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The single phase double layered manganites Laj.2Sr1.8—2CazMn2O7 (x = 0.0, 0.3) were synthesized by the
sol-gel method. The electrical resistivity at various magnetic fields over a temperature range 4.2-300 K was me-
asured. The insulator-to-metal transition temperature (T7ar) decreases from 123 K (xz = 0.0) to 70 K (z = 0.3).
The spin-glass (SG)-like transition is observed in both the samples at 30 K (Tsq — SG-like transition temperature).
The transport behavior is analyzed in the entire temperature range (4.2-300 K) in three different regions: para-
magnetic insulating region (T° > Tra), ferromagnetic metallic region (Tse < T < Trm) and antiferromagnetic
insulating region (7' < Ts¢) by fitting the equations governing the conduction process to the temperature depen-
dent resistivity data in different temperature regions. The results indicate that the Mott variable range hopping
(VRH) dominates the transport behavior at T > T7as in the two samples. At Tsg < T < Trum, the conduction
follows the Zener polynomial law p = pg+ p2T°+ ps.sT*5 which suggests the contribution of two-magnon scattering
process to the conduction. The zero field conductivity at T < Tse obeys T2 dependence, consistent with weak
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1. Introduction

The discovery of colossal magnetoresistance (CMR) in
quasi two-dimensional (2D) double layered (DL) man-
ganites Lag_9,Sr112,Mny07 (LSMO) has drawn much
attention due to its reduced dimensionality and struc-
tural anisotropy which result in anisotropic characte-
ristics in charge transport and magnetic properties [1-
5]. This property of exhibiting CMR effect over a wide
temperature region supplies the potential applications
for DL manganites. The DL perovskites compound
Lag_2,A112,Mny07 (A is a divalent alkaline earth ele-
ment) consists of the MnOy bilayers and rock-salt-type
(La,A)202 layers. The MnOs bilayers are separated by
rock-salt-type (La,Sr)205 layers along the c-axis [6]. It is
found that the magnetic coupling between Mn t5, local
spins in the MnQO; bilayers is at least an order of mag-
nitude stronger than that of inter-bilayers. In addition,
the layered manganites provide new interesting physics
due to its quasi 2D character, such as enhanced fluc-
tuation effects in the sense of reducing the insulator-to-
metal transition (IMT) temperature and correspondingly
enhanced magnetoresistance (MR) [7]. The two impor-
tant interactions between Mn ions, namely double ex-
change (DE)-driven ferromagnetic (FM) interactions and
superexchange (SE)-driven antiferromagnetic (AFM) in-
teractions, are responsible for the observed transport and
magnetic properties of the manganites. In the DE me-
chanism, there will be simultaneous transfer or hopping
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of an itinerant e, electron from an Mn®** ion to the ne-
arby O%~ ion and from an O?~ ion to the neighboring
Mn*t jon. When the electron reaches Mn*™, its spin will
be the same as that of the electron which left the Mn**
ion. The DE type of e, electron transfer results in a FM
ground state that is conducting. In the SE mechanism,
the spin coupling takes place between either Mn?t and
Mn?**+ or Mn** ions and Mn** ions through O2?~ ions,
without charge transfer. The SE interaction results in an
AFM ground state that is insulating. Because of the re-
duced dimensionality, the balance between FM-DE and
AFM-SE interactions between Mn ions is more subtle
and is expected to be responsible for unusual transport
properties observed in the DL manganites [8, 9]. There-
fore, one can expect that the slight changes in the size
and/or concentration of (La,A) site ions can show sig-
nificant effect on bulk transport and magnetic proper-
ties. Further, the Mn—O—Mn bond angle is about 180°
in the (La,A)3sMnyO7 system and is about 155-170° in
(La,A)MnOj system. The bond-length can be altered by
the internal pressure, i.e., by changing the size and/or
concentration of (La,A) site ions, however, the variation
of the Mn—-O-Mn bond-length in Mn,O7 system is diffe-
rent from that in MnOg system [10-12]. Therefore, the
study of lattice effects on the magnetotransport proper-
ties in the (La,A)3MnoO7 system might be useful in un-
derstanding the fundamentals of the CMR and its related
properties.

