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In this paper we report the temperature dependent electron spin resonance (ESR) and electrical resistivity
studies of Bi1_SrxMnO3 (x=0.3, 0.4, 0.45, and 0.5). The double integrated (DI) intensity of the ESR
signal vs temperature (T) and In DI vs 1000/T plots have been used to get information about magnetic
interactions in the sample. A sharp change in the slope of this plot indicates the onset of long range
antiferromagnetic (AFM) order. The Neel temperatures (Ty) of the sample increases with increase in Sr
content. In the temperature range T> Ty, domains of ferromagnetic (FM) and AFM correlations co-exist.
The contributions of AFM correlations increase with the increase in Sr content. The observation of weak
Magnetic interactions ESR signal in the temperature range below Ty indicates the freezing of FM microdomains/inhomogeneities
Electronic phase separation in the AFM long range ordered state. The resistivity () data are analyzed in view of polaron model and
ESR variable range hopping (VRH) models given by Mott and Efros-Shklovskii (ES). As per Motts VRH model,
Polaron hopping In p varies linearly with T-/4 with a change in slope at Ty. The estimated values of hopping distance and
localization length are reasonable. It is also found that In o varies linearly with T-'/2 in accordance with
the ES VRH model. However, the estimated values of the model parameters are unrealistic. The ESR and
resistivity data are also analyzed in view of phase separation (PS) model.
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1. Introduction

The general formula of the perovskite structure is given as
ABOs3_gs, where A can be an alkali, alkaline earth or rare-earth ion
and B a transition metal ion. The B-site ion is selected to retain
desirable properties of the end compound. Based on the Verway
controlled ionic valence principle the conduction and hence the
carrier concentration of the B-site ions can be controlled by substi-
tuting a donor or acceptor at the A-site. A very common element
used at the B-site is manganese and the compounds formed are
called manganites.

The discovery of the colossal magnetoresistance (CMR) effect
in manganites by Jin et al. [1] and Xiong et al. [2] heightened
research activity on these materials. Tokura et al. [3] proposed that
the charge ordered (CO) state observed by Jirak et al. [4] is vital
for explaining the CMR effect. Charge ordering is a phenomenon
of exceptional importance in perovskite manganites as it can dic-
tate specific magnetic, transport as well as CMR properties [5].
The Coulomb repulsion between charges and the elastic energy
from the static Jahn-Teller (JT) deformations that accommodate
the associated orbital ordering (OO) regulate the stability of the CO
state. Even though the covalence effects are important, the ionic
picture describes CO as a real space ordering of the eg electrons.
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To understand the phenomenon of charge/orbital ordering
(CO/00) is important in view of their implication on the physi-
cal properties of manganites. For the half-hole doped manganites,
it is expected that the antiferromagnetic (AFM) phase is formed at
a lower temperature on cooling a CO/OO state which had already
set in at a certain higher temperature [6-8]. The La-based mangan-
ites have been extensively studied for their electrical and magnetic
properties. Although Bi3* has ionic radius similar to that of La3*
the resultant ABO3_s materials have very different properties viz.
LaMnOs is an antiferromagnet (AFM) having orthorhombic struc-
ture whereas BiMnOs is a ferromagnet (FM) with triclinic structure
[9].

In the recent years Bi based manganites have been studied for
their basic properties as well as for applications. BiMnOs3 exhibits
ferroelectric as well as ferromagnetic properties and hence can
be used as a good multiferroic material [10,11]. The Bi doped
manganites have been shown to be prospective materials for mul-
tiferroic and bolometric applications [12-15]. Big5Srg5MnO3 has
been shown to be a promising candidate for use as a cathode mate-
rial in solid oxide fuel cells because of its high electrochemical
performance [16].

There have been a number of studies on the Bij;_y)SrxMnOs
(BSMO) system in the recent years. This system is known to have
higher charge ordering temperature (Tcg ) in the range ~500-600 K
compared to ~300K for Bi¢;_y)CaxMnO3 system for a wide range
of x values. The peculiar properties of BSMO system have been
attributed to the electronic structure of the Bi3* ions, which have
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highly polarizable 6s2 lone pairs responsible for decrease in mobil-
ity of theitineranteg electrons [17-20]. The magnetic and structural
studies on this system by Garcia-Munoz et al. [20] showed the
higher stability of CO state in the case of half doped sample.
This is attributed to the maximal Coulomb energy gain due to CO
and strain energy gain due to OO for Mn3*/Mn#** ratio of 1. The
results suggest that the 6s2 lone pair of Bi3* is weakly screened
in (Bi, Sr) MnO3 compounds. An orientation of the 6s% lone pair
towards a surrounding anion (0%~) can produce local distortion
or hybridization between 6s-Bi-orbitals and 2p-0-orbitals, reduc-
ing the movement of eg electrons through the Mn-O-Mn bridges
and favouring CO state. The Sr rich Bi(;_y)SrxMnOs3 system stud-
ied by Sedmidubsky et al. [21] shows a gradual decrease of T¢o
from ~550K for x=0.5 to almost OK at x=0.9. The thermopower
in the temperature range T>Tco is constant and characteristic
of polaronic transport. Whereas in the temperature range T<Tco
an activated transport mechanism of localized charge carriers is
observed.

