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Correlation between magnetic and electric
properties based on the critical behavior of
resistivity and percolation model of

Lag gBag 1Cap 1MnOz polycrystalline
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We investigated the magneto-electrical properties of a LaggBagi1Cag1MnOs polycrystalline sample,

prepared by the polymerization-complex sol-gel method. Comparison of experimental data with the

theoretical models showed that in the metal-ferromagnetic region, the electrical behavior of the sample

is quite well described by a theory based on electron—electron, electron—phonon and electron—magnon

scattering and Kondo-like spin dependent scattering. For the high temperature paramagnetic insulating
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regime, the adiabatic small polaron hopping model was found to fit well with the experimental curves.

The estimated critical exponents, obtained from resistivity, were (8 = 0.516 + 0.013, y = 1.181 + 0.005

DOI: 10.1039/c6ra28839a

rsc.li/rsc-advances

1. Introduction

Mixed valence manganites of a general formula Tr; _,A,MnOj3,
where Tr = rare earth and A = Sr, Ca, Ba, etc. have been widely
studied to understand the physics behind their properties and
to explore their practical applications.*”* La; ,Ca,MnO;
compounds have drawn much attention because of their enor-
mous magnetoresistance (MR) and magnetocaloric effect
(MCE). This makes them good candidates for a wide variety of
applications.*® As regards the La; ,Ca,MnO; compounds, they
have a disadvantage that their Curie temperatures, T, are well
below room temperature. On the other side, doping Ca sites
with large ions, for example Pb, Ba and Sr, has been explored by
several researchers.”™ The general observation is that partial
doping leads to an enhancement in 7. This makes them better
candidates for applications near room temperatures. The
substitution of Ca by Ba is interesting as the difference between
ionic sizes of the two elements is significantly large and 7¢ is
observed to increase with increasing Ba content.””™* Also,
manganese oxides exhibit a metal-semiconductor transition
(M-SC) accompanied by a ferromagnetic (FM)-paramagnetic
(PM) transition near Tc. The metallic behavior is usually
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and a = 0.004). They were very close to those predicted by the mean-field model. These results were in
good agreement with the analysis of the critical exponents from magnetization measurements.

described in terms of electron scattering process and electron—-
phonon (e-p) interaction.® In the semiconductor region, the
transport mechanism is explained by 3D Mott's variable range
hopping (VRH) model, small polaron hopping (SPH) model and
by the adiabatic small polaron hopping mechanism.* Some
models can explain the transport mechanism in manganites.
However, most of them are only applied to fit the prominent
change of the electrical resistivity curves (p(7)) in a finite
temperature region (above or below T¢). Such a model supposes
that the materials are composed of PM and FM regions.
Following this mechanism, p(7) at any temperature, is deter-
mined by the change of the volume fractions of both regions. An
important part of the work on manganites aimed to present the
effect of MR. However, the study of the anomalies of the various
thermo physical properties, like the specific heat in the vicinity
of the magnetic phase transition, with investigating the values
of the universal critical parameters, has not been given the
sufficient importance in research projects done on manganites.
As far as manganites are concerned, there have been a lot of
experiments to estimate the critical exponents of FM manga-
nites. Systems showing a second order metal insulator phase
transition obey one of the common universality classes. By
contrast, the experimental estimates of the critical exponents
are still controversial including those for short-range Heisen-
berg interaction,'®"” the mean-field values'”'® and those which
cannot be classified into any universality class ever known."
Previously,” we have investigated in detail the structural,
magnetic and MCE of our sample. In this paper, we intend to
study the dependence of the electrical resistivity properties as
a function of the La, gBa, ;Cao.1MnO3, volume fraction, f, which
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is analyzed in the framework of the percolation theory. A
percolation model based on the mixed phase consisting of
itinerant electrons and localized magnetic polarons has been
proposed to explain the observed results. We have also deter-
mined the critical temperature T¢ and the critical parameters
6 and vy. Then, we tried to investigate the critical behavior in
La, gBay 1Cag 1 MnO; at its metal-semiconductor transition via
the measurements of resistivity. The values of these exponents
obtained from resistivity are very close to those predicted by the
mean-field model.

