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Abstract. Electrical resistivity and magnetoresistive behaviour of bismuth-substituted lanthanum mangan-
ites Lay4Biyp1Cas_.Sr,MnQO; (x = 0.1 and 0.2) were systematically studied by varying the temperature from 2
to 300 K and the magnetic field up to 12 T. The samples were found to crystallize in rhombohedral structure
and their morphology shows near-spherical nanosize crystallites. Charge ordering was observed in both the
samples under zero field conditions and corresponding transition temperature 7'¢o was found to decrease with
the increase of x. Resistivity measurements with magnetic field also showed suppression of magnetoresistivity
(MR) with the increase of x and the maximum MR was found to be 98 and 93% for x = 0.1 and 0.2, respectively, at
10 T. In the high-temperature domain, the electronic transport was observed to be dominated by the variable
range hopping mechanism for both the samples, whereas in the low-temperature domain the electrical con-

duction of x = 0.1 sample was observed to be contributed by various other electron scattering mechanisms.

Keywords.

1. Introduction

Half-doped manganites RE;_,A,MnO; (x =0.5; RE = La,
Nd, Pr and A = Ca, Sr, Ba, Bi) have been studied exten-
sively in recent years both experimentally and theoretically
for their intriguing electric and magnetic properties.' One
of the interesting features of these compounds (x = 0.5) is
the co-existence of ferromagnetic (FM) and charge-
ordered anti-ferromagnetic (AFM) phases in contrast to
0.15 < x < 0.5, for which the ground state is FM metallic
due to double exchange (DE) mechanism. The co-existence
of these phases is usually explained in terms of close
competition between them as a result of smaller energy
difference between their ground states.” The type of
ground state is sensitive to the average size (ra) of A-site
cation (La’*, Si**, Ca®** ions), hydrostatic pressure, mag-
netic field, chemical substitutions at the Mn site and the
A-site ionic radii mismatch (0).>* Half-doped manganites
in general show different types of ground states
depending on the dominance of AFM and/or FM interac-
tions and Jahn-Teller distortions.” However, the complex
physics behind these is still to be fully understood and
hence the need for further studies. It is known that the
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widely studied manganite LagsCaysMnO; ((ra)=
1.198 A) undergoes FM metallic (7¢ ~ 225 K) and AFM
insulating state (7y ~ 150 K) with simultaneous ordering
of orbital (Jahn—Teller), charge and spin (CE type).®
The charge ordering (CO) of Mn** and Mn** ions below a
temperature Tco (~200 K) gives rise to the long-range
localization of carriers to specific sites in the crystal.
LagsSrosMnO; ({ra)=1.263 A) on the other hand is
found to be a FM metal (7¢ ~ 310 K) with a weak A-type
AFM ordering but no charge or orbital ordering.’
Nd0_5Sr0_5MnO3 (<I'A> =1.236 1&) with TCO ~ 158 K exhib-
its a CE-type AFM spin structure below 150 K and
ProsSrosMnO; ((ra) = 1.245 A) reveals A-type spin struc-
ture below its ordering temperature.'®!! Similar magnetic
phases are found in Pr(sSrys_,Ca,MnO; and PrysSros_,
Ba,MnO; systems,'>* as a function of (r). The partial
substitution of Nd** by La’* ion in (Nd;_,La.)o.sSrosMnOs
results in the suppression of charge-ordered state and
A-type AFM state is also found as an intermediate state as z
is increased in this manganite system."” The above shows
that change in (r,) by substitution of cations of different
sizes at rare earth ion sites causes lattice distortion and
affects FM double exchange and AFM super-exchange
interactions differently. In general, charge delocalized
FM state is stabilized for large (ra) and charge-ordered
AFM insulating state is stabilized for small (rs) at low
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temperatures.16 In other words, width of e, electron band-
width (W) favours FM double exchange interactions and
narrow bandwidth favours an insulating state. It is to be
noted that e, electron bandwidth alone does not predict
the occurrence of various magnetic phases in half-doped
manganite systems: AFM ordering for instance is sup-
pressed rather than enhanced in Lajs_,Y.CapsMnOs;,
where the substitution of Y decreases (r,) but increases
the disorder factor (0°)."” 0 however is much reduced for
the Lag sCags_.Sr,MnOs series'® ™ and the same is selected
for light doping with trivalent Bi’* ions for La** ions. The
substitution of Bi** does not introduce holes into the sys-
tem and in fact makes the average size of MnOg octahe-
drons larger by about 0.5% larger than that with La**
ions.”' Recent studies of half-doped bismuth-substituted
lanthanum manganites”>>* show that the charge ordering
behaviour is particularly sensitive to the local distortion
caused by 6s” lone pair of Bi’* or to hybridization
between Bi-6s orbitals and O-2p orbitals, which block the
movement of e, electrons through Mn-O-Mn bridges
rather than to (r,) as the ionic radius difference between
Bi** (1.24 A) and La’* (1.22 A) is negligibly small. For
instance the CO temperature of BiysCaysMnQO; is found
to be relatively higher (Tco ~ 325 K) as compared to
LajsCapsMnO; and also exhibit C-type AFM structure in
contrast.” In the present investigation, the Bi** percentage
is kept constant while that of Sr** is varied at the expense
of Ca** to study the CO behaviour as well as megneto-
resistive characteristics.

