be explained by the magnetic
polaron formation. The spin of a conducting electron induces
a local distortion of the spin lattice and moves on surrounded
by this spin polarization [29]. The peak in the MR around T*
could be due to the inhibition of magnetic polaron formation
in an applied magnetic field that results in a prominent MR
effect [30].

The variation of magnetization with temperature for the
series (La2/3Sm1/3)o,67Ba0'33_,\.erMnO3 (x = 0, 01,02 and
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Table 2. The fitted parameters, &, 0p , Uy and n are given for the series (Lay/3Sm;/3),/3Ba;/3_,S1,MnO; (x =0, 0.1, 0.2 and 0.33). The
value of A/n has been obtained from the p(0) values using wp, witha = 3.858 A. The maximum percentage of MR in 8.5 kOe fields, Ty,

T* and T¢ are also included.

x A/n(107%ce) & (K) 65 (K) Up(K) n(x10%%cc) 0% @A) (x1073A%) Ty (K) T*(K) Te(K) % MRy
0 3 400 370 460 2.5 18.6 186 235 240 ~25
01 26 330 430 360 3 12.6 206 256 260 ~20
0.2 1.5 320 470 330 5 7.8 225 282 280 ~20
033 05 310 590 230 15 32 ~256  — 340 ~15
25 4
g
20 "g; 3
3
< T 5 3
S c 92 ]
& X s
= 10r 2 S
e x=0.0 = =
o x=0.1 1
S« x=02 N
I — 5000 10000 15000 20000
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Figure 5. Variation of percentage of MR with temperature for series
(La2/35m1/3)0_(,7Ba0_33,XSrXMnO3 (X = 0, 01, 0.2 and 033) in
8.5kOe field. Inset shows the p(7) behaviour for sample with

x = 0.1 in field and without field.
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Figure 6. Variation of magnetization with temperature in 10 kOe
fields for the series (Lay;3Sm;,3)0.67B20.33—xSr,MnO; (x =0, 0.1,
0.2 and 0.33). Inset shows the M-T plot for x =0, 0.1, 0.2
measured in a field of 200 Oe. Solid lines show the fitted plots
obtained by using the Ising model.

0.33) in 10kOe fields is shown in figure 6. The inset shows the
thermal irreversibility behaviour in zero field cooled (ZFC) and
field cooled (FC) plots due to the competing antiferromagnetic
(AFM) and FM interaction for samples with x = 0, 0.1 and
0.2 in 200Oe fields. The irreversibility increases with Ba

Figure 7. The isothermal magnetization plots of the series
(La2/3Sm|/3)0_67Ba0_33,x SI'XMI‘IO_? ()C = 0, 01, 0.2 and 033) at SO K.
Arrow in the inset indicates the increasing Sr>* content.

content due to increasing size disorder, which is also observed
in MR and transport studies. The T¢ as well as magnetic
moment increases with the Sr content. It indicates that the
long-range ferromagnetic effect also becomes prominent with
the Sr content.

The magnetization behaviour of all the samples agrees
well with the Ising model, which is described as

)

Here m is the reduced magnetization M (T)/M (0) and ¢ is
the reduced temperature 7'/ Tc. This is a crude approximation
because the local inhomogeneities that are present in the
frustrated systems play an important role. The theoretical fit
is shown as solid lines in figure 6. The 7¢ for the fitting is
obtained from the intercept at the x-axis. The theoretical fit
to M(T) data shows that the molecular field approximation
with s = 1/2 is applicable. As temperature increases the
magnetization decreases smoothly to zero at T = T¢. This
behaviour classified the usual FM/PM transition as a second
order transition. The width of the transition increases with
increasing St content.

Figure 7 shows the isothermal magnetization field plots
of the series (Lay;3Smj,3)0.67Bag33—xSryMnO3 (x = 0, 0.1,
0.2 and 0.33). All the samples exhibit non-saturation in
magnetization even though their maximum magnetic moment
approaches the theoretical value of 3.7 ug/Mn. The enlarged
view of the non-saturation is shown in the inset. This
non-saturating M—H behaviour may be attributed to the

m = tanh(m/t).
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suppression of double exchange due to decreasing Mn—O—-Mn
bond angle with decreasing Sr content. The possibility of
spin canting could not be ruled out in Ba-rich samples due
to the presence of disorder. The non-saturating isothermal
magnetization in Ba containing samples is evident from
competing antiferromagnetic (SE) and ferromagnetic (DE)
interactions which leads to frustration in these systems [31].

4. Conclusions

All the compounds crystallize in the orthorhombic crystal
structure. The Ty shifts to a higher temperature with
increasing Sr content due to the suppression of distortion in
MnOg octahedra as the average A-site ionic size approaches
the oxygen ionic size. The transport data is explained by the
small polaron correlated model. The two peaks observed in
the p(T) plots are due to intergrain and interfacial conduction
(metastable magnetic phase), respectively, with increasing
temperature. The high MR (~22%) value in the Ba-rich
samples is observed due to the destabilization of the metastable
magnetic phase that exists between the two peak temperatures.
Bifurcation behaviour in the magnetization versus temperature
due to the presence of frustration is observed in the ZFC
and FC magnetization plots and it decreases with Sr content.
The magnetic behaviour may be understood by the Ising
model. The non-saturating M—H behaviour is indicative of
frustration in the Ba-rich samples due to competing AFM and
FM interactions. The overall magnetic and transport properties
could be attributed to the competing AFM and FM interactions
present in these frustrated systems.
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