2. Experimental details

The nano-polycrystalline sample of a nominal composition
Lay gBay 1Cap1MnO; was prepared according to the polymeri-
zation complex sol-gel method. The detailed basic physical
properties are reported in ref. 20. The crystal structure of the
final product was checked by X-ray diffraction, which confirmed
that the sample having a single phase, crystallized in the
rhombohedral structure with R3¢ space group.?® In the present
study the electrical transport properties p(T) were measured by
a standard four-probe method wusing physical property
measurement system (PPMS, Quantum Design).

3. Results and discussions

3.1. Electrical properties

First, we discuss electrical resistivity results at an applied
magnetic field of 0 to 5 T, with steps of 0.5 T. This is shown in
Fig. 1. Taking the sign of the temperature derivative of dp/dT as
a criterion, we found that samples exhibit a metallic behavior
dp/dT > 0 at a low temperature (T < Ty_sc) and become semi-
conductor like dp/dT above the temperature Ty;_sc, where Ty_sc
is the temperature of the maximum value of resistivity. The
transition temperature Ty_sc occurs at Ty_sc = 303 K, which is
close to its T¢ = 282 K,* indicating strong correlations between
the magnetic and electrical properties in our sample. Therefore,
we can define the FM-metallic-like and the PM-semiconductor-
like behaviors as a function of temperature. It is also clearly
seen that in the vicinity of Ty_sc, resistivity decreases with the
increase of the applied magnetic field. The values of T;_sc are
found to move toward a high temperature side with increasing
the magnetic field. The observed behavior may be attributed to
the fact that the applied magnetic field suppresses the electrical
resistivity by several orders. This is attributed to the induced
magnetic ordering of the localized t,; spins and delocalization
of charge carriers on the application of magnetic field.”* Due to
this ordering, the FM metallic state may suppress the magnetic
insulating regime. We can note that the electrical properties of
manganites are generally understood according to the double
exchange theory (DE).?* In this model, the Mn**-O-Mn*'
coupling is responsible of the conduction mechanisms from the
half-filled to the empty e, orbital. As a result, the conduction
electrons are completely polarized inside the magnetic domains
and are easily transferred between the pairs Mn*" (3d*,
oy T ezT, S=2)and Mn*" (3d°, 3, 1 €5, S = 3/2) via oxygen.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Z(I)O
T(K)

T T
0 100 400

Fig. 1 Temperature dependence of the resistivity under different
applied magnetic fields from 0 to 5 T, with steps of 0.5 T. The inset
shows temperature dependence of electrical resistivity at very low
temperature for our sample.

In what follows, we analyze the electrical resistivity data
using different theoretical models in order to understand the
contribution of different parameters to the conduction mech-
anism in different temperature regimes. The quality of fitting
was judged by the squared linear correlation coefficients (R>). It
is important to mention that the obtained values of R* for our
sample are high value.

3.1.1. T < Tysc region. In the low-temperature, the trans-
port properties fully show the metallic state by fitting with the
following equation, which is generally used to fit the electrical
resistivity data in the case of manganites:*>**

p(T) = po + poT° + pysTH (1)

where p, is the residual resistivity arising from the temperature
independent processes such as domain wall, grain boundary
and vacancies, p,T° (ref. 25,26) indicates electron-electron (e-e)
scattering,” whereas p, 5T is a combination of e-e, electron-
magnon (e-m) and e-p scattering processes.”®*** However, as
this model is not in a position to explain the low temperature
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Fig.2 The plots of the electrical resistivity p(T) vs. Tat 0,2 and 5T. The
red solid line in these plots represents the best fit of experimental data
in the metallic regime below (Tyw_sc) with egn (2).
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Table 1 The best fit parameters obtained from the experimental resistivity data of the metallic behavior (below Ty_sc)

woH(T) 0 1 2 3 4 5

po (Q cm) 0.02854 0.02442 0.01891 0.01741 0.01689 0.01630
P12 (1074 Q cm K ?) 10.70100 9.46491 5.71586 4.73059 4.59980 4.52850
p1z (1077 Q em K2 1.62043 1.52213 1.29249 1.18636 1.12878 1.06250
pas (1077 Q em K *) —3.72372 —3.24886 —2.31117 —1.98137 —1.81468 —1.65279
R* (x100) 99.899 99.954 99.914 99.887 99.901 99.997

upturn in resistivity (seen in the inset of Fig. 1), we concluded
that along with the above mentioned phenomena, some other
factors might have also contributed to the low temperature
behavior.**