2. Experimental

The polycrystalline samples of Lag4BigCags_Sr,MnO;
(x=0.1 and 0.2) were synthesized using the low-
temperature nitrate route method.* Briefly, 1 M solutions
of 99% pure chemicals such as La(NO;);-6H,0, Bi(NO;);-
5H,0, Ca(NOs;),:4H,0, Sr(NO;), and acetate such as
Mn(CH;C00),:4H,0 were used to prepare individually
the solutions of specific molarity using distilled water.
These solutions were mixed together using magnetic stir-
rer and slowly dried at 80°C. The resulting solid pulp was
then calcined at 500°C for 7 h. The black powder thus
obtained was ground thoroughly using a mortar and again
was calcined at 900°C for 14 h. Finally around 1 g of
each powder was pressed into pellet of 11 mm diameter
and sintered at 900°C for another 14 h. X-ray diffraction
patterns of both the samples were recorded using X-ray
diffractometer (XRD) with CuKea radiation (A=
1.5406 A) in angular steps of 0.02°. The surface mor-
phology was studied using scanning electron microscopy
(SEM) and the compositions were verified by the energy-
dispersive spectroscopy (EDS). The temperature-dependent
electrical resistivity and magnetoresistivity of the samples
were measured using Quantum designs made Physical
Property Measurement System (PPMS). The temperature
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and magnetic field were varied in the range of 2-300 K
and 0-12 T, respectively, during the measurements.

3. Results and discussion
3.1 Crystal structure, composition and morphology

The XRD patterns that are recorded in the angular range
of 10-80° (figure 1) confirm that both the compounds
exhibit rhombohedral structure with R3c space group.
The lattice parameters are estimated using XRDA soft-
ware with a maximum error of +0.009 A (table 1).2%%
The unit cell volume is observed to increase with the
increase of x consistent with the fact that relatively bigger
Sr** ions are substituted for Ca®* ions."” The average
crystallite size (d), as given in table 1, estimated using the
Scherrer formula is found to be in the nanorange for both
the compounds.

For the present samples ¢ is however observed to be
much reduced. The percentage of Bi** ions and hence the
number of local distortions induced by the corresponding
6s” lone pairs are kept constant for both the samples. The
variation of {ra) (table 1) is therefore expected to play a
dominant role in affecting the overall structural, electrical
and magnetoresistivity behaviour of these samples. The
morphology of samples using SEM shows that the grains
(~ 300 nm in diameter) are nearly spherical in shape and
uniform in size (figure 2a and b). The elemental analysis
of the samples confirms the presence of targeted elements
and near-stoichiometric compositions (table 2).