Resonant X-ray scattering at the Mn K edge of Big 3Srg.37MnO3
single crystals carried out by Subias et al. [22] showed the com-
pound undergoing a metal-insulator phase transition to a CO state
at ~530K. These studies agree with a strongly stable checker-
board pattern ordering in the ab plane of manganese atoms in
two geometries: one site is anisotropic with tetragonally distorted
oxygen octahedron and the other one is isotropic with nearly
undistorted oxygen octahedron as observed for half-doped man-
ganites Big5Srg5Mn0j3. Differential scanning calorimetry studies
on Bi;_4SryMnO3; were used to examine the transition from the
high-temperature pseudocubic form to an orthorhombically dis-
torted CO state by Sedmidubsky et al. [23]. The effect of CO and
00 on the magnetic properties of the Bi(;_y)SrxMnOs3 system was
carried out by Mantytskaya et al. [24]. Based on these studies a
magnetic phase diagram is provided over a wide range of x values.
The high temperature resistivity, susceptibility and thermoelectric
power (TEP) measurements are reported by Kim et al. [25] on BSMO
system. The susceptibility and resistivity data are reported to fol-
low Curie-Weiss law and polaron variable range hopping (VRH)
conduction mechanism respectively. TEP is found to be negative
and weakly temperature dependent. The electrical transport prop-
erties are interpreted in terms of carrier localization accompanied
by the local lattice distortions due to Bi3* lone pairs. A relation
between TEP and magnetic susceptibility is also established in ref.
[26]. Rebello and Mahendiran [27] have reported pulsed as well as
direct current/voltage induced electro resistance in Biy gSrg>MnO3
at room temperature. They observed that bi-level and multilevel
resistivity switching can be induced by a sequence of pulses of
varying pulse width at a fixed voltage amplitude.

Nagao et al. [28] has reported the transmission electron
microscopy (TEM) and selected area electron diffraction (SAED)
studies on the BSMO system and found that the structural mod-
ulations of the system consist of transverse modulation associated
with the Pcnn-type symmetry. Gupta et al. [29] reported room
temperature real space atomically resolved scanning tunneling
microscope (STM) studies of BixSri_yMnO3 (0.25 <x <0.75) sam-
ples. The images show the presence of CO phase consisting
of charge-ordered phase coexisting with charge-disordered (CD)
phase. The high temperature specific heat measurements have pro-
vided the Tco(x) phase diagram of the system.

Inrecent years the properties of manganites have been analyzed
in view of the concept of electronic phase separation (PS). The nat-
ural tendency of phase separation in manganites is explained by
Castello et al. [30] from the X-ray absorption fine structure (EXAFS)
at the Mn K-edge and dc magnetic measurements on Cu doped La-
manganites. Joshi et al. [31] used Griffiths phase physics to explain
temperature dependent electrical resistivity, AC susceptibility and
electron spin resonance (ESR) data on Lag g7Cag 33Mng g3Feg 703.

PS model is used by Cortés-Gil et al. [32] to explain the magneti-
zation data on La;_xCaxMnO3 (0<x<1)and La;_,SrxMnOs3 (x<0.6).
The evolution of the magnetic response of the system was under-
stood by identifying the signatures of the nucleation of AFM and
FM phases. It is found that the size of the FM clusters increase
with the increase in tolerance factor. The electrical and magnetic
studies on Yg4CagsMnOs3 by Ling et al. [33] showed the evolution
of FM clusters in the bulk AFM-CO state with decreasing tem-
perature. Magnetocaloric measurements on Las;g_,PryCazsMnO3
and Prg 5Cag ogSrg41MnO3 by Quintero et al. [34], showed an adia-
batic temperature change during a metamagnetic transition from
AFM to FM phase. The competition between coexisting AFM and
FM phases resulted in the low temperature state of both the sys-
tems. The phase-separation concept was used by Mohan et al.
[35] to explain the resistivity data on Smq 55Srg45Mn0Os3. From the
transport and magnetic studies on R;_yCaxMnOj3 (R, a rare-earth
element,x=0.88-1). Wanget al. [36] concluded that FM clusters are
embedded in an AFM matrix of these mix-valent manganites at low
temperatures. A percolative type conduction transport between the
FM clusters takes place in the phase separated state. The CMR effect
observed in the phase separated state is considered to be due to
contributions from rotation of the FM domains.

