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Abstract

Magnetic and electronic transport properties of BigzxLaxProsCap.sMng1Cro903 (0<x<0.2) manganites have been investigated by measu-
rements of AC-susceptibility, resistivity and magnetoresistance. The samples were prepared using conventional solid-state synthesis
method. Magnetic susceptibility versus temperature measurements showed all samples exhibit ferromagnetic to paramagnetic transition
with Curie temperature, T,enhanced from 111 K (x=0) to 174 K (x=0.2). Electrical resistivity measurements of the samples in zero field
showed increase of metal-insulator (MI) transition temperature from 58 K(x=0) to 88 K(x=0.2). The increase in both T, and Ty, indicates
enhancement of double exchange (DE) interaction involving Mn®*" and Mn** ions as a result of weakening of the hybridization effect
between Bi*" 6slone pair with O orbital due to La>" substitution. La substitution in the Bi-based compound is suggested reduce MnOgq
octahedral distortion hence increasing delocalization of charge carriers. The observed variation in MR behavior due to La substitution

indicates the substitution influence the MR mechanism of extrinsic and intrinsic behavior in Bigz.xLa,Prqo3Cag4sMng1Crg¢03.
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1. Introduction

Quite recently, a number of works have been focused on mixed
valence manganites of the type Ln; ,D,MnOs, where Ln represents
trivalent rare earth ions such as La, Pr, Nd, Eu, Y and D repre-
sents alkaline ions such as Ca, Sr, Pb, Ba due to its unique physi-
cal properties such as the observation of colossal
magnetoresistance effect (CMR) and transition of metal to insula-
tor behavior which simultaneously occur at the same temperature
region of ferromagnetic to paramagnetic transition [1-2]. The
CMR effect, which is a phenomena related to the change of resis-
tivity attributed to the improvement of charge carrier spin align-
ment induced by external magnetic field has generated considera-
ble interest due to its potential application such as in spintronic
based technologies [1-2]. The observed physical phenomena of
metal-insulator transition and the MR effect can be understood by
the double exhange (DE) mechansim which involves the interac-
tion between pairs of Mn®*" and Mn*" ions as proposed by Zener
[3]. However other factors such as electron-phonon coupling aris-
ing from Jahn-Teller effect [4] have also been proposed to play a
significant role on the observed variation of physical behavior
which indicates that DE alone is not sufficient for a complete ex-
planation of complex physical behaviours of mixed valence man-
ganites.

Interestingly, for Big3Pro3Cag4Mng¢Crq103, the compound exhib-
its metal-insulator transition behavior at transition temperature,
Tw of 50 K indicating DE mechanism dominantly influences the
resistivity behavior as a result of strong FM interaction between
Mn*-0-Mn* and Cr¥-O-Mn*[5]. The observed behavior was
also suggested due to weakening of Bi-hybridization effect in
Bio3Pro3CagsMngoCrq103as a result of Cr substitution at Mn-site.
The dominant effect of local distortion and hybridization between
Bi-6s orbital with O-2p orbital which arise due to 6s* lone pair

electrons [6] was suggested to be weakened due to enhancement
of FM interaction which as a consequence may have reduced
some type of blocking effect on electrons. In addition to that, the
presence of antiferromagnetic, AFM superexchange interactions
between Mn**-O-Mn*, Mn*-O-Mn*" Cr*-O0-Cr*" and Cr**-O-
Mn* were also reported to favour magnetic inhomogeinity which
was suggested to affect the observed MR behavior in
Big.3Pro4Cap sMngoCry 103 Obviously, more studies are required
to better understand the special role of 6s? lone pair electrons as
well as the complex mechanism responsible for the observed MR
effect. Interestingly, it was reported that La** substitution at Bi-
site for BiggxLasCaosMngyO3 weakened charge ordered antifer-
romagnetic, COAFM phase and successfully induce ferromagnetic
metallic, FMM phase which was suggested due to weakening of
lattice distortion due to reduction of 6s° lone pairs of Bi** [7].