As the DL manganite system (La,A)sMnoO7 shows
various transitions with temperature, the temperature
dependent resistivity data of DL manganites should
be analyzed in three different temperature regions, na-
mely paramagnetic insulating region (T° > Tyas), fer-
romagnetic metallic region (Ts¢ < T < Try) and
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low temperature upturn region (T' < Tgg). Although,
some good number of attempts have been made to ex-
plore the nature of conduction mechanism of these lay-
ered mangnaites at T > Ty [13-20], the transport
behavior at Tsqg < T < Ty and T < Tgq is still
unclear. In this paper, the conduction mechanism of
Laj oSty 8-, Ca,MnyO7 (z = 0.0, 0.3) is explained in the
temperature range 4.2-300 K considering different tem-
perature regions.

Some  crystalline and electrical results  of
Lal,QSrl_s_ICazMngO7 (LSCMO)(IE = 00, 03)
were reported by the authors [16], but this article is
mainly focused on the conduction mechanism in the
temperature range 4.2-300 K. The samples were formed
in single phase with body-centered tetragonal structure.
The insulator-to-metal transition temperature is 123 K
for LSMO and 70 K for LSCMO. Further, the two
samples exhibit spin-glass (SG)-like transition at 30 K
(Tsc). The reason for increasing resistivity with Ca?*
doping and the origin of SG-like behavior was also
discussed. Further, LSCMO exhibits MR of ~ 91% at
Tra and shows =~ 30% of MR at 70 K with H = 0.5 T,
which is indeed a sign of low field magnetoresistance.

2. Experiment

Polycrystalline bulk samples of
Laj oSr1.8-,Ca,Mn,O7 (z = 0.0, 0.3) were prepa-
red by the sol-gel method [16, 21]. High pure powders
of La203, MHCO3, SI"(NO3)2 and Ca(N03)2-4H20,
in stoichiometric proportions, were used. LasOsz and
MnCOg3 were converted into nitrates prior to use. All
the nitrates were dissolved in the citric acid solution and
then the pH was adjusted to 6 with ammonia solution.
After getting the water evaporated, ethylene glycol
was added and heated at about 90°C until a gel-type
solution is formed. The gel was dried at 150°C and
then decomposed at 250°C in air for 2 h to decompose
the nitrates and all organic materials. The resultant
ash was ground to obtain a fine homogeneous powder.
The powder was calcinated in air at 1100°C for 10 h
and then pressed into circular pellets. The pellets were
finally sintered in air at 1400°C for 6 h. The structural
characterization was carried out by powder X-ray
diffraction using Xpert pro system, M/s PANalytical
(A = 1.54056 A) in 260 range 20°-80°, with step size
0.01° and a count time of 0.6 s per step. The zero
field and field dependent (H = 1.5 T, 4 T) electrical
resistivity measurements were carried out by standard
four-probe method over the temperature range 4.2-300 K
with the use of a superconducting magnet system of
OXFORD.

3. Results and discussion
3.1. FElectrical transport

To find the nature of the transport behavior, the p—T
data in the entire temperature range (4.2-300 K) are
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analyzed in three different temperature regions: (i) para-
magnetic insulating region (T > T7s), (ii) ferromagnetic
metallic region (Tsg < T < Trar) and (iii) antiferromag-
netic insulating region (T' < Tsq).

3.1.1. Paramagnetic insulating region (T > Trar)

Generally, electron hopping is of variable range type at
low temperatures, where the thermal energy is not great
enough to allow electrons to hop to their nearest neig-
hbors. In that case, electrons choose to hop further to
find a smaller potential difference. At high temperatu-
res, conduction may be by activation by mobility edge
or narrow band gap. In the intermediate temperature
range, nearest neighbor (small polaron) hopping domi-
nates [22].