A number of studies on Bi-based manganites have also reported
the coexistence of FM and AFM phases. The temperature and
magnetic field dependent small angle neutron scattering (SANS)
measurements on Big125Cagg75Mn0O3 by Qin et al. [37] revealed
the formation of FM spin clusters in an AFM background when
temperature was decreased to ~108 K. Lowering the temperature
further or the application of external magnetic field increased the
number of clusters resulting in an overall enhancement of magneti-
zation below Tc.In Big 5Srg 5 FexMn;_yyO3 compounds the magnetic
state changes from paramagnetic (PM) to weak AFM as temper-
ature is decreased [38]. The thermomagnetic behavior is related
to the coexistence of AFM and FM fluctuations in the PM state. In
AFM state, zero field cooled/field cooled (ZFC/FC) thermomagnetic
hysteresis is attributed to the formation of small FM clusters. The
studies on BipgCagFeO3 with Mn-substitution at Fe-site, showed
the samples to be in AFM state with small FM clusters [39]. Mag-
netic and transport studies on Big 1 Lag 5Cag 4MnOs3 [40] showed the
existence of CO, weak and strong FM and a blocked metastable state
with decrease in temperature. The CO and FM phases coexist at low
temperatures. The ESR studies on La(g 5_)BixCagsMnOs by Li et al.
[41] showed the enhancement of Tco with increasing Bi content
and the coexistence of FM and AFM domains in the PM matrix.

In our earlier studies we reported detailed temperature
dependent ESR and resistivity measurements on bulk sam-
ples of Bi¢;_xyCaxMnO3 [42,43], Cr-doped Bigs5CagsMnOs [45]
and BigsCajp4_x)SrxMnO3 [46] compounds. We also reported
the temperature dependent ESR studies on nanoparticles of
Big 55Cag45Mn0O3 [44]. The data in these studies were analyzed in
view of phase separation (PS) model. The evolution and competi-
tion between the FM and AFM phases as a function of composition
and temperature is highlighted in these studies. In this paper we
report the temperature dependent ESR and resistivity studies of
charge ordered Bi(;_,)SrxMnO3 (x=0.3, 0.4, 0.45, and 0.5). Our data
show a strong competition between AFM and FM phases as a func-
tion of composition and temperature.

2. Experimental details

The bulk samples of Bi;_,)SrxMnO3 (x=0.3, 0.4, 0.45, and 0.5) were synthesized
by conventional solid state reaction method. The appropriate amounts of Bi,03,
SrCOs3, and MnO; were ground and mixed using the agate mortar. The compound
was then sintered at temperatures ranging from 800°C to 950°C for about 30 h
with intermediate grinding. The samples were checked for single phase formation
from the XRD patterns recorded on PHILIPS X-ray diffractometer with a Cu X-ray
source. The ESR spectra of the samples were recorded on powder samples using a
Joel X-Band ESR spectrometer in the temperature range 125-475K. The pellets of
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Fig. 1. XRD plots for various compositions of Bi(;_xSryMnO3 system.

the synthesized powder material were made and sintered at 900°C for 12 h. The
resistivity measurements were made on rectangular shaped samples cut from the
sintered pellets by four-probe method using a closed cycle refrigerator (CCR) fitted
with a Lakeshore 330 temperature controller.

3. Results and discussion
3.1. X-ray diffraction (XRD) results

The objective of the XRD studies is to assess the single phase
formation of the synthesized material. Fig. 1 shows the XRD plots
of the Bi(y_,)SrxMnO3 (x=0.3, 0.4, 0.45, and 0.5) samples. The ear-
lier reports have established that the structure of the BSMO changes
from monoclinic to tetragonal as x increases from 0.3 to 0.5 [47]. The
peaksinthe XRD plots were indexed in view of the perovskite struc-
ture. The lattice parameters for a perovskite structure are given as
a=c~b=~ap, where qap is the lattice parameter of the cubic per-
ovskite structure. A rough estimate of the structure and lattice
parameters of the present samples was made. The XRD data was
analyzed for tetragonal structure (~orthorhombic) and the lattice
parameters obtained are a~c # b for x=0.5 sample. The double
peak in the XRD plot characteristic of the tetragonal structure and
observed at 260 =33° of x=0.5 sample was not observed of x=0.3
sample. This manifests the beginning of the change in the structure
from a symmetrical to an asymmetrical one. The samples undergo a
first order transition of the crystal structure which can be attributed
to the difference in the ionic radii Mn3* (0.645 A)/Mn** (0.53 A)
ratio. The impurity peaks observed (marked with black dots above
the peak in the x=0.4 sample) could be due to the unreacted Bi, O3,
MnO, or due to the formation of Bi;SrO4 phase [48]. The estimated
lattice parameters are a~ c~3.92 Aand b~ 3.88 A for x=0.3 sample
(~monoclinic structure) and a~c~3.9A and b~3.78 A for x=0.5

samples (~tetragonal structure), similar to that reported in refer-
ence [47].

3.2. ESR studies

The ESR is a sensitive probe of the local magnetization of PM,
FM and AFM regions relying on the distinct difference in the cor-
responding resonance spectra. ESR is also particularly sensitive
to sample inhomogeneities. It is known that manganites are ESR
active showing a temperature dependent variation in the double
integrated resonance line intensity (DI) and linewidth (AH). The
most common Mn ion that can contribute to an ESR signal is Mn2*
(§=5/2). As Mn3* (§=2) ions show a large zero field splitting and
strong spin lattice relaxation it is thought unlikely to exhibit an
observable ESR signal [49]. Mn*" ions are known to contribute
to ESR signal due to the weak spin-lattice relaxation. It has been
pointed out that in manganites the ESR signal is observed due to all
Mn ions in the form of some combination or clusters of Mn3*-Mn**
ions coupled by strong short-range FM double-exchange (DE) inter-
actions [49,50].