In this work, the effects of La®* substitution at Bi-site on electrical
and magnetic properties of BigsyLa,ProsCagsMnggCro10; were
investigated. The substitution of La>" was carried out to further
understand the effects of local lattice distortion due to 6s* lone
pair on physical properties of doped bismuth-based manganites.
Due to La** is isovalence with Bi®" the Mn valence state is ex-
pected will not affected as a results of substitution. The ionic radi-
us of La®* almost similar to that Bi®*, as such the factor which
result to lattice distortion is expected due to special role of 6s lone
pair. An analysis of the effects of La* on resistivity data for metal-
lic and insulator regions based on electron-electron and electron-
magnon scattering models and the variable-range hopping model,
respectively, are also presented.

2. Methodology

BigsxLaxProsCagsMng1CrogOz (x=0-0.2) samples were synthe-
sized by the conventional solid-state synthesis method. Stoichio-
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metric amounts of Bi,Os, PrgO1;, La,03, CaCO3, MnO3 and Cr,03
powders, all with high purity (>99.99 %) were weighed, mixed
and ground thoroughly and then calcined at 850 °C for 12 hours
and then at 900 °C for another 12 hours with intermediate grind-
ings. The calcinated powders were then reground, pelletized and
sintered at 1100 °C for 24 hours with one intermediate grinding
and finally the furnace was slow cooled to room temperature. The
structural characterization of the obtained samples was carried out
using X-ray powder diffraction (XRD) technique using a
PANanalytical model Xpert PRO MPD diffractometer with CuK,
radiation for the range of 20= 15°-80°. The temperature variation
of resistivity and magnetoresistance (MR) were carried out on
circular shaped pellet using the standard four-point probe tech-
nique in a Janis model CCS 350ST cryostat, both under absence
and presence of external magnetic fields of 0.8 T in the tempera-
ture range of 20 K — 300 K. AC susceptibility measurements were
performed on powder samples in an AC susceptometer system
under an average magnetic field of 0.5 Oesterd at frequency of
231 Hz in the temperature range of 15 K — 300 K and the real
components were resolved using a Signal Recovery 7265 lock-in
amplifier.

3. Results and Discussions

3.1. Structural Analysis
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Fig. 1: Rietveld refinement of the XRD diffraction pattern along with
diffraction pattern and the difference value between experimental and
fitting plots for BigsxlaxProsCag4MnggCro10; (x=0, x=0.05). Key: ob-
served (cross), calculated (continuous line) and difference (continuous
bottom line) and vertical tick marks above the difference plot show the
Bragg peak positions

Figure 1  shows  X-ray diffraction  pattern  of
BigsxLasPro3CagsMngoCrq103 (X =0, x= 0.05) where the charac-
terization is performed using Cu-K, radiation (4=1.5406 A) in the
15°-90° of 20 range. The structure and cell parameter of all sam-
ples were analyzed using Rietveld refinement analysis which was
performed using GSAS and VESTA program [8]. The refinement
diffraction pattern and measured diffraction pattern of samples
with x =0.00 and x = 0.05 are shown in Figure 1 along with the
difference in value between refinement and measured data at the
bottom of both the diffraction patterns. The high quality of the
refinement is confirmed by the value of x? which suggests satisfac-
tory fitting analysis. All the samples are found to exhibit single
phase with diffraction peaks indexed based on orthorhombic struc-
ture with Pnma space group [5]. The final refinement values of
lattice parameter, unit cell volume and bond angles are obtained
and presented in Table1l.The unit cell volume increased steadily
with increase in La content indicates the substitution strongly

affects the strength of local lattice distortion, although the substi-
tution involving smaller ionic radius of La**(1.16 A) compared to
Bi* (1.17A) [7].