The conduction mechanism in PM semicon-
ducting/insulating region in manganites is usually
explained by four models. They are: (i) semicon-
duction (SC) model described by the Arrhenius
equation p = pg exp(E,/kpT) (23], (ii) nearest neighbor
small polaron hopping (SPH) model described by
p = poT" exp(E,/kgT), where n = 1 for adiabatic hop-
ping [24] and n = 1.5 for non-adiabatic hopping [25], (iii)
the Mott type of variable range hopping (VRH) model
described by p = poo exp(To/T)?, where p=1/(d+1), d
being the dimensionality of the system [26, 27] and (iv)
the Efros—Shklovskii (ES) type of VRH model described
by p = peo exp(To/T) /2 [27, 28]. Here, py is a pre-factor
in SC and SPH models and p, is a pre-factor in VRH
models. FE, and E, are the activation energies in SC
model and SPH model, respectively. Tj is characteristic
temperature in VRH models and its value in the Mott
VRH model is given by 24/7L%kpN(Er), where L
is localization length of trapped charge carriers (here
L = 10719 m), N(E) is density of the localized states
at the Fermi level and d is the dimensionality of the
system. The Coulomb interaction in hopping regime
which produces a gap in electronic density of states
(DOS) is responsible for ES VRH type of conduction
mechanism, whereas the Mott VRH arises when such
gap is filled. Each predicts a different temperature
dependence of the resistivity and fits the resistivity data
in different temperature ranges.

In case of cubic perovskite manganites, the conduction
above Ty generally obeys either the Mott 3D VRH or
SPH model [26, 28, 29]. But, the DL manganites, be-
cause of their quasi-2D nature, are expected to exhibit
some complexity in their transport behavior. Here, the
presence of the Coulomb gap and the dimensionality of
the materials are to be considered in order to evaluate the
nature of conduction mechanism. In case of DL manga-
nites, the conduction at T' > T7,s is explained by Matsu-
kawa et al. [13], Hong Zhu et al. [14], and others [15, 16]
using the Mott type VRH while Chatterjee et al. [10],
Ang et al. [17], and others [18, 19] suggested SPH model.
Chen et al. [20] suggested ES VRH type of conduction in
similar DL manganites.

In the present study, the p—7T data are analyzed by
fitting all the equations mentioned above to p—T data.
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Fig. 1. Plots of Inp vs. T7Y* and Inp vs. T7/3 for

LSMO and LSCMO. The solid lines give the best fits to
the Mott 2D and 3D VRH models.

The equations of SC and SPH models do not fit well
to p—T data for the two samples; ES VRH gives rea-
sonably good fittings for LSCMO sample only and the
best fittings, for the two samples, are obtained with the
Mott VRH model over a wide temperature range (Fig. 1).
The Mott 2D and 3D VRH models give almost indis-
tinguishable fittings for drawing any conclusion about
dimensionality dependence, the results clearly point to-
wards the Mott type of VRH conduction mechanism in
paramagnetic insulating region (7' > Tys). The reason
for obtaining reasonably good fittings for LSCMO sam-
ple with ES VRH model may be due to its high resis-
tivity where the electron—electron Coulomb interactions
are present. The best fit parameters obtained with the
Mott 2D and 3D VRH models are listed in Table I and
they are in good agreement with the previous reports on
similar DL manganites [13-16, 30]. The goodness of the
fit is indicated by the value of R?. The values of R? are
close to unity and suggest the reliability of the fittings.

Further, the variation of Ty and pra with Ca2t do-
ping can be explained in terms of characteristic tempe-
rature (Tp), obtained from the fitting of resistivity data
to the Mott VRH model. Since Tj is inversely related to
the extent of the localized states, the increasing value of
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TABLE I

The best-fit parameters obtained from the Mott VRH
model fittings for LSMO and LSCMO.

H Trg To Poo

[T]} K] K] [©2cm]
Mott 3D VRH
>200(1.44 x 107] 4.77 x 10~6 6.13 x 1021]0.9911
>210(1.12 x 107|11.44 x 10~6{7.90 x 1021|0.9917
>100(6.62 x 107| 3.91 x 1079 {1.34 x 1021|0.9984
>125(5.60 x 107] 9.32 x 1079 |1.58 x 1021|0.9986
Mott 2D VRH
>200(3.92 x 10°| 2.31 x 10~% [2.26 x 1015|0.9902
>210|3.26 x 10°| 4.32 x 10~% [2.72 x 105|0.9909
>100[1.13 x 106] 1.84 x 1076 {7.85 x 10'4|0.9975
>125(1.02 x 106] 2.97 x 1076 {8.66 x 10'4|0.9970

N(EF) R2

Sample 1
[eV cm? ]

LSMO

LSCMO

=~ O B O

LSMO

LSCMO

= O = O

Ty shows that with increase of Ca?T content, the locali-
zation length and hence the hopping distance decreases.
The conjecture regarding the localization length and hop-
ping distance suggests that with an increase of Ca?* con-
tent, i.e., increased distortion of the MnQOg octahedron,
the hole mobility decreases, and hence pras increases and
Ty decreases. The pre-factor po, is known as the high
temperature limit of resistivity in the Mott VRH model
and its variation with Ca?* content is in accordance with
the variation of resistivity at 300 K with Ca?* content.
The decreasing value of N(Eg) from LSMO to LSCMO
also indicates that the ability to conduct decreases from
LSMO to LSCMO. The decreasing value of T and in-
creasing value of N(FEy) for a given sample with the ap-
plication of magnetic field is due to the suppression of
magnetic domain scattering with the application of mag-
netic field [29].