Fig. 2 shows the ESR spectra for x=0.5 and x=0.3 samples in
the temperature range 120-450K. Similar spectra were observed
for other compositions. The ESR signal for the half doped sample
is symmetric at all temperatures. While for the Bi-rich sample it
is slightly asymmetric in the entire temperature range. On cool-
ing from high temperature the intensity of the spectra shows a
little change for x=0.5 sample and it increases for x=0.3, 0.4 and
0.45 samples until the temperature of ~200K followed by a rapid
decrease with further decrease in temperature indicating the onset
of the long range AFM ordering in the sample. A small kink in the
spectra is observed at ~300 mT for x=0.3 sample (shown circled
in Fig. 2). The intensity of this signal is dependent on the material
processing. This signal is not observed for well processed samples,
e.g. for x=0.5 sample (Fig. 2). This feature may be due to the exis-
tence of the FM cluster inhomogeneities in the sample. The DI of
this signal is temperature independent. The temperature depen-
dence of DI of the main ESR signal is not affected by the presence
of this kink in the ESR spectra and hence the conclusions drawn in
the present study are not affected. The g value estimated for all the
compositions is ~2 and remains almost temperature independent
throughout the temperature range. The spectra can be fitted to a
Lorentzian line shape, for the entire temperature range. This con-
firms that the size of the sample is smaller than the skin depth of
the penetrating microwaves used. Hence any change seen in the
signal intensity or peak linewidth is purely an intrinsic property of
the sample and not due to skin depth effect.

Fig. 3 shows the temperature dependent DI of the ESR spectra
for various samples. In our earlier work we identified the Tco and
Ty from the DI vs temperature (T) plots for the Bi¢;_,)CaxMnO3 sys-
tem [42,43]. For comparison purpose we have taken DI vs T plot for
Big5Cag5sMn0O3 (BCMO) from Refs. [42,43] and used it as a reference
to identify the features characteristic of Tco and AFM onset temper-
ature, Tp. The absence of high temperature peak characteristic of
CO in these plots confirms that charge ordering is above ~470K
(maximum temperature possible in our experimental setup) in
these samples. The temperature below which DI decreases rapidly
is depicted as Tg. The values of T¢g reported in the literature are
listed in Table 1. The data for BSMO samples are in the temperature
range, T<Tco.

The validity of Curie-Weiss law at higher temperatures for
BSMO has been addressed in earlier studies [21,42,43,51,52]. Since
the present data are at temperatures below Tco, the validity of the
Curie-Weiss law is explored in the CO state of the samples. A linear
fit is obtained until Tp for the x=0.3 sample (Fig. 4). The positive
value of the intercept on the temperature axis indicates the pres-
ence of FM correlations. When Ty is approached the FM correlations



5130

J. Kurian, R. Singh / Journal of Alloys and Compounds 509 (2011) 5127-5136

g=2 BCMO (T = 323K) _@ 453K
453 it —— 413K
R\ 3k | (] [ T
373 pr—" L
— g=2 273K
=: M ~_
& 2 223K
o2 ? s
ga _______—*-"““‘\\\\h_ur‘—__________JLJK__ EE
[~ ’
5 /’\/’_22 5 g=2 203K
/\/@5— e
173K P 143K
e " 143K m@ 123K
872 13K |
0 200 400 600 300 O 200 400 600 800
Field (mT) Field (mT)
x=05 x=03

Fig. 2. Representative temperature dependent ESR spectra for Bi(;_,SrxMnOs sample with x=0.5 and x=0.3. For comparison the ESR spectra for BigsCapsMnO3 (BCMO) at

323K from Refs. [42,43] is also shown.
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Table 1
The Ty values obtained from the AH vs T and the resistivity plots and the Tco values
from Refs. [24,42,43].

Sample x Tiesr) (K) Ti(res) (K) Teo (K)
0.3 133 151 600
0.4 153 133 575
0.45 163 122 540
0.5 173 105 525
BCMO 160 95 317

diminish leading to deviation from the linear fit. The data for sample
with x = 0.4 can be fitted to two straight lines of different slopes. The
change of slope occurs at ~320K. The slope of the straight line fit
in the 320-475K temperature range gives a negative intercept on
the temperature axis. This indicates the enhanced AFM correlations
below T¢p.In the temperature range ~320 K-Tp, the linear fit gives a
positive intercept indicating strengthening of FM correlations with

0 T BCMO
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Fig. 4. 1/DI (xesr) vs T plots for the Bi(;_,)SrxMnO3 system and the reference data
for BCMO sample taken from Refs.[42,43].
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decrease in temperature. A similar situation is found for x=0.45
sample. Two straight line fits for 1/DI vs T plots, one for T>275K
with negative intercept on T-axis and the other for T<275K with
positive intercept on the T-axis are obtained. For the sample with
x=0.5, only one linear fit with a negative intercept on the T-axis is
obtained. This indicates the domination of AFM correlations in the
CO state of this composition.