3.2. Magnetic properties

Figure 2 shows the variation of magnetic properties of
Bigs.xLayxPro3Cag4sMngoCrq 1003 (x=0, x=0.05) samples as a result
of La®*" substitution. All the samples were found to exhibit a fer-
romagnetic (FM) to paramagnetic (PM) phase transition at Curie
temperature, Tc which is determined based on the minimum point
of differentiation, dy’/dT versus temperature curve [5]. Further
increase in La doping level caused the T¢ to increase from 111K
(x=0) to 174 K (x=0.2) (Table 1). Substitution of La doping en-
hanced FM phase in BigsxLasPr03;Cag4Mng¢Crg103 (0<x<0.2)
which resulted in the observed increased in T¢ values. It is sug-
gested that the introduction of La®" for Bi** may have improved
the Mn®*/ Mn** spin alignment as the < Mn-O-Mn > increase due
to substitution (Table 1). The reduction of MnQg lattice distortion
may possibly contribute to the increase of < Mn-O-Mn > and sub-
sequently the improvement of Mn*/ Mn*" spin alignment as well
as FM phase.
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Fig. 2: Temperature dependence of the real component (y’) of AC
susceptibility, y for Bigs-xLaxPr0 3Cag.sMnooCrg 1003 (0=0 and x=0.05)
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3.3. Electrical properties

The temperature dependence of resistivity for
BigaxLayPro3CagsMng 1Crg 903 (x=0, x= 0.05) samples under zero
and 0.8T magnetic field over the temperature range of 18 K-300 K
are shown in Figure 3. At H=0 T, the x=0 sample showed metal-
insulator (MI) transition (Figure 3a) with metal-insulator transi-
tion temperature, Ty, observed at 58 K. For x=0.05 of La doping
(Figure 3b), the sample remained metallic with Ty, observed to
slightly shift towards higher temperatures. For all other samples
M1 transition was also observed with increase in Ty, value from 61
K (x=0.05) to 88 K (x=0.2) with increasing La substitution (Table
1). Further, as shown in Figure 3, it is obvious that the application
of low magnetic field decreased the resistivity of all the samples in
the temperature region below Ty, In addition, for all the samples
Tw slightly shifted to higher temperatures than that observed in
the absence of magnetic field as shown in Table 1.

The resistivity of all the samples was observed to decrease with
increasing La substitution indicating enhancement of the double
exchange (DE) mechanism in the compound. It has been suggest-
ed that Bi*" 6s2 lone pair can produce a local distortion due to
hybridization between Bi- 6s? orbital and O:2p orbital [6]. This
hybridization would block the movement of e, electron from Mn*
to Mn*" through Mn*-O-Mn*" bridges. Further substitution of La
at Bi sites, caused the local structural distortion to decrease as a
result of decrease in Bi** concentration, resulting in delocalization
of carriers. The change of resistivity behavior for La-substituted
samples in the presence of magnetic field can be understood as
follows. For the samples, the application of magnetic field caused
the improvement in spin alignment within the grain hence increase
delocalization of charge carrier which resulted in increase of DE
and consequently resistivity decreased and Ty, slighlty shifts to
high temperatures (Table 1).
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Fig. 3: Temperature dependence of resistivity under zero, 0 T (open trian-
glesy and 08 T (open circles) magnetic field for Bigs.
«LaxPro3CapaMng1Cro903 (@) x=0, (b) x=0.05 samples. Inset shows the
temperature dependence of magnetoresistance, MR for the sample

The plots of MR versus temperature for La substituted samples are
shown in the insets of Figure 3a and Figure 3b. The MR was
calculated according to the equation MR(%) = (p( 0,T)-
p(H,T))/(p(0,T)) x 100%, where p(0) is the resistivity under zero
magnetic field and p(H) is the resistivity under an applied field of
0.8 T. As shown in the inset of Figure 3(a), the undoped sample
exhibits a high intensity of MR peak which is 71%. Besides that,
the intensity of MR peak was found to decrease from 27% for x =
0.05 to 19% for x = 0.1 (Table 1). Interestingly, both samples for
x=0.15 and x=0.2 exhibit almost similar MR behavior in the low
temperature region with maximum MR of around 20% at 20 K
(Figure not shown). The observed high MR peak for x=0 at the
vicinity of Ty, indicates the contribution of large intrinsic MR
effect. It is related to the presence of enhanced delocalization of
charge carriers as a result of improved spin alignment which re-
sulted in the enhancement of DE [9,10]. However, the intrinsic
MR effect may be weakened as the La concentration was further
increased to x=0.1 as the intensity of the MR peak was reduced.
Further substitution of La for x=0.15 and x=0.2 caused the disap-
pearance of the MR peak. However, the MR value was found to
gradually increase as temperature was decreased to below 100 K
indicating that extrinsic MR mechanism increased as La concen-
tration increased. This extrinsic MR arises due to spin-polarized
tunneling or spin dependent scattering at the grain boundaries
[9,10]. It is suggested that the application of low magnetic field
may have enhanced polarization of the spin of the charge carriers
in the field direction, thus increasing the number of carriers tun-
neling through the grain boundary and resulted in enhanced ex-
trinsic MR effect.