Based on the strong correlated effect in manganites, one has
to consider the e-e interaction, which causes a T7*/? dependence
of resistivity in a disordered system.**

Therefore, in order to explain the origin of the low temper-
ature resistivity upturn, the experimental data were analyzed by
taking into account the Kondo-like scattering, e-e interaction
and e-p interaction. To represent these phenomena, two more
terms were included in eqn (1) and the new equation is:

p(T) = po — p1T"* + poT° + pasT* + psT° (2)
where p1/2T1/ 2 is in relation with e-e coulombic interactions and
psT° is due to e-p interactions. Plots of the best fits to the data
are shown by red solid lines in the main panels of Fig. 2. The
best fitting parameters are listed in Table 1.

3.1.2. T > Ty.sc region. The electrical behavior of our
sample, in the semiconductor region can explained using two
different models viz., SPH model and VRH model.** The high
temperature region above /2 (where 6y is Debye's tempera-
ture®) is analyzed using the SPH model, whereas below 6/2 and
above Ty;sc, it is analyzed using VRH model.

Firstly, we discuss the SPH model which is given by the
equation:**

o1 = AT exp ) )

kg T

where A" = [kg/n,,Ne’R*C(1 — C)exp(2aR)], kg is Boltzmann's
constant, N is the number of ion sites per unit volume, R is the

average intersite spacing obtained from the relation R = (1/N)"
3, C is the fraction of sites occupied by the polaron, a is the
electron wave function decay constant, n,, is the optical
phonon frequency (np, = ksfip/h), T is the absolute temperature
and E, is the activation energy. The temperature dependent
polaron hopping, verified by calculating 6p/2, presents the
deviation from linearity which occurs in the In(p/T) vs. T~ * plot.
For the validity of this model, a plot of In(p/T) vs. T~ " is expected
to be a straight line, shown in Fig. 3(a). From the interception
and the slope of the linear curve above 0/2, A’ and E, are esti-
mated, respectively, using eqn (3) (Table 2). The value of A’
increases with the increase in the magnetic field, which facili-
tates the hopping of the electrons to the nearby neighboring
states. Also, we can see that 6, increases, whereas E, decreases
gradually as the magnetic field increases. This can be explained
on the basis of the delocalization of e, electrons due to the
application of magnetic field.*

To verify the conduction mechanism in the low temperature
region (T < fpp,), we fitted the temperature dependence of
electrical resistivity using VRH model. The VRH model is
applicable when the thermal energy is insufficient to excite the
electrons to hop to their nearest neighbors. It is more favorable
for the electrons to hop further to find a site with a smaller
potential difference. The VRH model for three dimensional
systems is given by:*

p = poexp(T/T)™ (4)

where T, is the characteristic temperature which is expressed as
To = (16¢°/kgN(Ey)), @ which is the inverse of the localization
length of the trapped charge carriers, was taken as 2.22 nm™*,*
N(Ey) is the density of state at Fermi level and p, is the residual
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Fig.3 (a) Plot In(p/T) versus (T~Y) for sample in the presence and the absence of the magnetic field. Solid lines are the best fit to eqn (3). The inset
of (a) shows as an example of the In(p/T) versus (T-Y at 0 T. (b) Plot In(p) versus (T~/#) for sample in the presence and the absence of the magnetic
field. Solid lines are the best fit to eqn (4). The inset of (b) shows as an example of the In(p) versus (T-Y4) at O T.
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Table 2 The best fit parameters obtained from the experimental resistivity data for semi-conductor behavior (above Ty_sc)
oH(T) 0 1 2 3 4 5
Op/2 650.813 660.767 670.734 680.765 690.661 710.576
SPH
A (1076 Q cm) 2.73707 3.34612 3.373235 4.33607 5.06174 5.37541
E./kg (K) 1541.19162 1456.73030 1420.23404 1361.11196 1292.74212 1262.75730
R* (x100) 99.838 99.974 99.954 99.883 99.931 99.897
VRH
R* (x100) 91.721 80.962 56.680 40.237 19.512 1.168
012 p=pemf + (1 — flppm (5)
4] —9—pgH=0T
0,10 —0—pH=2T where f and (1 — f) are the volume concentrations of the
1 —o—pH=5T FM domains and PM regions, respectively. The volume
0,08 Linear Fit concentrations of FM and PM phases satisfy Boltzman's

1 T
200 300

T(X)

T T
0 100

Fig. 4 The temperature dependence of resistivity under various
magnetic fields of 0, 2 and 5 T, as an example. Symbols are the
experimental data and solid lines are the resistivity calculated using
egn (10). The inset (a) shows the temperature dependence of FM phase
volume fraction f for our sample under applied magnetic field of 2 and
5 T. The inset (b) shows the variation of MR vs. T curves.