3.2 Electronic transport

The electrical resistivity p(7) of samples as a function of
temperature is measured using the standard four-probe
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Figure 1. X-ray diffraction patterns of Lag4BigCags . Sr,
MnO; (x = 0.1 and 0.2).
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Table 1. Structural parameters of Lag 4BigCags_Sr,MnOj; (x = 0.1 and 0.2).

Compositions x  d(nm) a(A) V(A?Y {ra) (nm)  Tolerance factor (f) ¢ (nm>) x 107>
0.1 23 5.417 158.90 0.122 0.958 1.47

0.2 12 5.428 159.89 0.123 0.962 2.08

Figure 2. (a and b) SEM images of Lag4Big;Cags_,.Sr,MnOj;
(x=0.1and 0.2).

Table 2. Atomic percentage of compounds obtained using
EDS.

Atomic percentage obtained (calculated) for
Lag4Bij1Cag5_,Sr,MnO; samples

Elements (%) x=0.1 x=0.2

La 9.40 (8.0) 11.50 (8.0)
Bi 1.47 (2.00) 2.03 (2.0)
Ca 8.73 (8.00) 6.71 (6.00)
Sr 1.57 (2.00) 3.40 (4.00)
Mn 19.60 (20.0) 23.50 (20.0)
o 59.20 (60.0) 52.74 (60.00)

technique. The temperature of samples is varied from 2 to
300 K for resistivity measurement and the magnetic field is
varied up to 12 T for magnetoresistivity measurements. The
temperature-dependent resistivity of the samples during
cooling phase is shown in figure 3. An insulator-to-metal

Resistivity (€2m)

0.0 T T —e
0 50 100 150 200 250 300

Temperature (K)

Figure 3. Temperature-dependent resistivity of Lag4Big;
Cag 5_Sr,MnO; (x = 0.1 and 0.2).

transition (7Tpy) is observed for x = 0.1 sample at about
69 K, followed by metal-to-insulator transition (7y) at
about 29 K. On the other hand, the resistivity of x = 0.2
sample exhibits semiconducting behaviour for the meas-
ured temperature range and also shows a relative fall
when compared to that of x = 0.1 sample revealing rela-
tively higher e, electron bandwidth for the former. As the
value of (ra) is higher for x = 0.2 sample due to the sub-
stitution of larger ion (Sr’*) for Ca®* ion, the hopping
amplitude of the itinerant e, electron is expected to be
relatively higher as the degree of overlap of Mn 3d and O
2p orbitals is sensitive to the variation of (r,) and in fact
increases as the value of (r,) is increased.”® Studies have
shown that the increase of (r,) increases Curie tempera-
ture (Tc)* and the tolerance factor also is found to have
similar effect on the e, bandwidth and 7¢. Nine-fold co-
ordination for A-site ions is assumed®** for the calcula-
tion of both (r,) and #-values (table 1).

The sharp increase in resistivity of both samples as the
temperature is lowered from 300 K is attributed to the
manifestation of charge ordering behaviour. The charge
ordering transition temperature (7¢o) is found by locating
the minimum of d(In p)/dT. The nature of these phase
transitions of the samples is observed to be close to that
of first order as the transitions are observed to be not
completely reversible upon cooling and warming.
Accordingly, Tco of x =0.1 sample is found to be 196 K
for warming case and 190 K for cooling case and the
same for x = 0.2 sample are found to be 157 K (warming)
and 137 K (cooling). The decrease of Tco with the
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increase of x in the present samples is attributable mainly
to the increasing percentage of Sr**ions at the expense of
Ca”* ions and the resulting larger (rx) rather than to the
special role of 6s” lone pair of Bi** ions.