3.1.2. Ferromagnetic metallic region (Tsqg <T < Trar)
The temperature dependent resistivity of cubic pero-
vskite rare-earth manganites in FM metallic region (T' <
Trar) has been studied by many researchers, by fitting the
general Zener DE polynomial law p = pg + p212% + p, T"
to p—T data [24, 28, 29, 31-33]. Here, pp is the resi-
dual resistivity and is independent of temperature, po
is the resistivity contributed by electron—electron and
electron—phonon scattering mechanisms and p,, is the re-
sistivity coefficient corresponding to m, which takes va-
lues from 2.5 to 7.5. However, the most preferred va-
lues for n are 2.5, 4.5, and 7.5. The value of n is inclu-
ded by taking spin fluctuations into account. Further,
the low value of n (< 4.5) corresponds to one-magnon
scattering process, whereas the high value of n (> 4.5)
corresponds to two-magnon scattering process. Apart
from this, some explained the transport behavior using
p = po + p2T? [24, 34], without including the magnon
contribution and some other explained the transport be-
havior using p = pg + p2.5T2° [29, 35|, where the con-
duction is dominated by one-magnon scattering alone.
The transport behavior at T' < T in polycrystalline
DL manganites has not been studied much unlike the
transport mechanism at 7" > T7j; in layered manganites
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and one can find a very few reports in the literature.
The reason may be due to the absence of Ty in many DL
manganites and a small temperature range between Ty s
and Ts¢. Zhang et al. [9] found T°/2 dependence in single
crystals of Laj oSr; gMnsO7, but they did not include
p2T? term. Therefore, to find the suitable law governing
the variation of resistivity at Tsg < T < T, we fitted
the p—T data of the two samples to the polynomial law,
taking the value of n from 2.5 to 7.5 and also to the
equations p = pg + p2T? and p = pg + po.sT*°.

The Zener polynomial law with n = 4.5 fits well to
p—T data of the two samples (both in absence and in
presence) in the wide temperature range (Fig. 2 and Ta-
ble IT) and suggests the two-magnon scattering process in
this temperature range along with electron—electron and
electron—phonon scattering mechanisms. When magnetic
field is applied, the fitting range increases as Tyjs shifts
to higher temperature and the best fit parameters pg, pa
and pg5 (for n = 4.5) show a decreasing trend with the
applied magnetic field. The applied magnetic field can
decrease the magnetic domain boundary and therefore pg
decreases. The magnetic field can suppress the electron—
electron scattering and spin fluctuations and hence ps
and py45 decrease with magnetic field [28, 29]. All the fit-
ting parameters, i.e., pg, p2 and p4.5 of LSCMO are much
greater than those of LSMO and this indicates the me-
chanisms contributing to pg, p2 and py5 terms become
strong in LSCMO. Particularly, the value of the term
p4.5, which arises from spin fluctuations, is much higher
for LSCMO than that for LSMO indicating the pronoun-
ced spin fluctuations in this LSCMO sample, which re-
flects in its high resistivity. The values of R? are also
listed in Table II.

TABLE II

The best-fit parameters obtained from fitting p = po +
pgT2 + p4,5T4'5 to p—T data.