Y4 for our

resistivity. Here, Fig. 3(b) shows In(p) versus (T~
sample in the presence and the absence of the magnetic field.
Solid lines are the best fit to eqn (4). The fitting parameters in
this model are listed in Table 2. We can see weak values of the
square linear correlation coefficients (R*). This is due to the
invalidity of VRH model, to describe the Ty sc < T < fp, region.

Both models describe quite well our results in the semi-
conductor behavior, although the SPH model gives the best
square linear correlation coefficients (R*). We may conclude
then, that the transport properties are dominated by the SPH
mechanism.

3.2. Percolation model

None of the mentioned models can explain the significant
change in p vs. T curves near Tysc. Later, Goodenough?®®
showed that in CMR materials, a metallic conductivity exists in
the FM regions and a conductivity semiconductor at above Ty
sc in the PM regions. Recently, based on the phase segregation
mechanism Li et al.*” have suggested that the FM and PM group
co-exist in MR regions (percolation model) and at any temper-
ature, p is determined by the variation volume fractions of the
two regions. Under this scenario, a complete expression for
resistivity can be written as follows:*”

This journal is © The Royal Society of Chemistry 2017

distribution:

= (6)
AU
1 +exp <k]3T>

AU
kT
l—f=— N/ 7)

AU
1 +exp <kT>
B

where AU is the energy difference between FM and PM states, it
may be expressed as:

T
AU= - Up(1 - —g 8
U Uo( Tén°d> (8)

T3°d means a temperature in the vicinity of which the resistivity
reaches a maximum value.*® U, is taken as the energy difference
for temperatures well below 739,37

From eqns (6)—(8), one can find that:

and

f=0for T > T2 f=1for T < T2 and
f=fo=1at T =Ty

1—f=1for T> T84 1 —f=0for T« T2 and
1 — f=f.=1lat T= T893

where f is the percolation threshold. To conclude, when fis less
than f;, the sample remains semiconducting and when f is
larger than fc, it becomes metallic. Hence the complete
expression describing the resistivity dependence on the
temperature can be written in the form:

p(T) = py — i) T + o T? + pusT* + psTf

+A'T exp(lj;})(l -f )

RSC Adv., 2017, 7, 10928-10938 | 10931
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Table 3 Obtained parameters corresponding to the best fit to egn (9) of the experimental data of our sample at 0 to 5 T, with steps of 1 T

UoH(T) 0 1 2 3 4 5
po (Q cm) 0.02755 0.02309 0.01793 0.01635 0.01543 0.01469
p1z (107* Q em K*) 8.11099 6.14486 3.28384 1.66104 1.30253 1.08611
p2 (1077 Qem K2 13.239 11.9077 10.5331 9.45765 8.85296 8.21711
pas (1077 Q em K *7) —9.40284 —6.09755 —4.64322 —3.98003 —3.62861 —3.27784
ps (107 Qem K ) 35.6269 18.6148 13.1506 11.2931 9.52693 7.1674
Po (107° Q cm) 2.35031 2.91272 3.17748 3.64326 4.14958 4.72169
E./ks (K) 1592.62715 1515.48663 1476.0954 1420.12229 1363.35483 1315.27449
Uolks (K) 5667.05496 5601.49997 5565.38411 5522.66875 5475.50923 5427.73582
R* (x100) 99.838 99.974 99.954 99.883 99.931 99.897
The total (p) can be represented as: magnetic field 2 T and 5 T for La, gBay 1Cao1MnO;. The best fit
| parameters are listed in Table 3. It is worth mentioning that this
p(T) = py = T2 + Py T2 + pysT* + psT° model is suitable to explain the electrical transport of Lagg-
y 1 AT exp ( E, ) Bao.lca()_erl.Og. From Table 3, th.e reduction i.n p, and . Do
T kg T could be attributed to the decrease in electron spin fluctuations
U1 - — . . .
< Tgﬂd> in the presence of a magnetic field. One also can notice the
I+exp ke T decrease of E, and U, with increasing the magnetic field. This is
due to the spin attempt to align along the magnetic field, which
T favors the conduction and decrease the ability of charge local-
—Uo (1 - W) ization. Morever, the electrons jumping requires less energy.
exp ko T < This implies that e, electron hopping becomes easier and needs
less energy. T°? shows an increasing behavior as a function of
T (10) the applied field due to the enhancement of metallic tendencies
—Uo (] - Tg“’d) which shifts Ty_gc to higher values and so 72°? from 299.661 to
1 +exp ke T 327.863 K, respectively at an applied magnetic field of 0 and 5 T.