3.2a High-temperature  resistivity  behaviour: The
electronic transport properties particularly in the para-
magnetic phase of manganites are usually explained using
different transport mechanisms: (i) a simple activation
(SA) law, p= o exp(E/kgT), where E, is the activation
energy, (ii) adiabatic small polaron model (ASP), having
its origin from the local lattice distortion accompanying
the moving charge carrier (Jahn-Teller polaron) p=
AT exp(E/kgT), and the variable range hopping (VRH)
model [p=p.,c[exp(T0/7)”4]], where p.. is the residual
resistivity with the localization of charge carriers by the
magnetic disorder,”® where Ty is the characteristic tempe-
rature. Accordingly, the resistivity behaviour of the pre-
sent samples is investigated using the above models to
determine the most probable mechanism of conduction in
the high-temperature domain. Fitting of corresponding
resistivity data of samples to the above models reveals
that the VRH model is relatively better in simulating the
transport behaviour of both the samples and negligible
difference observed between the SA and ASP models
comes in fitting the data (figure 4).

The VRH model gives a good fit in the temperature
range from about 190 to 300 K for x =0.1 sample and
from about 150 to 300 K for the x = 0.2 sample as com-
pared to small polaron model (180-300 K for x = 0.1 and
140-300 K for x =0.2). The decrease in the value of
characteristic temperature 7, with the increase of x-value
indicates decrease in bending of Mn—O-Mn bond or
widening of e, electron bandwidth.** The variation of car-
rier hopping energy (E,), localization length (1/¢) and
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Figure 4. Fit of resistivity data to various transport models.
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hopping distance (R) of the VRH model® reflect this
behaviour of better conductivity with increase of x and
(ra), and similar is the variation of activation energy (E,)
of the SA and ASP models (table 3).

3.2b Low-temperature resistivity behaviour: In con-
trast to x = 0.2 sample in which the resistivity behaviour
is observed to be semiconducting both below and above
Tco, the resistivity of x=0.1 sample exhibits a local
minimum at 29 K followed by sharp rise with further re-
duction of temperature. This kind of anomalous behav-
iour is observed to be similar to that reported for number
of manganite compositions.”®****> In this connection,
various models involving the collective action of several
different mechanisms are proposed to explain this low-
temperature phenomenon.’***~*? Attempt to fit the resis-
tivity data of x=0.1 sample with the model p(T)=
a-blnT+cT" +dT" is found to be successful (figure
4). Apart from the usual Coulomb scattering term (d7°),
Kondo-like scattering (b1n 7) and correlated electron—
electron interaction (cT"?) in weakly disordered system™
figure in this model. Attempts to fit the low-temperature
region resistivity data corresponding to the VRH, ASM
and SA models are not successful.

3.3 Temperature-dependent magnetoresistivity

Figure 5a and b shows the variation of resistivity of
Lag 4BigCag5_Sr,MnO; (x = 0.1 and 0.2) samples for the
entire temperature range of measurement as the magnetic
field strength is varied from O to 12 T. The insulator-to-
metal transition temperature of x = 0.1 sample is observed
to shift to higher temperature range from 69 to 118 K as
the magnetic field strength is increased from 0 to 12 T,
indicating the suppression of charge-ordered insulating
character. On the other hand, x = 0.2 sample although
shows sharp fall in resistivity as the magnetic field is
increased, it remains as a semiconductor even at 12 T.

Table 3. Fit parameters of electron transport models.