Table 1: Lattice parameters, unit cell volume (V), metal-insulator transi-

Bond an-

gles(®)

<Mn-O-Mn>  172.748 172.753 172.757 172.760 172.761
1) ) 0 ) 1)

T (at 58 61 62 68 88

H=0T) (K)

T (at 59 62 64 70 89

H=0.8T) (K)

Tc 111 123 133 171 174

3.4. Conduction Mechanism in the Low-Temperature
Region (T< T )

In order to obtain better understanding of the nature of conduction
mechanism in the low-temperature region (T<T), the resistivity

data both at H =0T and H = 0.8T for all samples were fitted with

an empirical equation as follows [5,7];

p = pot peT2— pInT+ p,T° (6

In the equation, p, represents the residual resistivity, which is
related to scattering by impurities, defect, grain boundaries, or
domain boundary effect or other temperature-independent scatter-
ing mechanisms, p.T?, is related with electron-electron Coulom-
bic interaction while the term, pst, represents electron-phonon
interaction. The term psInT is resistivity attributed to Kondo-like
spin-dependent scattering, which contributes to resistivity mini-
mum behavior at low temperatures. It was found that the experi-
mental data fitted well with the p = po+ peT 2 — ps InT+ p, T°
equation. Hence, it may be concluded that the resistivity in the
ferromagnetic region below 87 K for all the samples may be at-
tributed to the combination of electron-electron interaction,
Kondo-like spin-dependent scattering and electron-phonon scatter-
ing effects. The best fit scattering parameters of pg, pe, ps and py
obtained are shown in the Table 2.

Table 2: Fitted parameters obtained from fitting experiment data in the
metallic region to the equation p = po + peT*2 - ps In T + p,T°under zero
magnetic field for Bigs.xLaxPro3CagsMn;«CrOs(x = 0.0 - 0. 2)

Cr Content, | po(x10°) pe (x10%) ps (x10%) pp(x107°)
X (Q-cm) | (Q-cm/K*?) (Q-cm) (Q-
cm/K®)
0 116.913 103.96 10.069 1.0000
0.05 10.155 1.994 0.528 0.0906
0.1 13.209 2.000 0.616 0.0869
0.15 4.332 0.896 0.207 0.0025
0.2 3.919 0.838 0.216 0.0012

tion temperature (Tmi) and Curie Temperature (T;) for Bigs-
«LaxPro3Cag4MngoCro 103 (OSXSOZ)
Parameters La™ Content (x
0 0.05 0.1 0.15 0.2
Lattice Parameters
a(A) 5.401(0) 5.408(0) 5.414(0) 5.419(0) 5.429(0)
b (A) 5.441(0) 5.439(0) 5.436(0) 5.435(0) 5.434(0)
c(A) 7.635(0) 7.644(0) 7.648(0)  7.652(0) 7.652(0)
V (A% 224.34 22491 225.15 225.43 225.80
(32) (20) (18) (29) (30)
X 1.35 1.22 1.23 1.26 1.36

For undoped samples, the scattering effect is suggested to be
stronger compared to other samples as all the fitting parameter
show larger values compared to La doped samples. Interestingly,
for x=0.05, La substitution seems to strongly reduce the scattering
effect which may be related to increase in delocalization of charge
carriers. The substitution is suggested to suppress the hybridiza-
tion effect as concentration of Bi was reduced due to the substitu-
tion, thus a large drop in electrical resistivity at the low tempera-
ture region was observed. Further substitution of La at x=0.05-0.2,
resulted in the scattering effect to be weakened as all the obtained
values of scattering parameters decreased. Further, in the presence
of applied magnetic field of 0.8 T, all fitting parameters decreased
indicating magnetic field reduced scattering.