Fig. 4 shows the simulated and the experimental results for
the p(7T) curve obtained in zero field and with an applied

Mean field model

%
S
S
1

1000

MI/B(emu/g)ll B
I
S
1

The inset (a) of Fig. 4 shows the temperature dependence of
the volume fraction of the FM phase fin a zero magnetic field
and in an applied magnetic field of 2 T and 5 T. When the
temperature is considerably below T, f is close to 1, which
means that the sample is completely FM. By increasing the
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Fig.5 MAP for our sample: isotherms of MY8 vs. (uoH/MY?; (a) mean field model (8 = 0.25, y = 1), (b) tri-critical mean-field model (8 = 0.25, y =
1), (c) 3D-Heisenberg model (8 = 0.365, y = 1.336) and (d) 3D-Ising model (8 = 0.325, y = 1.24).
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Fig. 6 RS of our sample as a function of temperature defined as RS =
S(N/S(Tc), using several methods.

temperature, f decreases slowly and reaches the percolation
threshold fi = 0.5 at T9°. In the high temperature region, the
value of fbecomes equal to zero, which means that the sample
is completely PM. Increasing the applied magnetic field value
will certainly enhance f value due to the enhancement of FM
metallic interactions attributed to zener DE mechanism.

3.3. Study of magnetoresistance

The coexistence of ferromagnetism and metallic conductivity
causes the relatively strong effect of magnetoresistance (MR).
The MR (T) at a given temperature is defined as:

[p(()? T) — p(u0H7 T)}

MRY% =
& »(0.T)

(11)

where p(0) is the resistivity under a zero magnetic field and
p(uoH) is the resistivity under an applied field of 2 and 5 T.

The MR dependence on the temperature is shown in the
inset (b) of Fig. 4 for the studied sample at different applied
magnetic fields (2 and 5 T), over a temperature range of 4-400 K.
We can see that our results could even be better that those
found in ref. 39-43.
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Fig. 7 Temperature dependence of the spontaneous magnetization
Ms(T, ) (left) and the inverse initial susceptibility xo~(T) (right), with the
fitting curves based on the power laws.
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3.4. Critical parameters

3.4.1. Critical parameters determined from magnetization
data. To analyze the nature of the magnetic transition in La, g-
Ba, ;Cay 1MnO; sample, the critical behavior near 7¢ is analysed.
According to the scaling hypothesis, a continuous phase transi-
tion near the critical temperature 7 shows a power law depen-
dence of spontaneous magnetization (Ms(7)), and inverse initial
susceptibility (xo (7)) on the reduced temperature with a set of
interdependent critical exponents (3, v and 6. The mathematical
definitions of the critical exponents from magnetization

measurements are given by the following relations:***

M(T) = Mylel*, e <0, T < Tc (12)
Xo (1) = (he/Mo)e", e >0, T > Tc (13)
M=DH" ¢=0,T=Tc (14)

where @ is the spontaneous magnetization exponent, v is the
isothermal magnetic susceptibility exponent, ¢ is the critical
isotherm exponent, M, and %, are the critical amplitudes and ¢
= (T — T¢)/T¢ is the reduced temperature.

Therefore, to obtain the right values of 8 and y exponents, we
have included the analysis of the critical exponents using
a modified Arrott plot (MAP) expression. This method was
based on the Arrott-Noakes equation of state:*®

(BoHIM)" = a(T — To)IT + bM"? (15)
where a and b are considered to be constants in the mean-field
theory, values of 8 = 0.5 and vy = 1 should generate the regular
Arrott's plots, M* vs. uoH/M.