Electrical parameters x=0.1 x=02
SA model

00 (Qm) 1.7293 x 107 1.07 x 107
E, (eV) 0.14 0.11

ASP model

A (QmK™ 2.63x 1078 3.04x 1078
E, (eV) 0.16 0.12

VRH model

0. (Qm) 2.018 x 107 1.52x 107"
T (K) 1.35x 108 5.36 x 107
Ve (A) 1.67 2.28

R (A) at 300 K 16.24 17.6

E, (eV) at 300 K 0.16 0.13
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Defining the magnetoresistivity (MR) = {[o(T, H)-
(T, 0))/p(T, 0)} x 100%, where p(T, H) and p(T, 0) are
the resistivities measured with and without magnetic
fields, respectively, MR behaviour of the samples is
studied as a function of temperature at three different
magnetic fields 1, 5 and 10 T (figure 6a and b).
Resistivity of x = 0.1 is found to be highly sensitive as
compared to that of x =0.2 sample for these magnetic
field strengths. This behaviour is found to be in line with
literature results,”’ wherein the MR is found to decrease
with the increase of (r,) and z. In addition, the MR is
observed to flatten increasingly for both the samples as
the magnetic field is increased and the temperature is
lowered: the MR of x = 0.1 is found to be greater than
90% for the temperature range from 2 to 150 K, whereas
the same for x = 0.2 is found to be in the range of 5-90 K.
The MR is also observed to peak around 57 K for x = 0.1
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(98%) and 54 K for x = 0.2 sample (94%). The high sen-
sitivity of these compounds to external magnetic fields
may be exploited for magnetic sensing applications.

The resistivity of the samples as a function of magnetic
field is studied at selected temperatures. Figure 7a and
b shows behaviour of magnetic field-dependent resistivity
of x=0.1 at T=230, 70, 150 and 250 K and of x=10.2
at T=60, 140 and 250 K, respectively. Figure 7a reveals
a relative drop in resistivity of 86% between 30 and
150 K for x = 0.1 sample under zero field conditions and
thereafter it is found to decrease to a negligibly small
value as the magnetic field increased to 12 T. Also the
average rate of change of resistivity of x = 0.1 with field
is found to be almost same at temperatures 30 and 70 K
for magnetic field variation from O to 12 T, while the rate
of reduction is almost negligible at 250 K. On the other
hand, the drop in resistivity of x = 0.2 sample is found to

(b)
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T T T T T
0 50 100 150 200 250 300
Temperature (K)

(a and b) Resistivity of Lag 4Big ;Cag5_,Sr,MnQj; as function of temperature and magnetic field.
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(a and b) Temperature-dependent magnetoresistivity of Lag4Big Cags_,Sr,MnOs.



1454 P Subhashini et al
a 0.9
@, (b)
0.8+
x=02
| liw T
x=0.1 0 el
—e— (140 K)
—=—(30K) 0.6
E ——@on (| = i il
] ——asok)]| § 991
oy SR =
= [~ @50R)] = 0.4
o =
8 § 0.3
[
0.2 4
0.1 4
] L L L ]
0 2 4 G 8 10 12 T T T T T
0 2 4 6 8 10 12
H(T) HM
Figure 7. (a and b) Resistivity of Lag4Big Cags_Sr,MnOj; as function of magnetic field.

be around 85% between T =60 and 140 K at zero field
conditions and the subsequent rate of decrease of resisti-
vity with increase of magnetic field is however observed
to be relatively smaller as compared to x = 0.1 sample.

4. Conclusion

Structural characterization, morphology, electronic trans-
port and magnetoresistivity of Lag4BigCags_Sr,MnO;
(x=0.1 and 0.2) are systematically investigated. Both the
samples are found to crystallize in rhombohedral struc-
tures in contrast to orthorhombic structures, usually
reported for lanthanum manganites and SEM of them
shows nanosize spherical crystallites. The suppression of
both charge ordering and magnetoresistivity with the
increase of x is in line with that reported for bismuth-
substituted half-doped manganites. The magnetoresistiv-
ity is observed to encompass the measured range of tem-
perature as the magnetic field is increased. High
sensitivity of resistivity of samples to the magnetic field
with MR peaking close to 100% may be exploited for
magnetic sensor applications. VRH mechanism is found
to simulate the resistivity behaviour of both the samples
in the high-temperature domain. The abnormal behaviour
of resistivity of x =0.1 sample in the low-temperature
domain is observed to be contributed by a number of
electron scattering mechanisms.
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