3.5. Conduction Mechanism at High Temperature: Var-
iable Range Hopping Model and Small Polaron Model

In order to elucidate the nature of charge transport in
Big.sxLaxProsCag4sMng 1Crg 903 (0<x<0.2) in the temperature range
of Twi<T<6p/2, the resistivity data of all samples was analyzed
using the variable range hopping VRH model which is expressed
by the following equation [5,7];
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where T is the Mott’s temperature which is related to the density
of state at the Fermi level (N(Eg) and hopping energy (E;) as fol-
lows:

N (Ep) = 18a° / kgTom ©))
En (T) = 1/4kg (T) ¥(Tom)** )

where « is the localization length of 4.5 4 and kg is the Boltzmann
constant. To determine the value of T, and E;, the graph of In (p)
vs 1T is plotted. The calculated values of hopping energy Ej,
decreased from 146 meV (x=0) to 1.55 meV (x=0.2) while the
calculated electronic density of state, N(Eg) increased from
0.29x10%%eV*em3(x=0) to 148x10%eVcm™ (x= 0.2). In addition,
undoped sample show highest T,m of 780.0 x 10° K among the
studied samples which reflects the strong lattice distortion of
MnOg octahedral [11]. Small doping of La** (x=0.05) significant-
ly suppressed the hybridization effect as well as reduced the lattice
distortion of MnOg octahedral as T, value is found to drastically
decrease to 6.265 x 10° K. Further substitution of La**decreased
Tom Value indicating lattice distortion gradually decreased as hy-
bridization between Bi lone pair and ey electrons of Mn** was
reduced. The reduction of hopping energy, E, (at T =120 K) indi-
cates that the substitution enhanced the delocalization of charge
carriers as reflected by the increased of value of N(Ey), apart from
possible reduction of Jahn-Teller effect. Hence, it is suggested the
substitution significantly increased the probability of hopping
process of charge carrier to their nearest neighbor potential differ-
ence as smaller energy is required for the process compared to
unsubstituted sample. For the high temperature region, the resis-
tivity data of sample BigzyLaProsCagsMng CrogOs (0<x<0.2) is
fitted by using small polaron hopping (SPH) model in the temper-
ature region T>6p,,. The respective equation for the model is rep-
resented by the following formula [5,7];

p(T) = poT exp (Ea/ksT) (®)

where E, is the activation energy, p, is residual resistivity and kg is
the Boltzmann constant. The graph of In(p/T) vs 1/T is plotted in
order to determine the value of E,. The unsubstituted sample show
highest values of E,= 0.235 meV compared to other samples
which indicate larger amount of energy is required for hopping
process of charge carrier. The result is supported by our sugges-
tion on the dominant effect of the hybridization effect which re-
sults in some form of blocking effect leading to localization of
charge carriers. For x=0.05, a drastic decrease of E,to 0.064 meV
is observed indicating substitution of La>" strongly weakened the
JT effect and reduced lattice distortion and enhanced the delocali-
zation of charge carriers. When La® content x is increased, the E,
value continuously decreased to 0.047 meV (x= 0.2) which indi-
cates stronger suppression of the hybridization effect between Bi
6s° lone pair and O orbital in the network.

4. Conclusion

In this paper, the magnetic and transport properties of
Big.sxLaxProsCagsMng1Cro 903 (0<x<0.2) are presented. The sub-
stitution of La®* caused increase in both T, and Ty indicating 1M-=
provement of ferromagnetic-metallic (FMM) phase. The observed
behavior was due to enhancement of DE interaction between
Mn*-0-Mn*" as a result of the weakening of hybridization be-
tween Bi®" 6s% electron lone pairs with O orbitals which reduced
MnOg octahedral distortion. The electrical resistivity in the metal-
lic region for all samples were best fitted to electron-electron scat-
tering, the Kondo-like effect and electron-phonon interaction
models. The insulating region of resistivity in the temperature
range Tw<T<T@,,, can be explained based on the VRH model

while in the range T>T@), involved the SPH model. The VRH

and SPH models, respectively, revealed that the hopping and acti-
vation energy decreased as La** content increased due to the re-
duction in the distortion of MnOg octahedral. The observed varia-
tion in MR behavior due to La substitution indicates the substitu-
tion influence the MR mechanism of extrinsic and intrinsic behav-
ior.
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