Fig. 5 shows In DI vs 1000/T plots for the present system. Such
plots are useful to get information about magnetic interactions
[53,54]. The domains of FM and AFM spin correlations coexist in
the temperature range T> Ty. The contribution of AFM correlations
progressively increase with the increase in Sr content as indicated
by the decrease in slope of In DI vs 1/T plot in the temperature range
To <T<475K. For the sample with x=0.5, the weak temperature
dependence of InDI on T indicates the balance between FM and
AFM spin correlations. The sudden decrease in InDI at low tem-
peratures indicates the onset of long range AFM ordering. But the
FM correlations exist even below ~125K. This is evident from the
narrow ESR spectra observed below Ty.

The samples are in the CO phase in the temperature range used
for ESR studies. These studies show that with decreasing temper-
ature the contribution from FM spin correlations decrease and the
AFM spin correlations emerge i.e. the domains of FM and AFM
spin correlations coexist in this temperature range. These stud-
ies strongly suggest the existence of two-phase behavior in the
temperature range T>Tyn. The phase separation between FM and
AFM domains in the CO state has been predicted to be universal for
manganites [55].

Fig. 6 shows the variation of AH with temperature for various
samples. In the CO state, AH first increases, remains constant over a
temperature range and then increases again with decrease in tem-
perature for samples with x=0.45 and 0.5. Whereas AH remains
constant with decrease in temperature for the samples with x=0.4
and 0.3. For all samples AH reaches a peak value at Neel temper-
ature, Ty, followed by a sharp decrease with further decrease in
temperature. The AH variation exhibited by x=0.5 sample is simi-
lar to that seen for BCMO system in the temperature range T<Tco
[56]. The initial increase in the AH value with decrease in tempera-
ture suggests that the Tcg for this sample is lower than that of x=0.4
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Fig. 6. Temperature dependent linewidth of the BSMO system.

and 0.3 samples. These results show that increase in substitution
of a divalent ion at Bi site gives rise to changes in the temperature
dependence of DI and AH which can be related to changes in the
volume fraction of FM and AFM domains in the system.

The initial increase in the AH values with decreasing temper-
ature for samples with x=0.45 and 0.5 indicates that T is in the
vicinity of ~500K as reported in the literature [24]. The absence of
initial increase in AH value in the case of x=0.3 and 0.4 samples
clearly suggests the higher T¢g values for these samples. The Ty val-
ues for various samples are given in Table 1. In the BSMO system
effective A-site cationic radius increases with increase in Sr content
leading to decrease in Tco. Whereas for BCMO system effective A-
site cationic radius decreases with increase in Ca content leading
to decrease in T¢o. The different trends in T¢p variation for these
systems are due to the difference in the effective ionic radius of
the Bi3* and its orbital character. The effective A-site ionic radius
is 1.24 A with a dominant 6s2 character when Sr2* is substituted
at Bi3* site. Whereas it is 1.16 A with a constrained 6s2 character
when Ca?* is substituted at Bi3* site [17,57].

The concept of phase separation has been used to analyze
the ESR data on other manganites also viz. La;_yPbyMnO3; and
Ndg.5Sro5sMn0s3 [58,59].

3.3. Resistivity studies

The temperature dependent resistivity data of Bij;_y)SrxMnOs
are shown in Fig. 7. The plots show a strong semiconducting behav-
ior with values of resistivity (o) reaching ~107 Q cm at 80K. The
databelow this temperature could not be recorded as the resistance
of the sample was too high to measure. At a certain temperature
there is a sudden increase in the resistivity with decreasing tem-
perature (inset of Fig. 7). This is the Neel temperature, Ty, at which
the long range AFM ordering takes place in the sample. The Ty val-
ues for various samples are listed in Table 1. It has been pointed
out in Refs. [60,61] that this type of resistivity behavior is typical of
manganites with CO and OO. The increase in Sr content decreases
the resistivity due to the increased amount of hole doping, which is
in agreement with the previously reported work [42,43]. The Bi3*
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systems.

ion has a highly polarizable 6s2 lone pair of electrons which can
have a marked effect on the properties exhibited by the BSMO sys-
tem. More dominant the 6s2 lone pair character, bigger will be the
effective size of Bi3* ion, which presumably distorts the oxygen
coordination. The earlier works by Garcia-Munoz et al. [17] and
Frontera et al. [57] suggest the electron density of the 6s2 lone pair
to be high along some Bi-O bonds. This in turn renders the elec-
tronic density to be involved in strong covalent interactions with
Bi-0 bonds producing an effective bigger Bi3* ion. As the Sr content
increases 6s2 lone pair effect decreases due to the decrease in Bi3*
content.