The (M)"® vs. (uoH/M)"” Arrott-Noakes plots are constructed
for our compound using different kinds of trial exponents. The
curves are displayed in Fig. 5(a-d) mean-field model (8 = 0.5, ¥
= 1), tricritical mean-field model (8 = 0.25, v = 1), 3D-
Heisenberg model (8 = 0.365, v = 1.336) and 3D-Ising model
(8 =0.325, v = 1.241), respectively. To distinguish which model
better describes this system, we calculated the so-called relative
slope (RS) defined at the critical point: RS = S(T)/S(Tc). The S(T)
and §(Tc) are the slope for a given T close to T and the slope at

16

| B=0,48120,020 L 14

@ Experimental data
—— Fitting data
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Fig. 8 KF plots for the spontaneous magnetization (left) and the
inverse initial susceptibility o X(7) (right).
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Fig.9 Isothermal M(Tc, uoH) plot for our sample at Tc = 282. The inset

shows the same plot in In—In scale and the solid line is the linear fit
following egn (14), for the determination of the critical exponent é.

T = Tg, successively. The considered T = 282 K is determined
from the Arrott-Nokaes curves, where at T = 282 K, the curves
MYP s, (uoH/M)"" for our model is a linear curve crossing the
origin. If the MAP shows a series of absolute parallel lines, the
relative slope of the most satisfactory model should be kept to
1 irrespective of temperatures.*® RS vs. T curves for all models
are shown in Fig. 6. One can see that the mean field model is
the best one for the determination of the critical exponents for
our sample. Following a standard procedure, the spontaneous
magnetization vs. temperature, would be obtained from the
linear extrapolation in the high magnetic field region for the
isotherms to the coordinate axis of M"*. Similarly, x,~*(7), is
also obtained from the intersections with the (u,H/M)"" axis.
By fitting the Mg(T) and x, '(7) data to eqns (12) and (13),
respectively, new values of 8 and vy will be obtained. These
values are then re-introduced to the scaling of the MAP. After
several times of such scaling, 8 and y converge to their optimal
values. Concurrently, the Curie temperatures associated with
the fitting of the Mg(T) and y, *(7) data to eqns (12) and (13),
respectively, are also determined Mg vs. Tand x, '(T) vs. T are
plotted in Fig. 7. Eqn (12) gives the value of 8 = 0.491 + 0.014
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Fig. 10 Thermal derivative of resistivity normalized with respect to
resistivity value at Tm-sc as a function of reduced temperature, 7.

with T =280.501 & 0.165 K and eqn (13) gives the value of y =
1.151 £ 0.064 with T¢ = 282.123 + 0.527 K.

Such critical exponents and T¢ can be obtained more accu-
rately by analyzing the Mg(T) and x, () with the Kouvel-Fisher
(KF) method:>***

My(TY[AMy(TYAT] = (T — Tl (16)

xo (D/[dxo” (DMAT) = (T — Tc)ly (17)

The plots of Mg(T)/[dMs(T)/dT] vs. T and X, "(T)/[dxo "(T)/
dT]vs. T should yield straight lines with slopes of 1/8 and 1/v,
respectively, and the intercepts on the axes are equal to T¢. The
linear fitting to the plots following the KF method gives § =
0.481 + 0.020 with T = 280.442 + 0.428 K and y = 1.181 £+
0.042 with T¢ = 281.823 + 0.413 K (Fig. 8). Obviously, the ob-
tained values of the critical exponents and T, using the KF
method, are in agreement with that using the MAP of the mean-
field model. Concerning the value of ¢, it can be directly ob-
tained from plotting the critical isotherm at T¢. In Fig. 9, the M
vs. uoH curve at 282 K was chosen as the critical isotherm based
on the previous discussion. The inset of Fig. 9 shows the same
curve M vs. uoH on a In-In scale. The high-field region of the

Table 4 Comparison of critical exponents for our sample with various models; MAP, KF, Critical Isotherm (ClI)

System Method Tc (K) i3 Y 0 Ref.