Sample Fitting o P2 P45 R2
region |[Qcm]|[Qem/K?]|[Qcm/K*®)

H=0T

TLSMO|30-100 K| 60.1 | 0.0021 [1.36 x 107°] 0.9964

LSCMO| 30-60 K |5893.3| 0.5715 |2.81 x 107°| 0.9946
H=4T

LSMO [0-120 K| 31.2 | 0.0016 |0.65 x 10~°| 0.9972

LSCMO| 0-90 K [423.6| 0.0462 |0.17 x 10™°| 0.9953

Interestingly, when we tried to fit the polynomial law
by taking n = 5.5, 6.5, and 7.5 to p—T data, we obtained
reasonably good fittings in the absence of magnetic field
(Fig. 3). This may indicate the possibility of higher or-
der magnon scattering in these samples in the absence of
magnetic field which shifts to lower order electro-magnon
scattering under the magnetic field of 4 T [28]. When
magnetic field of 4 T is applied, the spin fluctuations are
suppressed and as a result higher magnon scattering term
becomes negligible and hence the resistivity data cannot
be fitted to the polynomial law with n > 4.5.
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3.1.8. Antiferromagnetic insulating region (T < Tsq)

The low temperature upturn of resistivity is a typical
characteristic of DL manganites. The transport behavior
of DL manganites in AFM insulating region (7' < Ts¢)
is very interesting and worthy of study. Earlier, Zhu et
al. [14] found the band transport process at T' < Tsg in
polycrystalline Laj 4Sr1 ¢MnsO7, Zhang et al. [36] fitted
the upturn of resistivity using the Mott VRH equation
in polycrystalline Co doped LaSroMnyO7 and Zhang et
al. [9] and Okuda et al. [37] showed that conductivity o is
proportional to 7"/ in single crystals of DL manganites.
The T'/? dependence of conductivity is a characteristic
of weak localization effects in 3D disordered metals and
indicate the contribution of electron—electron interactions
to the conductivity.

To find the nature of the transport mechanism at
T < Tsq in the present DL manganite samples, the four
equations mentioned in Sect. 3.1.1 are fitted to o—T data
at T < Tse and T/2 dependence of ¢ is also examined.
When no magnetic field is applied, the conductivity of
the two samples obeys T/ dependence (fitting range:
4.2-30 K) while all the other conduction models fail to
give good fittings (Fig. 4). The T'/2? dependence of &
(H = 0T) indicates the contribution of electron—electron
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interactions to the conductivity at very low temperature
and is consistent with 3D weak localization effects in dis-
ordered metals [9, 37].

In the presence of magnetic field of 4 T, LSMO and
LSCMO samples give the best fittings with VRH models
(fitting range 4.2-30 K) which may suggest that VRH
process is initiated under the presence of magnetic field
of 4 T. It is observed that the Mott VRH model is suit-
able for LSMO; nevertheless, it is difficult to conclude

Y.S. Reddy

about dimensionality dependence as both the Mott 2D
and 3D VRH models give almost indistinguishable fit-
tings. For LSCMO, the temperature dependent con-
ductivity o (H = 4 T) follows ES VRH law, which may
be attributed to its high resistivity where the electron—
electron Coulomb interactions contribute significantly to
the conduction. The crossover from the high tempera-
ture Mott VRH mechanism to low temperature ES VRH
mechanism is observed as temperature recedes from high
to low because at higher temperature hopping becomes
much larger than the Coulomb gap and its effect is sup-
pressed [38]. The obtained results clearly indicate that
electron—electron interactions are present in the entire
temperature range (4.2-300 K) in LSCMO.
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Fig. 4. o (H = 0 T) vs. T2 plots for LSMO and
LSCMO. The solid lines give the best fits of the data
with a T/2 dependence. Insets: plots of Ino vs. T~ /4
and Ino vs. T3 for LSMO and Ino vs. T~Y/2 for
LSCMO (H = 4 T). The solid lines give the best fits
to the Mott 2D and 3D VRH models (LSMO) and ES
VRH model (LSCMO).

4. Conclusion

DL manganite samples Laj oSr1 g—,Ca,Mn2O7 (z =
0.0, 0.3) were prepared by the sol-gel method and their
magnetotransport properties were investigated in the
temperature range 4.2-300 K. The T7j, is found to decre-
ase with Ca?* doping and the two samples show SG-like
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behavior below 30 K. In the two samples, the conduction
process at T > Ty is due to the Mott VRH mecha-
nism. At Tsg < T < T, electron—electron scattering
and two-magnon scattering processes contribute to con-
duction. The zero field conductivity obey T/2 depen-
dence at T' < Ts, which is consistent with weak localiza-
tion effects in 3D disordered metals and the conductivity
in the presence of magnetic field follow VRH process in
the two samples. The electron—electron interactions are
seen in LSCMO sample at the entire temperature range

4.2-300 K.
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