The ez bandwidth decreases as the effective size of the A-
site cation decreases. This favours charge localization and hence
increase in resistivity [17,57]. An estimation of average A-site
cationic radius, (ra), proves that it decreases with decrease in the Sr
content. The characteristic feature of CO transition is not observed
in the resistivity data, indicating that Tco for BSMO system is
beyond the measurement temperature range of the experiment. It
is noted that the Ty values estimated from ESR and resistivity data
are different. This is because ESR being an atomic probe is more sen-
sitive to small changes in the magnetic correlations at atomic level.
Whereas resistivity being a bulk property, registers changes only
when the bulk of the sample contributes to the resulting change.

The resistivity data are analyzed in view of two different
approaches (1) small polaron model and (2) variable range hopping
(VRH) model. The small polaron model has been widely used to ana-
lyze the transport properties of La-manganites [62,63]. According
to this model electrical conduction in the high temperature regime
T>0p/2, where 0y is the Debye temperature, takes place by thermal
activation of the charge carriers and the resistivity is given by

p = poT" exp (%) M
where n=1 and 1.5 for adiabatic and non-adiabatic conduction
mechanism, respectively, W is activation energy and kg is Boltz-
mann’s constant [64-70].

Fig. 8 shows the In(p/T) vs 1000/T plots as per Eq. (1) with the
value of n=1 (adiabatic hopping). The plots show a linear variation
of In(p/T) in the high temperature range. The deviation from lin-

Ln (p/T)

1
f=)

1000/T (K
= x=05 o x=045 A
v x=03 © BCMO

x=04
Fig. 8. In(p/T) vs 1000/T plot for the BSMO and the BCMO system.

earity starts at a temperature which can be taken as 6p/2 as per
the polaron model. Similar plots are obtained for n=1.5. The acti-
vation energy values are calculated for both the cases and given in
Table 2. The activation energy of hopping conduction for T>60p/2
can be written as [66].
W= Wy + 2 (2)
where Wy and Wp are hopping and disorder energy, respectively.
In the polaron model Wy decreases with the decrease in tem-
perature. For a temperature T<6p/4, W~ Wp. Since the resistivity
of the sample at low temperatures is very high, the measurement
in the temperature range below 6p/4 was possible only for sample
with x=0.5. The estimated W) for this sample is ~0.01 eV which is
close to the theoretically predicted value as per the polaron model.
The polaron model can be used to explain the conduction mech-
anism in the BSMO system in the high temperature regime. The
strong insulating behaviour coupled with high room temperature
resistivity is indicative of strong localization of the itinerant elec-
tron, i.e. strong Anderson localization in the system [71-75]. It is
not possible from In (p/T) vs 1/T plots to ascertain whether the hop-
ping is adiabatic (n=1) or non adiabatic (n=1.5). A plot of logig o
vs W can resolve this issue [76]. If the T value estimated from the
slope of the plot is close to the temperature at which the logig p
value is taken, then the polaron hopping is in the adiabatic regime.
If it is very different, then it is in the non-adiabatic regime. Fig. 9
shows logig p vs W plots for the BSMO system at 300 K. The esti-
mated T~ 354K obtained from the slope 1/kgT. This value being
close to 300K (temperature at which the value of resistivity is
taken) confirms the polaron hopping conduction to be in the adi-

Table 2
Debye temperature and activation energies from the thermally activated polaron
hopping model for n=1 and 1.5 for the Bi(;_,SrxMnOs system.

Sample x p (2cm) 6 (K) Wforn=1 (meV) Wforn=1.5
(meV)

0.3 125 430 226 226

0.4 23.5 394 211 211

0.45 21 390 198 198

0.5 5.6 375 178 189
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Fig. 9. Log;o(resistivity) vs activation energy, W.

abatic regime. This means that the resistivity is dependent on the
activation energy alone and the pre-exponential factor in Eq. (1)
does not play any significant role.

The resistivity data are also analyzed using Mott’s VRH model
which considers an energy independent density of states and
Efros-Shklovskii VRH (ES-VRH) model which takes into considera-
tion the long range electron-electron Coulomb interaction, which
in turn forms a Coulomb gap (CG). The general equation of the VRH
model is given as

To\"

2) 3)
where p is the hopping exponent and T is the characteristic tem-
perature. Generally, the value of p depends on the mode of hopping
of charge carriers at low temperatures [77,78]. The Mott’s VRH
model assumes a small p value like 1/3 or 1/4 for a two-dimensional
or three-dimensional systems, respectively, while for a scenario
where the density of states is strongly energy dependent, like in
the ES-VRH model, p takes a larger value of 1/2.