Lag gBag 1Cap1MnO; MAP 281.312 + 0.144 0.491 + 0.014 1.151 =+ 0.064 3.344 This work
La, ¢Bay1Cay,MnO; KF 381.133 + 0.42 0.481 =+ 0.02 1.181 + 0.042 3.455 This work
Lay gBag 1Cag 1 MnO; CI — — — 3.341 £+ 0.003 This work
Mean-field model Theory — 0.5 1 3 57

3D Ising model Theory — 0.325 £ 0.002 1.241 +£ 0.002 4.82 £ 0.002 57
Tri-critical mean-field model Theory — 0.25 1 5.0 57

3D Heisenberg model Theory — 0.365 + 0.003 1.336 £ 0.004 4.80 + 0.04 57

Lay ¢St ,MnO; — 315 0.05 + 0.02 1.08 £ 0.03 3.13 + 0.20 58
Lag.67Bag 33Mn.05Ti0.0205 — 310 0.551 =+ 0.008 1.020 + 0.024 2.851 59
Lao.,Cay.sMnNg.05Tip.0503 — 136 0.601 + 0.02 1.171 + 0.01 2.95 + 0.01 60

Lay ;Cag.055T0.2sMNO; — 344 0.42 1.14 3.7 61

Lay ¢,Bag 33MnNg oCro 105 — 324 0.378 £ 0.05 1.357 =+ 0.002 4.589 62
Lag.6,Bag 3:Mn0; — 306 0.356 + 0.004 1.120 + 0.003 4.15 + 0.05 63
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Table 5 Values of different parameters used to fit the experimental data to egns (20) and (21)
System Region A" B o and o/ Ref.
Lag gBag 1CaoMnO; T < Tyisc 0.00311 %+ 1.90479 x 10~* —9.92385 + 3.03029 x 10~* 0.004 This work
T> Tysc —0.00114 + 1.52525 x 10~ —0.00286 + 2.79734 x 104 0.004 This work
-7,84 Cp « (dp/dT) = (dp/dn) =7 — « (19)
Q E il tal data . . e
-7,88 — Linear it above TaLsC here, « is the specific heat critical exponent and n = (T — Ty-sc)/
Tmosc is reduced temperature.
g 792 TLISEONS The two power law forms of eqn (19) below and above Ty;_sc
= .
> , given by Geldart et al.> are:
c
= 7,96
3 C(T) = [1/p(Tc)dp/dT]
le o AN+
8004 o e (=)™ = 1]+ B" for T < Ty_sc (20)
e e
U777 T T T T (T = 1/o(T)dp/dT
23 22 21 20 -19 -18 -17 -16 -15 -14 (T) =1[1/p(Tc)dp/dT]
Ln(n) A" ﬂ -
= , [(—T)) — 1} + B for T > TM—SC (21)
Fig. 11 In(dp/dT) vs. In[(T — Tm_sc)/Tm—scl above Ty_sc under 5T. The [

inset shows In(dp/dT) vs. In[(T — Tm_sc)/ Tm—scl below Ty_sc under 5T.

data is fitted by a straight line with a slope 1/6 using eqn (14).
The value of ¢ is equal to 3.341 %+ 0.003 in our case.

The critical exponents have to fulfill the Widom scaling

relation:*>*
o=1+~y/B (18)

Using the above determined values of exponents § and v,
eqn (18) yields 6 = 3.344 for 3, v evaluated from MAP and § =
3.455 for @8, v obtained by the KF method. Thus, the critical
exponents found in this study obey the Widom scaling relation
remarkably well (Table 4).

3.4.2. Critical parameters determined from electrical
resistivity. For a better understanding of the nature of phase
transition, we tried to determine the values of the critical
exponents close to second order metal-semiconductor transi-
tion and to assign one of these models to second order systems.
According to the Fisher-Langer theory,* specific heat at
constant pressure (Cp,) and at the phase transition temperature
is proportional to the temperature derivative of the resistivity at
T = Tm-sc- The thermal derivative of the resistivity is given by
Fisher-Langer as:

where A” and B are constants, « and « are specific heat critical
exponents below and above Ty gc. The temperature derivative
of resistivity normalized with respect to its value at Tysc,
[1/p(Typ-sc)dp/dT] against 7 is shown in Fig. 10 for our sample,
and eqns (20) and (21) are fitted below and above Ty;_s¢ in the
same figures. The solid lines passing through the data the are
best fits in the two regions. The values of constants A”, B and the
specific heat critical exponents below and above Ty,_gc are ob-
tained from the fitting analysis for the sample (seen in Table 5).
Consequently, our model could be any one of the models such
as mean field, 3D-Ising or tricritical mean-field.