The resistivity data are analyzed using Motts VRH model [69,70]
equation

p(T) = po exp(

o3 1/4
P = po exp 2.06 N(EF)kT] (4)
with
18a3
kTy = NE) (5)

where N(Eg) is the density of states at the Fermi level and « is the
inverse of the localization length & ~ 1/a. The density of states near
the Fermi level is assumed to be constant in the derivation of the
above equation. In the VRH model the average hopping distance
and hopping energy at room temperature T, are given by
4 9
8makgTN(Eg)

and

(6)

3
W= _—— >
4A7TR3N(Er)

respectively with the energy difference between the initial and final
states over which the electrons hop given by [79]

8]\/[ = ZkBT(TO)

Fig. 10 shows Inp vs 1/T(/4) plots for various samples. Two
straight lines can be fit to these plots. The temperatures at which
these lines intersect are same as the Ty values obtained from the
ESR data. The Ty values of Eq. (5) estimated from the slope of these

(7)

(8)

5133

0.24

o

0.26

x=0.5

v x=03

0.28

114

T ™

e x=045
+ BCMO

0.30

T T T T
0.32 0.34

A x=04

Fig. 10. Ln p vs 1/T/4) plots of the Bi(;_x)SrxMnO3 and the BCMO systems.

Table 3

The Ty and pg values obtained from In p vs T-1/ plots in different temperature ranges
for the Bi(1_x)Sr xMnOs3 system.

Sample x To (108 K) po (2cm)
Tco>T>Tn T<Tx Tco>T>Tyn (x10713) T<Tyn (x10719)
0.3 3.9 10.6 29 57.5
04 3.0 123 4.5 1
0.45 2.2 5.5 414 9320
0.5 2.0 4.9 20.9 6840

plots are listed in Table 3. The increase in Ty in the AFM state can
be due to decrease in N(Eg) and/or &.

The studies on La-based manganites suggested that it was either
the density of states or the localization mechanism which played
an important role in determining the resistivity behaviour [80]. It
has been proposed that a random potential of mainly magnetic
origin is responsible for carrier localization above T¢. With decreas-
ing temperature the AFM interactions continuously increase and
may enhance the localization and reduce the density of states. The
localization length must be greater than Mn-Mn distance which
is ~5nm, and the hopping distance should be several times that
of Mn-Mn distance. Keeping this in mind the values of localiza-
tion length, hopping distance and hopping energy are estimated
adopting a reasonable value of N(Eg)~ 102! cm—3eV-! [81]. The
hopping distance is found to be several times the Mn-Mn dis-
tance and the localization length greater than the Mn-Mn distance.
The estimated values are given in Table 4. These values present a

Table 4
Various Mott VRH model parameters estimated for Biy_y)SrxMnOs using
N(Ep)~3 x 102" cm~3 eV~ in different temperature ranges.

Samplex £ (A) R (nm) W (meV)
Teo>T>Ty  T<Ty Teo>T>Tw  T<Ty Teo>T>Tn  T<Ty
03 8.2 5.8 10.3 9.5 218 280
04 89 5.5 10.5 94 205 291
0.45 6.8 5.0 7.5 6.9 189 238
0.5 7.0 5.2 7.6 7.0 185 231
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physically acceptable situation. The ESR studies indicate that the
dominant FM interactions at higher temperatures weaken with the
decrease in temperature because of the progressive growth of AFM
interactions, which in turn may lead to localization of carriers and
reduction of N(Eg).

The resistivity data are also analyzed using the VRH model
developed by Efros and Shklovskii, i.e. (ES-VRH) model which takes
into account the electron-electron Coulomb interaction [82,83].
There are reports of this model being used to explain the con-
duction mechanism for manganites [84]. It was suggested that the
Coulomb interaction may have an important effect on the hopping
conduction of electrons in manganese oxides [85,86] and other
oxide semiconductors [87,88]. According to the Efros—Shklovskii
interaction theory the density of localized states is diminished in
the immediate neighbourhood of the Fermi level due to Coulomb
interaction and the minimum resultant is called Coulomb Gap (CG).
The resistivity at low temperatures due to the existence of the CG
follows the expression

T 1/2
P = po exv(?o) 9)

where T is the characteristic temperature and pg is the ES residual
resistivity. The value of Ty is estimated from In p vs T~1/2 plot. The
localization length £ is given by the equation

_ pié?
- 47T808|-kBTO (10)

where e is the electronic charge, kg is the Boltzmann constant, &g
is the permitivitty of free space and ¢; is the dielectric constant.
There exists a discrepancy regarding the value of 81, which depends
on the space dimensionality. According to Efros—Shklovskii [89,90]
and Matthias Mayr et al. [91] B¢ takes a value of 2.8, while
Adkins [92] reported a value of 0.57. The value predicted by
Efros-Shklovskii has been reported for a variety of materials
[79,93,94]. The value of the dielectric constant for the BSMO system
has been reported as ~10 for a wide range of frequencies [81]. The
values of Ty and & are used to estimate the hopping distance, Rgs,
and the hopping energy, Egs, using the equations

1/2
Res(T) = 36(2) an
and

1/2
Eps(T) = %Kﬂ(%) (12)

respectively, with the energy difference between the initial and
final states over which the electrons hop is given by the equation
[79]

1 TO 1/2
8g = Z1<BT(?> (13)

Further, the necessary criteria to be satisfied for the conduction
to occur in the VRH model [57] are (i) the average hopping energy,
Egs > kgT and (ii) %-RES >1.