Thus, it is somehow difficult to distinguish which one of
them is the best for the determination of the critical exponents.
Other critical exponents § and vy are calculated from the Sue-
zaki-Mori model®*® which relates the temperature derivative of
the electrical resistivity to the reduced temperature (1) magnetic
ordering as follows:

[dp/dT] = —B.n @~V for T > Ty sc (22)

[dp/dﬂ = —Bgni(a_ﬁ/)/z + B_T]i(w‘—yil) for T < TM—SC (23)
where the constant B, and B_ incorporates term involving the
zone boundary energy gap B,, as already denoted. Taking natural
logarithm on both the sides, eqn (22) can be rewritten as:

Table 6 Estimated critical exponents for our sample and theoretical models

System « I ¥ 0 Ref.

Lag gBag1Cag 1 MnO; 0.004 0.516 + 0.013 1.181 + 0.005 — This work
Pry 6Cag 4M1g 96C00.0403 —0.115 0.336 =+ 0.04 1.304 + 0.02 — 66
Pry.6Cag 4Mng 96Crg 0403 0.001 0.502 + 0.003 1.192 £ 0.001 — 66
Mean-field model 0 0.5 1 3.0 18,19
Tri-critical mean-field model 0 0.25 1 5 65
3D-Ising model 0 0.325 1.24 4.82 65
3D-Heisenberg model —0.115 0.365 1.336 4.8 16,64

This journal is © The Royal Society of Chemistry 2017
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In(dp/dT) = (a + v — DIn(n) for T > Ty sc (24)

The slope of In(dp/dT) versus In(n) plot gives the value of (« +
v — 1) (seen in Fig. 11). As « is obtained from the fit with Fisher-
Langer method, we can obtain the value of y. Substituting the
value of a (derived from the figure in this relation), the critical
exponent y was obtained as y = 1.181 £ 0.005. The first term in
eqn (23) involving B, will be dominant at temperatures less than
Twm_sc because the scaling law gives (¢ +)/2 — (a+y — 1) = (. As
done earlier, eqn (23) can also be rewritten by taking natural
logarithm on both sides as:

In(dp/dT) = [(a + v)/2 — (e + v — D]In(n) for T < Typsc (25)

Using scaling relation, (a + v)/2 — (¢ + ¥ — 1) = 8 is equal to
the value of critical exponent §. Hence, the direct slope of the
plot In(dp/dT) versus In(n) below Ty_sc will give 8 value. The
inset of Fig. 11 presents In(dp/dT) versus In(n) below Ty_sc for
our sample, and the obtained value of slope is 0.516 £ 0.013.
The critical exponents are determined in our case and listed in
Table 6. Finally, one can see that Rushbrooke scaling relation
a + 26 + v = 2 (theory), which gives 2.217 for our sample is also
satisfied. The estimated critical exponents from these experi-
mental data and critical exponents from theoretical models
such as the mean field, 3D Heisenberg, 3D-Ising and tricritical
mean-field are listed in Table 6, and the estimated values for our
sample are completely consistent with the mean field model.

4. Conclusion

The electrical properties of LaggBag1CapMnO; have been
studied. An important magnetoresistance at a 5 T applied
magnetic field is achieved in the low-temperature region of our
sample. Analyses of the electrical transport data found that SPH
model is operative in the high temperature (T > Ty_sc) regime in
this manganite. The electrical conduction mechanism of low
temperature (T < Ty_sc) can be explained by a theory based on
Kondo-like spin dependent scattering, e-e, e-m, and e-p scat-
tering. Then, to study the transport mechanism in the entire
range of temperature, we have used the theoretical percolation
model, including the FM-metallic and PM-semiconductor
region. Finally, we have examined the critical behavior of
resistivity in LaggBag1Cag,MnO; sample under different
applied magnetic fields. The estimated critical exponents, ob-
tained from resistivity, are (6 = 0.516 + 0.013, y = 1.181 £ 0.005
and « = 0.004). The values deduced from the critical exponents
are close to the theoretical prediction of mean-field model.
These results are in good agreement with the analysis of the
critical exponents from magnetization measurements.
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