Fig. 11 shows In p vs T-1/2 plots for various samples. A linear
fit in the entire temperature range, i.e. below T¢q is obtained for
x=0.45 and 0.5 samples. For samples with high resistivity there
is a change of slope at Ty. The conditions (i) and (ii) are satisfied
for all the samples throughout the temperature range as shown in
Table 5. However, the estimated £~ 10~ A is not of the order of
unit cell dimension and hence unreasonable (Table 6). This may
be due to fact that the energy scale of fitting region (T <300K) is
very high in comparison with the ordinary size of the Coulomb gap
(10-100K) [83,95]. In view of this it is unlikely that the observed
ES-type behaviour is due to the emergence of the Coulomb gap.
The Mott insulating ground state in the BSMO system is confirmed

16
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Fig. 11. Ln p vs 1/T/2) plots of the Bi(;_xSrxMnO3 and the BCMO systems.

Table 5
The Ty and p values obtained from In p vs T-'/2 plots in different temperature ranges
for the Bi(1_,)SryMnOs system.

Sample x To (104K) po (x1076 Qcm)
Tco>T>Tyn T<Tn Tco>T>Tn T<Tn
03 7.92 9.25 11.2 2.22
04 7.29 9.497 3.93 0.23
0.45 6.44 6.44 8.61 8.61
0.5 5.895 5.895 4.51 4.51

from the fact that the AFM ordering takes place in the insulating
phase. There is coexistence of clusters of competing phases as a
result of phase separation in the BSMO system. It is quite likely
that the magnetic phase separation (PS) or inhomogeneities may
be responsible for resistivity behaviour similar to that predicted by
ES-VRH model.

The present resistivity data can be qualitatively analyzed in view
of the percolation model for mixed phase manganites [91]. Sam-
ples with dominant AFM interactions (domains) which grow at the
expense of the FM domains can give rise to increase in resistivity,
which will be evident even at room temperature. With decrease in
temperature the AFM (insulating) domains grow progressively at
the expense of FM (metallic) domains givingrise to increase in resis-
tivity. The FM cluster size decreases as the long range AFM order
sets in. The volume fraction occupied by FM clusters is very small
compared with the volume of the AFM phase. The sharp increase in
resistivity observed below Ty, therefore, may be due to quite low
connectivity between FM clusters.

Table 6

Various ES VRH model parameters estimated for Bi(;_,)SrxMnOs.
Samplex £(x107A) R(x10-5A) E (meV)

Tco>T>Tn T<Ty Tco>T>Tn T<Tn Tco>T>Tn T<Tn

0.3 59 5.1 24 222 210 227
04 6.4 4.9 2.5 2.19 202 230
0.45 7.26 7.26 2.66 2.66 189 189
0.5 7.94 7.94 2.78 2.78 182 182
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4. Conclusions

In conclusion, we report the temperature dependent elec-
tron spin resonance (ESR) and electrical resistivity studies of
Bi(1_x)SrxMnO3 (x=0.3, 0.4, 0.45, and 0.5). The double integrated
(DI) intensity of the ESR signal vs temperature and In DI vs 1000/T
plots have been used to get information about magnetic interac-
tions. A sharp change in the slope of In DI vs 1000/T plot indicates
the onset of long range AFM order. The Neel temperature (Ty) of
the sample is found to increase with increase in Sr content. In
the temperature range T> Ty domains of ferromagnetic (FM) and
antiferromagnetic (AFM) correlations co-exist. The contributions
of AFM correlations increase with the increase in Sr content. The
observation of weak ESR signal in the temperature range below Ty
indicates the freezing of FM microdomains/inhomogeneities in the
AFM long range ordered state.

The temperature dependent resistivity data are analyzed in view
of polaron model. It is observed that the conduction takes place by
small polaron hopping in the adiabatic regime in the temperature
range T>200K. The resistivity data are analyzed in view of both
Mott‘s VRH model as well as ES-VRH model. It is seen that Inp
varies linearly with T-1/4 with a change in slope at T=Ty. The den-
sity of states ~1021 cm—3 eV~ gives physically acceptable values
of average hopping distance and the localization length. Although
the linear variation of In p with T-1/2 satisfies the criteria of the
ES-VRH conduction, the estimated localization length has unrea-
sonable low value. The Mott insulating ground state in the BSMO
system is confirmed from the fact that the AFM ordering takes
place in the insulating phase and the resistivity does not show any
anomaly at Ty. The resistivity data can be qualitatively analyzed in
view of the percolation model, which considers the coexistence of
FM and AFM domains in the BSMO system. Similar conclusions are
drawn from our earlier temperature dependent ESR and resistiv-
ity measurements on Bi(;_y)CaxMnOs3 [42,43]. The BCMO samples
show lower T¢g value compared with BSMO samples. The resistiv-
ity data for BCMO system shows linear variation of In p with T-1/2
in the CO state. Whereas BSMO system does not follow this temper-
ature variation in CO state for all the compositions. Moreover, the
resistivity of BSMO system is about one to two order higher than
that of BCMO system.
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